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Hadrons: conventional & exotic

Conventional hadrons
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Meson

Molecule Tetraquark

Hybrid

Glueball
Pentaquark SU(4) multiplets of mesons & baryons
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* Lots of states with heavy quarks (c, b) and exotic properties were observed
since the discovery of the X(3872) in 2003!

* They are candidates of hadronic molecules, hybrids, and multiquark states.
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Zy: 1=1 & aQQ pair
Py [=1/2 & a QQ pair New spectrum emerges although more effort is needed to
Y: JPC=1--

Tqq: tetraquark state
X: other states

understand the nature of them.
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Lots of information on its quantum numbers, mass, width, production and decay properties,

and many new measurements are available



Discovery of the X(3872) [y.,(3872) in PDG2023 ]

Belle, 20030908,

PRLI1, 262001
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Mass of the X(3872)

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
3871.65 + 0.06 OUR AVERAGE

3871.64 +0.06 +0.01 19.8k 1 AAL 2020S LHCB Bt — J/¢ym T KT
3871.9 +0.7 +0.2 20 ABLIKIM 2014  BES3 et e — J/pmtm Ty
3871.95 +0.48 +0.12 0.6k AAL 2012H LHCB pp— J/Yntn X
3871.85 £0.27 £0.19 170 2 CHOI 2011  BELL B — Kntn= J/4
3873 T ;g 1.3 27 3 DEL-AMO-SANCH.. 20108 BABR B — wJ/yK
3871.61 +0.16 +0.19 6k 4.3 AALTONEN 2009AU CDF2 pp— J/yrtn X
3871.4 +0.6 +0.1 934 AUBERT 2008Y BABR BT — K" J/Jyntn
3868.7 £1.5 +0.4 9.4 AUBERT 2008Y BABR B — K¢ J/ymn~
3871.8 £3.1 +£3.0 522 5.3 ABAZOV 2004F DO pp— J/YrTn X

M,,, + Mp.,= 3871.69 & 0.11 MeV

E,=-0.04 = 0.12 MeV . —1/2
ry = (8ulEp|) ™12 > 5 fm
E (deuteron) =—2.2 MeV




LHCb, PRD102, 092005 (2020)

Width of the X(3872)

VALUE (MeV) CL% EVTS DOCUMENT ID TECN
1.19 = 0.21 OUR AVERAGE Error includes scale factor of 1.1.
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A coupled channel analysis of the X(3872) line shape at BESIII

dBr(D°D°r®) B 1 9 kese(E)
dE - 2m" |D(E)|?

x Br(D*® - D)

dBr(n*n~] /) _ B 1 y Ot 1w
dE T 2n” |D(E)|?

Hanhart, Kalashnikova, Nefediev, PRD 81, 094028 (2010)

Kegf(E) + ikege(E)

D

1
D(E)=E—Ex+ 59 * % (Kegr(E) + iKege(E) +Kee (E) + ikSe(E)) + = I'0

kegr(E) = \/M_p\/\/(E —Eg)*+T?/4+E — Eg
Kerf(E) = _\/#_p\/\/(E — Eg)* +T?/4 - E + Ep
+\/u_p\/\/(EX — Ep)2 +T2/4 — Ey + Eq

Io =y T~ ]/ + Denown + lunknown
Ey = My — (mpo + mpo +m_0)

*superscript c: charged D**D~
*Due to the limited statistics, Dynknown/Tn+n—j/y 18 fixed
[Chunhua Li, Chang-Zheng Yuan, PRD 100, 094003 (2019) ]

Key features:

* Model independent

¢ Including the D*D self energy terms
* Including the width of D*

* Including the coupled channel effect

* Fit parameters: g, I‘n+n—] s My




BESII preliminary

X(3872) line shape @ BESIII
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Weinberg’s compositeness: Z = 1: pure elementary state; Z = 0: pure bound (composite) state. ?



