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Hadrons

® Quark Model [1964 by Gell-Mann and Zweig]

A SCHEMATIC MODEL OF BARYONS AND MESONS *

Lowest Configuration! M. GELL-~ MANN
California Institute of Technology, Pasadena, California

Conventional hadrons

Received 4 January 1964

anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations

while mesons are made out
of (qd), (dggqa), etc. It is assuming that the lowest
baryon configuration (gqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.

Meson

o Exotic hadrons:

Non-standard hadrons

Hybrid Glueball

Pentaquark

Molecule Tetraquark Hadro-quarkonium

C.Z. Yuan, S. L. Olsen, Nature Reviews Physics 1, 480 (2019)
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Exotic Hadron Candidates
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Charmonium Spectroscopy
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X(3872)[y.,(3872)] {3k 4

2003, observed by Belle experiment in B* — K*z 'z~ J/y process
JPC = 1++12013, LHCb] prr 110, 222001 (2013) NSlglz(fg :7

Production: B decays, B, decays, A, decays,
pp collision, pp collision, PbPb collision,

Events /( 0.005 GeV )

e"e” radiative/hadronic transition, yy* process

:

2 . . . 2

. NON*0 _+ __— +_—_0 0 i 3.84 3.86 3.88 3.9 3.92
Decay: DD ~, nn Jly, x¥rn"n"Jly, wly.; yJIy, yw(2S) M(J/ v 7crt) (GeV)
PRL 122, 232002 (2019) PRL130, 151904 (2023) 600016 D)
— 16 ; 2200
2 0.8 —~ . F 50001 2100{ PP
— I —- Data cé 141 —4— Data ~25 events | | 2000
= : BGS]]I | - BESIII 2014 > 1oL it cs peaks at 4750 o 1| } l
N Tl R O - S ] 1900 AR
\ 9 0.6 Fit S [ ---- Background o 40007 + ut
- | 10F _ = 1800 } t
- NI 79 + Q o Sideband = . t
s @/ 8E Y transition :83000_ 380 385 390 3.95
Y transition > 6f %2000.
(2 . c | |y o' M
GC) 4 B 8 “J L&;*-:"‘ W ++++4+.++++4-++.++‘”:+. .,,H; 'H;t
|_|>J 2 1ooo-~'= 37:4’ ot
) — ot 2 St e 8 Mon o 1 : PRL 93, 072001 (2004)
. 4.4 4.6 3.8 3.82 3.84 386388 39 3.92 3.94
3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00
@ (Gev) M(rtrt J/y) (GeV/C ) | J/iynr Mass (GeV/c?)




X(3872) Mass

Xe1(3872) MASS FROM .J /1) X MODE

VALUE (MeV) EVTS
3871.64 + 0.06 OUR AVERAGE
3870.2 +0.7 +0.3 24.6
3871.64 +0.06 +0.01 19.8k
3871.9 +0.7 +0.2 20
3871.95 40.48 +0.12 0.6k
3871.85 40.27 +0.19 170
3873 T1¢ +1.3 27
3871.61 0.16 +0.19 6k
3871.4 +0.6 +0.1 93.4
3868.7 1.5 0.4 9.4
3871.8 +3.1 £3.0 522

DOCUMENT ID

ABLIKIM
1 AAL
ABLIKIM
AAlJ
2 CHOI
3 DEL-AMO-SANCH..
4,3 AALTONEN
AUBERT
AUBERT
5. 3 ABAZOV

3871.64 + 0.06 MeV

TECN

2023W BES3
2020S LHCB
2014  BES3
2012H LHCB
2011 BELL
20108 BABR
2009AU CDF2
2008Y BABR
2008Y BABR
2004F DO

COMMENT

et e = J/Y(18) Tt w
BY = J/yrta Kt

et e = J/yntny
pp— J/pnTnm X

B— Krtn=J/¢

B— wl/yK

pp— J/YnTn X

Bt — Kt J/ymtm

B — K% J/ymtn

pp— J/Yrin X

° Mass very close to DD * mass threshold: [(3871.69 = 0.11) MeV]

° £, =—0.05%*0.12 MeV [deuteron: 2.2 MeV]
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X(3872)-Width