PRD107, 112011 (2023) X(3872) line shape (@ Belle

BW parametrization Flatté parametrization
;-}% Signal % Broken signal == =+ Generic background — Total :'}% Signal ?‘/Y': Broken signal ===: Generic background = Total
% sof 80 %, 30F % sof 80 %, 30F
3 so 3 3 70 o 3
o "F o i o =f N “F 1y T o =F
g 60 F 20 l| ﬁ S 20F 8 60F 20 I| h g 20 F
< 2 < S sof 0 <
o 90 0 30 365 % o o 3.9 305 % o
= 40F = 15F T 40F = 15F
: |, + : | : . |
> 20F Tt ge——rmrs > > 20F T |t >
i} - c° w g f L = w Gf
10F fee=""" 10F koot
0 b, b 1 O [ 55 !04;;:\20,76;4.<.~4.~A». I3 3l 9,0, - o0 O Vi e b 1 L O :f:A e eI S TS AL AL SR RN NS
387 3875 388 3.885 3.89 3.895 39 387 3875 388 3885 3.89 3.895 3.9 3.87 3875 388 3.885 389 3.895 39 387 3875 388 3885 389 3895 3.9
*0 *0 *0 *0.
M(DD ') (GeV/c?) M(DD ) (GeV/c?) M(DD ') (GeV/c?) M(DD ") (GeV/c2)
S 15 S 10 S 15 S 10
(0] 18 F 10 (0] 10F (O] 18 F 10 (0] 10 F
O I O 5 O of I O 5
8 - 5 S SF g - 5 g st
S 14 ; S . g 14 . | S ;
o 12F 3.9 3.95 4 o 3.9 3.95 o 12F 3.9 3.95 o 3.9 3.95 4
> °F = °F < 10F — 6}
L sF 82} £ 8E &
o of e ‘F o 2 o “‘F
> | > S 6 >
L 4F | — - L oF L 4F | — - L oF
2F . r.t_- " I T T s e 2F et + —lTTT T el il =4
0 RTINS TLTNRTT 7 o sy sy 0 g SRR J- J b ]..-n.,. a 0 DT f_“'_ . o] - 0 > v g g t 1 J | _1 o I.-
3.87 3875 388 3.885 3.89 3.895 3.9 387 3875 388 3.885 389 3.895 3.9 387 3875 388 3885 389 389 3.9 387 3875 388 3885 3.89 3895 3.9
*0 0 —0) 0
M(DD ) (GeV/c?) M(DD ) (GeV/c?) M(D’D ") (GeV/c?) M(D°D ) (GeV/c?)

— 3873'711_8:?8 (stat) + 0.13(syst) MeV/c2, » Fit D”D*” mode only, not a coupled-channel analysis

Tew = 5.2F22(stat) + 0.4(syst) MeV. » BW is favored over Flatt¢ parametrization

» coupled-channel analysis highly recommended 10



Z.,(4000)
Z.(4220)

Z,(10610)
X(3872) 2(4430) I 7" (10650) Z.(3900) Z(4020) | v,(10750) Z.,(3985)

Belle Belle Balle BESIII/Belle BESIII Belle BESIII
2003 2008 2012 2013 2013 2019 2021

P.(4338) | X(3960)

= -
P.(4312) X,(2900) T..(3875) ( Y(4500) B T.s(2900)( X(6600) ‘ Y(4790) b

Y(4660)/ | X(4140)
Y(4630) CDF

Belle 2008
205//08

il
Y(4260) | Y(4360)
BaBar BaBar

X(6900)
P.(4440) B LHCb X,(2900) LHCb BESIII LHCb CMS BESIII
P.(4457) LHCb 2022 2023 . 2023
LHCb 2020
D15/19

PRD 89, 111103

Events / (0.020 GeV/c?)

80 P T

Q4 4o 44

M(m* J/y) (GeV/c?)

20 [
10

70E(C
60 F
50 F
40
30 F

OT|||||

IR
| PRD 86,051102
454/fb

42 44 46 48 S 52 54

m(JYTT)(GeV/c?)