Xc1(3872) WIDTH 1.19 4 0.21 MeV (S = 1.1) A
VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT
1.19 + 0.21 OUR AVERAGE Error includes scale factor of 1.1.
1.39 +0.24 £+0.10 15.6k 1 AALJ 2020AD LHCB pp— J/yrta~ X LHCb: PRD 102, 092005 (2020)
BW Width
0.96 *9-19 4+0.21 4.2k 2 AAIJ 2020S  LHCB Bt — J/yntn Kt
X103--.---.----8000--.---.---.---.---.F|-tt' terization:
---------- Breit—-Wigner - E Incl. resolution and background 3 alle parameterization.
— O Plane 3 7000F .. Breit-Wi E
. z : gner .
§ 30 3% 6000 — Flatté LAl ch E dR(J/wrntrn~) T ,(E)
— 3 = - .
- 223 1 = 5000F = dE “ID(E)]?
L] - —~ n .
c| & 1 = 4000F 3 :
+ i e - ] l
: gi‘s’g ; % 3000~ e D(E)=E—E; +, [g(ky + ky) +T,(E) + T, (E) + T
=l 1 & 2000 E
L= 100 - - ]
e ] : oM : 2.4 —-3.0MeV :
50 7 1000 E FWHI\/I:().22+8'8§+8%§ MeV, depends strongly
0 == ol — ob—t o+ v 0.1 ] _. . - Ve .
3.868 3.87 3.872 3.874 3.84 3.86 3.88 39 on the Coupllng to Open_charm -I:Inal State
A (GeV] A (GeV]

LHCb: PRD 102, 092005 (2020)
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Coupled-channel Analysis of X(3872)

16 E_ == Signal 70 :_ == Signal 240 E |
o ME oM ~ 0.8 MeV CoBukgomd | o~ F SM ~ 2 MeV - - - Background 220 BESTI
~ 12 | : ,IIJ,n:elShape ~ - : ;J‘;r::lshape 200 = Obtained %61(3872)
> o ” 50 180 | i
© 10E 1 o TVE - - line shape
= i T 2 4F 3 1601
= °F Lo = F S 1401
2 6F i) + | 2 %OF 9 120 PRL132, 151903(2024)
5 o4 Y L = § 28 L L | X 100F
= S R T T-L°T] T* T4 B 10 R 80F
28 ) L T2 P t’l + ]f l T } e .
0 ey "."'.'.'f"i""‘."="." R e b g ey e e e e e 0 T APVIRZN TIPS RSP I W Sy S SU S T 60 :_
3.86 3.88 3.9 3.92 3.94 3.96 3.98 3.75 3.8 3.85 3.9 3.95 4 40
bl b o SRR NI ALY 0o
oul'M.* H_h.HHi'.; & SN ;l;'*m -g %H’ *“.l’w’ k ! h“ 14,{ T e 4 6 8 10 12 14
3.86 3.88 M?ZODOjE;(GeéjZ2) 3.96 3.98 3.75 3.8 M(W+f?;;-8_5J/¢) (ZQeV/cz)3.95 4 E (MeV)
My = (3871.63 £ 0.13702) MeV
07500 N
) dB(Ddzlz) - zln * gwlzgff’ X Br(D*® - D°n®)
Parameters BESIII LHCb
dB(ntn~] /) 1 Lt 0.16 + 0.010+!-12 0.108 + (0.003+0-005
dE B Ban |D(E)|? 9 R ' — U -0.006
Re[El] (MeV) 7.04 +0.15+007 7.10
o Including the D*D self energy term; the width of D*; the Im[El] (MeV) ~0.19 % 0.08+014 0.13
coupled channel effect in the parameterization . 00
P P [zt 2 J iyl T[D°D™) 0.05 + 0.01+00! 0.11 £ 0.03
» Weinberg's compositeness: Z=1 - pure elemental state; Z=0 FWHM (MeV) 0.4470-13+0.58 0.2210-00+0>
-pure bound state ~ 0.18 0.15 (0.33)
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Y States[y(mass)]

o : : +,— 4+ w40 | T
Y(4260), discovered in ISR process at BaBar, e™e YisrT Sy s [ [PRL95, 142001 (2005)] -
Confirmed by CLEO and Belle T ‘ Q_ABA.‘.‘ B
| _ oY g I :
Mass > 4 GeV, above DD threshold € C R 20 -
Not observed in inclusive hadron cross section ot H - m: | l ] 1 -
. . . iR ﬂ" ks
Not observed in open charm pair cross section T. Ty It 1“ CHT "u
54 a2 4 26 '48 2s
. . ! m(aeAp) (GeV/c?)
® |ater, Y(4360) was discovered at BaBar, Y(4660) was discovered |
. 4+ 4 501 : |PLB 660, 315 (2008)]
at Belle, both ineTe™ = yqrr™" 7~ w(2S) process r i
il 1
I Z4 LN B I UL I I ILIL EULEL B L SO ., SN S A =T :l, A o '
> 20p-(a) [I}RD89,111103 (2014)}, 520 £ a0l [PRD 91,112007 (2014)], 980 fb™ - o A -l R
$ s vaseh) | B 1, T veseo) N l iy
R 16F | c...A.E..AR . s I BES o
*3 14t E = 20 I 18 v’t : R R
O 12F | Y(4660) 4 o} AT A AN "
= 10F 2 ¢ = % 0.0 ....."..-.».‘::'.‘-R’(i'-.‘:i;w_\.a"-;«..—.:.'..':....':lfll.:2';::5-}?"."-:"-.-.-.-:-.-4¢:-;;_Lf:,-rr_,, .
81— i | _E _Q_J i s _ \:
6:— 3 l]'n } ..E"O ol e e ) )
- II { | lﬂ = LL] - 37 38 39 40 41 42 43 44 45 46 4T 48 49 50
4 Ndf - Zen o)
o B e , Piigikplulobs ?‘E 0
4 42 44 46 48 5 52 54 56 58

m(y(2S)T'T) (GeV/c?) M[:n:+3t W(2S)] (GeV/c?)

Yuping Guo @ E_+aEEHPSHEAMERE 12




Y States[y/(mass)]
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FUDAN UNIVERSITY

‘ . . + — —|— —_— N& 40_ T T I T T T T T T T T 0
Y(4260), discovered in ISR process at BaBar, e"e™ — yqpt” - J/y s | | [PRL95,142001 (2005)] -
Confirmed by CLEO and Belle T | Q;A__Bm_‘mk ~
| _ _ H - i
Mass > 4 GeV, above DD threshold e C 520_— —
Not observed in inclusive hadron cross section p Y - o2 l fl 1 )
Tlm-fq ,--.,.,_. ]
| . . . ; AN lgcoun it
Not observed in open charm pair cross section i | } 1’"u
9.8. - - : | — 46 | l4.8. | .25
: : m(rewlAp) (GeVic)
® |ater, Y(4360) was discovered at BaBar, Y(4660) was discovered 55 : [ o0
58 1 |PLB 660, 315 (2008)
at Belle, bothineTe™ — " w(2S) process E AT
/ISR 1//( ) P Mass / GeV ouriv: 1311.7594
I Z4 LN B I UL I I ILIL EULEL B S 5.0
2w () [I§§D89,111103 (2014), 520 . [PRD 91,112007 (2014)], 980 61§ e
E 18;_ Y(436) | BABAR ; C\l(\_) : Y(436O) No more states. : :
g 16:_ B Cotberston Home Page = > . 4400)
< E ® [ Y(4350) ¥
2 14f - P Y{4260)
S 12F Y(4660) - o I | 1(4140)
alt= - ¢ = & 10 s | (4040)
3 8 - 7] X '
81 = QD - (!
i ; _gr : £ 1] y{3770)
aF- Il T
i T qu_ O ARE M amAmAr Y vr: ok Before 2015 :
4 42 44 46 48 52 54 56 58 3.0 /4
m(\|l(28)1t ™) (GeV/c?) M[n*n W(2S)] (GeV/c?)
Yuping Guo @ £+ B2 EHhEEERIEAS 12




Y States[y/(mass)]

FUDAN UNIVERSITY

® Can measure c[e"e™ — h] (CS) with high precision = Y states

I 4180 ]
4230 qap0 | ° 4680
1 R SR —
%i E ............ o - ;;numhmdhmf. ......... ?JEJL"mn‘ ........ E
« — ' o
U [ —
— B o _
46 samples, ~2i2 fb-1 . o ° ’
107 Franre e S -
i O O et ® o E
38 40 42 44 406 48 5.0
E..n (GeV)

Iy e
> L I [PRL95,142001 (2005)] -
S ' < -
] % gy BABAR -
E g : .l
/€ 2 200 =
Ne 10} w [ |-
E Pry |
w R N A T
9. : 4.6 438 5
, m(meI/p) (GeV/c?)
Yo s '
Sﬂt | : |[PLB 660, 315 (2008)]
45 f-\ -
Mass / GeV awrxiv: 1311.7594
b 5.0
_ Y(4660)
No more states. '
Y(4350) 4G LY,
_ Y (4260) | (4140)
- Y(4008) , (4040)
(3770
- %K 770)
% Before 2015
S 3.0 Ly

Yuping Guo @ 58 _ |
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Overview of CS measurements at BESIII
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® Precise cross section measurements of open charm, hidden charm, and light hadron processes

o(pb)

3

42 44 4.6 4.75
- PRL133, 081901i(2024) | ——DB° i  New
_ : —+DD |
: 4f i BESII
- !

L-'.

18
F(GeV)

4.2

4.4 4.6 475

+++

++-
¢
)

~+ D,*D,,(2460)
+- D,D,(2460)

-+ D"D
—— D*D*

]HEP 35, 155, (2022)

T
r(GeV)

4.6

600

o(pb)

S

4.2 44 4.6 4.75
PRL133, 081901 {2024); _4 pD,*
: . DD,
New + PRL 131, 151903
.1 (2023)
E o* *:0 ®
o4 ,' " :. *
+ DD PRD106 052012
+D1(2420)+[? ; (20;2)
PLB 840, 135395 ¢ #  t

(2020)

+ D,*D,,(2536)

# *w

+

comgs
a o
New | ¢} *
: I :\, L
PRL 133, 171903 (2024) Moo it g :
TSCE S S L L ILELE
Ys(GeV)
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® Precise cross section measurements of open charm, hidden charm, and light hadron processes

o(pb)

100
80
60
40
20

09)

4.2

4.4 4.6 4.75

II=F|IIIIIIIIIIIIIII

|
o
-~ A
O O
—_ =
o O
N O

PRL131, 211902 5(2023)

.

1

S

1
o

0
B

*t

>
L

-
s S

o 9’

¢+
—$=
¢

42005:(2019)

o
C

J

-
u|

J

42012:(2022) |:

N
: PRD106; 072001 (2022)

-o-.+i ,
":'“'f' + +: 1
1 4ﬁ PP :

— T (3770)

.CD ||||||||||||

4.2 4.4 4.6 4.75
100 : : : :
: | 4—a7h, : New
80 : : : :
; L arXiv: 2504.04096
= 60 : : | :
| + |
T 40 {*}*«{* W
20 # 1L/
0 - 4t ’ +‘|‘ ot SRR
61— : 4wy (3823)[y x|
L PRL129, 102003 (2022} : :
a 4 ' 4
& - 1
O - I
T i f
3 I C

2 5E-PRD 107, 0920:15 2023) 4 KKy

|

4.2

4.4 4.6 4.75

100
80
60

o(pb)

40
20

N

50
40
30
20

s

s}

3F arXiv: 2407.20009

2

1

PRD104, 0520:12 (202F)

. n*%c'tp(BG:BG)

L=+ n*::rc'ﬂsonc

PRD103; 032006 (2021)

|

9.8. 2 2 4I- 2 2 .4.I2. 2
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Overview of CS measurements at BESIII
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® Precise cross section measurements of open charm, hidden charm, and light hadron processes

o(pb)

o(pb)

60

40

20

N
UV

4.4 4.6 475

- PRD109, 092012 (2024) —4— T]Jhl)

4.2

&

’E+
+ ¢t T

%_PRD 96, 051101§(RC) (
BESIT
B 1
_______ 14
) 4 4.2

—— 5xin'J/y §
PRD10%, 012008 (2020)

—— u))(
]?RD99 091103(R) (2019)

o(pb)

4.2 4.4 4.6 4.75

40

30

20
10

PRD111, LOll;lOl (202-5)

+R +++++

—F—YX

—- 10><th3872 Ech/tp]

+ wX(3872)

PRL130, 151904 l l +
(2023) C hLde

i —4 nh New

, .232002, (2019)

L4t +IL‘122

- X, PI?LBZ, 161901 :(2024)

E(Gev;

4.2 4.4 4.6 4.75

PRD109, 112004 (2024) ~H M4(3686)
: : : .  New

L+ * »Lu.uh ol

I

-+ Yxrz .
PRD104; 092001 (2021)

l Tty b 8 )

Ys(GeV)

4.6 4.8 <
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Y(4260)=>Y(4230)+Y(43xx)

100: +XYZdata 100 L L L L L L
90 [ 4-XYZ atn™h ! _ - 0]/ 3 Data .
2 80F () ~+ Rescan — 80} —Fit curve: Total ’ 100+ WXco + This work 100F (s ... T"(Ef‘(!l‘é) E
= 70f 7t J/ [s=3.8713 | § I _micune: ‘ C PRD109, 092012 —sy :
= /4 _ 2 - - Fit curve: Y(4220) ! 30 |- , w(4230) ]
> F — Fit =~ ol | —4- BESIII 2015+2016 - s
2 60F 2 [ — . Fit curve: Y(4390) | - (2024) > 10.0 — Continuum
& 50F PRD106, A PRD99, 091103 (2019) |  6OF e E
40 B n . ’
T LoE 072001 (2022) f F PRLIIS, 092002 40f E
T 20 W O *F :
10E © - - ;
s ‘ 0 : - E
O - : + ] PR B SN ST T N TN SN S TN SN SN T S SN S S S S S | O - — B
5 4 Y WA vy 42 43 44 45 4  °°
L o 5.__-_--.,-__--_.,-__-.-__,._._,..'.;-;...t_-._’_e:...:.-.;:s.,‘-.,..-..._... 3.8 4 4.2 4.4 4.6 . . . . . Vs (GeV)
< _4E I R RN SR L E(GGV) \FS (GeV)
3.8 4 42 44 46
s (GeV) 20 .
100 f— 7Z'+7Z'_l//(2S) —— Fit result 60 _ JZ'+7Z'_ O}’]C Omax [PP] 47.5 =131
. goF Solution 1 ._..I.T[s)ﬁmtglesw : m [MeV/c?] 4236.3 = 8.9 I ——
S - = - > 100" Non-resonance 50 F T [MeV] 70.0 £ 321 | 4 data
Q - ¢ BESIII (2022) ¢ Thiswork —Fitresult | = ©0F Inteference 2 1 it -
- 8 B 8 40 - 8 1 40 - = - ---- Y (4220)
S [ --Y(4230) - Y(4500) --Y(@710) | & “°F do - G i S I Nonros
s 5 o E 20 ;— S 30 g O ZS 5 - interference ]
S °CK'K Jly PRL131,211902 | £ of 20 !
i - : Lo ]
@ 4L (2023) +-$ —20F 10 _/ - L S ) M b 3
e B 9 - : -~ e T T 1 '‘© 0_ ‘-‘_‘___._._,_,_..,......'.'.'.'.'.'.:'.'.'.'.-.-.H-_
O - o —-40 :_ O _O' ..................................... R +£J/ i .
5 ,f 60 PRD104, 052012 (2021) | -10F O Data UL, frscersd R T
A % P : Fit 41 415 42 425 43 435 44 445 45
o) : T L 2 vt ema e taal. ns 20 f e Y(4260), PDG Is (GeV)
5 0 e S I'_"___I_“_“__‘ x_g: “““““ i Tl il """:"""" '''' oo 30 - FRL,118’,092.001 ﬁ201?) | | | |
4.2 4.4 4.6 4.8 Y447 43 43 44 45 46 47 48 4.2 4.4 4.6 PRD102, 012009 (2020)
(s (GeV) Is (GeV) PRD103, 032006 (2021)  \s [GeV]
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Y(4230) in Open Charm Process

1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
1000= . ‘ — Mass and width from different process
- 7DD~ -
2 [ PRL122,102002 (2019) | Pt 0.05
£500 TBESTT Ty O Visureiy A viEsgmr,
Sl e : 02  rnmun § T
_ f ‘ ‘_;““: """""""""""""" | 4 Y KKy o Y-n'Z,
| { 1132 i | : S T T L 24 Y(4220)-7DD* 4 Y -nD*D*
0 ] * lllll {_.*.,-ﬂ-’-:“"‘_ﬁ}-—_\_ - B s 0.15 V Ymh ® Y(4200)-y X(3872)
——g 3 ¢ spar =] L N R e e T T L S L P L P L P P e [0b)
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I (D
4.1 42 43 4.4 45 4.6 = 1 ‘
E(GeV) 0. +
1200 |—$—_*’h'
— - =— Fit *0 ry*—
%10003_ ----- Continuum Besm 7DD 0.05 &t
% soof - Bw L PRL130, 121901 (2023) $
s - --- BW2 : W1y -
& sl TN ) P15 2.2 725 2.3
o 400 | l 1 L e T M (GeV/c?)
O = [ e
2 200 r 12 BT T e T = i)
¢ - Mt -7 e LT T . . o
AN P i 8 5 B R P determined with BW parameterization
42 43 44 45 46 47 48 49 5 consider possible interference
Vs (GeV) U
nJly K*K~Jly | 7°2(3900)°  z5DD**  a5(D*D*)7
1.7[0.2] 0.02[0.01] 4.0[0.5] 0.29[0.10] 0.22[0.25] 8.6[1.6] 4.8[0.9]
4.6[2.9] 2.5[0.2]
14.6[1.2] 1.64[0.83] 11.9[1.1] 0.42[0.15] 0.53[0.15] 77.4[10.1] 22.4[9.0]
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Y(4230) in Open Charm Process

)
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® Y(4260) has fine structures Mass and width from different process
® Mass around 4220 MeV, width around 50 0.5
MeV: e,
. 0.2 % veme W Vo,
varies in different modes = need more drnxv
Y(4220)-=DD* Y -nD*D*
sophisticated model 5 0-15 o monxen
| = 0.1
® |t has decay modes, hidden charm and me
0.05 N
+

open charm final states: wy,.,, nnJ/y, nrh,,
amy(2S), armn,, KKJIy, nJ Iy, 7D ‘D", P15 2.2 4.25 2.3

2tD*D*~, yX(3872), nh., nZ.(3900) M (Gevic)
ft

determined with BW parameterization
consider possible interference

U

[',.B(eV) rtnJly @Y 0 xtr "y (2S) nJhy K*K~Jly 7°Z,(3900)°  #Y(DD*T | a(D*D*)*
1.7[0.2] 0.02[0.01] 4.0[0.5] 0.29[0.10] 0.22[0.25] 8.6[1.6] 4.8[0.9]

4.6[2.9] 2.5[0.2]
14.6[1.2] 1.64[0.83] 11.9[1.1] 0.42[0.15] 0.53[0.15] 77.4[10.1] 22.4[9.0]

Yuping Guo @ -+ EEEPSEEXNERS
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Observation of Y(4500) N EVE:
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- 3-Data I neenr
8: — Fit curve: Total ' (a) Besm .
[ -..-. Fit curve: Y(4230) p -
6 ... Fitcurve: Y(4500) ' J =
9 4 A
o C 5
V =1
_—
g °F
= C
¥ Of
T '
X 8
(I
o 6f
QD i
(=]
o) 4:
21
0

M = 4484.7 + 13.3 +24.1 MeV/c?
'=111.1+30.1+152MeV

A 55-4D mixing state (J. Z. Wang et al. PRD99, 114003

(2019) [Width 20 larger]

A heavy-antiheavy hadronic molecule (X. K. Dong et al.

Prog. Phys. 41, 65 (2021))

1200

S ook — " BESIT  ~0"5"

= 1000 - e Continuum

% ool - Bw Al PRL130, 121901 (2023)
- 4

£ - - BW2 f o

AN G L s . NG

-LCD 400:_ I I Ao el e

R

S n R4 S e

% 200 [ | d : " peemettt e T T -

o) B “” | - ‘ S et T

R-R = o d i ot
1 L | | o | | |

4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9 5
\'s (GeV)

BW2:M = 4469.1 +£26.2 + 3.6 MeV/c? T =246.3 +36.7 £ 9.4 MeV

A cscs state from LQCD (T. W. Chiu et al. PRD73, 094510
(2006))

Assuming structures in KKJ/y and zD*D* are the
same, B[Y — nD*D*]/B[Y — KKJ/yw]~102,
inconsistent with hidden-strangeness tetraquark
nature (F. Z. Peng et al. PRD107, 016001 (2023))

=
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TUD4 D
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dTs e

New Decay Modes of Y(4660)

100 = _,_BESIII (This work) atay(2S) E _ _
5 ag - +EE§HI (2017) : — 6_+Data Ty, (3823)
Q — -& BaBar T X — Two-BW fit
S 6ol - Belle Tsls ; | -~ One-BW fi B
— 2
ES";, - T A pr1 120, 102003 2022) 1
JURIIRCUR U S |
+ B o0 -
= 20f A <13y o S 17y N
© PET + ----------------------- --------- : =3 ] 3 AT O .
—20 B PRD104, 052102 (2021) 5 5 ° 742 4.4 4.6 ‘
1 L T PSRRI R R B BT .
4 41 42 43 44 45 E.m (GeV)
/s (GeV) .
‘ B Mass: 4647.9 £ 8.6 £ 0.8 MeV
400 <-BESIII 2018
-~ vBle Width: 33.1 £ 18.6 = 4.1 MeV
Mass: 4651.0 +37.8 £2.1 MeV =&
- |
Width: 155.4 =24.8 £ 0.8 MeV il T 4 + Second hadronic transition decay
B H’ {H mode since its discovery

O | &

PRL131, 191901 (2023)

Yuping Guo @ £+ B2 E NS EERMEAS "




Y(4660) in D,D(2536) and D D*(2573) & fs4%

FUDAN UNIVERSITY

® 15 data samples corresponding to a total integrated lum. of 6.6 tb-1from \/§=4.53 to 4.95 GeV

A

DSJ\‘ D(*)O

<

e YWY —— ¢t
D-

’ \)
v
K*K 7™, KJK

Y(4660)

4641 + 10 MeV (S = 2.7)
PDG

73712 MeV (S =1.7)

nry(2S)
Mass: 4651.0 £37.8 £2.1 MeV

Width: 155.4 +£24.8 £ 0.8 MeV
rry,(3823)
Mass: 4647.9 £ 8.6 = 0.8 MeV

Width: 33.1 £ 18.6 = 4.1 MeV

Partial reconstruction

PRL 133, 171903 (2024)

D.D*(2573)

S 52

fe) o
£ £
~~~ A~
g.? DD, (253 (a) €SI 0
O A o 20
Q 207 o @,
DE — X D%I)
T» + +
2 it O
1 10
q’ | | ! . | | | q) I
+ +
% 4.6 4.8 D

/s (GeV) >

R1 R2
Mass Mass
(MeV/c2) 458414, 68] 4749.9([8.2, 6.7] (MeV/ )
Width (MeV) 57[12, 211] 24.9[8.0, 7.8] Width (MeV)

Mass and width consistent with ISR studies at Be

4603.1[3.9, 0.8] 4720[13, 2]

45.2[5.7, 0.7 50[12, 1]

BBV RNMUOR

le, but cs much smaller
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Precise Measurement of ol¢"¢™ — 77" h ]

N

o(n'n h)/pb

® The eTe™ — a7~ h, process was observed by CLEO at \/§=4.1 7 GeV [100] PRL107, 041803 (2011)

® The cross section of eTe™ — n7n~h.was measured by BESIII at \/E from 3.9 to 4.6 GeV, two

resonant structures was observed PRrL118, 092002 (2017)

® New data (27 data samples) between \/§=4.1 8 to 4.95 GeV has been collected by BESII!
4

o0
-

8105 Bedp |
:120 - L T ¢ XYZData
O B v
N N o R Dat
N 2501~ « BESIIL: R-scan data sample PR] 118, 092002 (2017) -'Emo—_ | __ ¢ R soan Data
i ] _ - = BESIII: XYZ data sample ' e - AN — Totalfit |
- PRL 111, 242001 (2013) : g 200:— — Fit curve: Total 1l T 801 .: . BWs, Solut!on I
- = 150 ~ - Fit curve: Y(4220) I '‘© 60 — L o BWs, Solution Il
i o — . + [ ,;‘: T KN .
0 - g(’)fj)& 043001 - 5 f - Fit curve: Y(4390) | i1 SO % : gy |7 arXiv: 2504.04096
i 2 100 TR L T, = [T () )
0 - # § - ®ol® : — § ‘ ii&‘l‘
&) - . ) ELHTT | @ 20 g i SR o T
= S0 1| ’i Ihd N P Tloeret &eo ... =
i o - o - L,. b * 0 SEEERRVIRYS 5 B e B2 bAERY EEE =
20 - 2 n 0L WO S X111, L. S B 0
5 0— i 1 I TR 20
i - *. H &l TTT — ! | | !
0 L I _— B o< 5 .
39 40 41 42 43 44 45 46 SO0 AN
Bl G - | L | ST S o = = | S vs\‘v‘i\\\" e N Seo N fv{‘-‘.:‘:": 4 ‘4.\?‘\} R O R RS
cM 39 40 41 42 43 44 45 46 AR ORGSR e R
Vs (GeV) 5L
4 4.2 4.4 4.6 4.8
/s (GeV
. (GeV)
Yuping Guo @ £=t+RBEENSERMEAS >
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Precise Measurement of ol¢"¢™ — 77" h ]

Baseline model: gdressed — | BW, + Beri¢2 + BW3€i¢3 ‘2

Significance of the third resonance: 5.40

9 140 ® Test of resonance structures:
Q " YE arXiv: 2504.04096
= o0l  XYZ Data
o 1eVE $ R scan Data Starting with two coherent BWs, add one more BW, two
8100 -— — Total fit
+ " :
A 80 C ..... BWs, Solu. | more BWs, one more BW and a continuum termt
o _F A B BWs, Solu. Il
o O0F Check signiticance of each addtional term
o) [

Significance of addtional contribution smaller than 1o

4 42 44 '.}.'6' 4.8

Yuping Guo @ £+ B2 E NS EERMEAS >




Precise Measurement of ol¢"¢™ — 77" h ]
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140

arXiv: 2504.04096

N BWs, Solu. |

¢ XYZ Data
¢ R scan Data

—— Total fit

----- BWs, Solu. I

-~
-~ -
- -
~ -
_____
- - - .
- - - o o

o) \ \ N
NANE TN A Y T <\ 1's‘®s WG %&a& O, SR SOOI
Q‘Q\‘Q(\“\‘ B ‘Q N Q\"\\‘ \OVA\VQ\\“Q\«\' "VQ\VQ\VQ‘\VQ‘Q PSS N
»

‘\‘

'\E (GeV)

nN H
o O

Qo
o

c(e'e—n*wh,) (pb)
o S
(@) (@)

- B ¢ XYZData

- ¢ Rscan Data
- " & — Total fit

i P N e BWs, Solution |
- ! | A BWs, Solution I

w_Ge;mnot bq describleél bi two coheqent BWs

o ™ N
A\ K “ ERC . SR X X
\

DAY #6098 % )2 S XSS XN A XX VA
"Q\ D% TNDZAA VAN VAW RIS

WA NN TN WS Yl ¥ N RS

] i . I 1 I i 1 1 2 i i 1 i L . L

4 4.2 4.4 4.6

ore BW, two

termt

L BW,e'ds |2

ler than lo

Yuping Guo @ 5 _TE=E
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{902 FUDAN UNIVERSITY
3 __ 3 __ "
Qo 140 = arXiv: 2504.04096 37 40 - x
— 120 ¢ XYZ Data — 120 ¢ XYZData
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® No obvious resonance structure is found at around w(4660), in tension with tetraquark explanation Erjc 78,29 (2018)

In S — D mixing scheme, 45 — 3D, 58 — 4D states are located in this mass region, only three are observed in this

mode PRD99, 114003 (2019)
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Observation of Y(4710)/Y(4790)

PRD 107, 092005 (2023) —~
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Besides vector charmonium (cC) states, we also expect ccg hybrids,

and ccqq tetraquark states. Have they already been observed?
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More theoretical and experimental efforts: a better model describing all decay channels; precise
measurement of the cross section line shape
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Sophisticated Models Needed

N. Husken, et al., arXiv:2404.03896 S. G. Salnikov & A. 1. Milstein, arXi1v:2404.06160
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FIG. 2. Fit result for Model 1. Left: ete™ — D°D°. Right: e*e” — DTD™. Open data points are the Born cross section E (MEV)
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[ Studies in D,D* + D*D system from B decay and K*K~J/y system from eTe™ annihilation are needed ]
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[ Studies in D,D* + D*D system from B decay and K*K~J/y system from eTe™ annihilation are needed }
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binding scheme — decay modes
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® A lot of progress has been made in the experimental study of hadron spectroscopy and exotic
hadrons

® Many candidates with exotic characteristics have been observed:
Z: tetraquark with a 0]0} P,: pentaquark with a QQ; Y: vector states with J*¢ = 177; X: others

¢ Some are close to the threshold = are good candidates for molecules, and full spectroscopy should be investigated

"Overpopulation problem” in vector states

Abnormal production/decay properties

® More results are expected in the near future with larger statistics, opportunities and challenges
BESIII [just finished upgrade, 3x luminosity optimized at 4.7 GeV]

Belle Il [1% of target luminosity collected so far]

LHCb [larger statistics, better calibration, higher trigger efficiency]
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Summary C)

FUDAN UNIVERSITY

® A lot of progress has been made in the experimental study of hadron spectroscopy and exotic
hadrons

® Many candidates with exotic characteristics have been observed:
Z: tetraquark with a 0]0} P,: pentaquark with a QQ; Y: vector states with J*¢ = 177; X: others
¢ Some are close to the threshold = are good candidates for molecules, and full spectroscopy should be investigated

"Overpopulation problem” in vector states

Abnormal production/decay properties

® More results are expected in the near future with larger statistics, opportunities and challenges
BESIII [just finished upgrade, 3x luminosity optimized at 4.7 GeV]

Belle Il [1% of target luminosity collected so far]

Thank You!

LHCb [larger statistics, better calibration, higher trigger efficiency]
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