40

30

20

10

Il: I|IIII|IIII|IIII
45 46 47 48 49

M (AC+AC-)

5 52 54
m(y(2S)n' ) (GeV/ic?)

|||||||||||||||||.||||||_|J
5 51 52 53 547

Bl

: PRL 99,142002 RAQMPANARAE The Y states digcovered vi lal states
120 5 AL . : v

100} z jj? noq BBa . radiation (ISR ilation have

2 gof g , 71Bell E

g 80; E o | lll)eevefs(ﬁ'f‘?»fb'l) 3 JPC=1__.

g 60: 3.5 4 45 5 5.5 8; g /7 z é ] . .

£ Lol | PRL 110, 252002 I : Direct e*e” ghni

o L My 967/fb , i * # E y A o
AT 0 ey : §m ' can measuyreinem in higher precision.

46 48 5 52 54 o '

D D
e+ _?

i
v

ISR

11



BESII

PRD106, 072001 (2022)
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BESITT A new decay mode Y (4230)—>K*K-J/y and a new Y(4500) state

cP(e’e” — K'K'J/y) (pb)

cP(ee” - K'K'J/y) (pb)
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v Significance of the Y(4500) > 8c

» A 5S-4D mixing state (J. Z. Wang et al., PRD 99, 114003 (2019))

» A heavy-antiheavy hadronic molecule

(X. K. Dong et al., Prog. Phys. 41, 65 (2021))
» A (cscs) state on LQCD (T. W. Chiu et al., PRD 73, 094510 (2006))

L -+ XYZ Data .
C  _ Fit curve: Total (b) 1 Parameters Solution I Solution 11
C = Fit curve: Y(4230) E M (MeV) 4225.3 £+ 2.3 £ 21.5
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['ceB(eV) 0.42 &+ 0.04 £+ 0.15 0.29 + 0.02 £+ 0.10
M (MeV) 4484.7 + 13.3 £+ 24.1
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['ceB(eV) 1.35 £ 0.14 & 0.06 0.41 &= 0.08 £+ 0.13
phase angle  p(rad) 1.72 £ 0.09 £ 0.52 5.49 4+ 0.35% 0.58
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BESII

Confirmation of Y(4500) and evidence for Y(4710)

PRL130, 121901 (2023)
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Contributions from the y(4360), w(4415) and Y(4710)?
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Waiting for update on e*'e—K*K-J/y from BESIII!
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BESIL A new vector charmoniumlike state Y(4790) in e*e—D:*D;~ ?
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How many vectors in charmonium energy region?
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Besides vector charmonium (c(C) states, we also expect ccg hybrids, | | Y(4230), Y(4320), Y (4630), Y (4660),
and ccqq tetraquark states. Have they already been observed? Y(4360), Y(4390) | = Y(4710), Y(4790)
=» More theoretical/experimental efforts necessary! Y (4500) -
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Charged quarkoniumlike states must have at least 4 quarks!

tetraquark

multi—quark states

hadro— °
quarkonium !
hadronic

molecule 17
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All are observed in

| m+charmonium (J/y, h,
| w(29)) final states,
| candidate cc du

\ tetraquark states

4.8

=» Existence of states

with d-2>s?

1 =% Search for states

decay into K*J/y,
D*D, + DD*,!
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M?(K*Jhy) (GeVic?)?

ete - KK~ J/w ete - K*(D;D"+D:~D") BT = J/w¢pK+

22

(o)}
N
o

T T ~40r % 700
5=44-55Gey 1l <, [Vs=4.681 GeV : "
20 — Ny [ . S 600 E
- " ER Zof BesT = ol
sk ] > | §E
L - "] C
- o 1] 220f S 400
16 | e g = | S 300 F
[ | 1132 n [ .
4k N ] = 10} 200 F
: R0 T 2 | 100 f
12 [ I I B B R A i 1) m 0 DL - A ‘: A " o
12 14 16 18 20 22 4 405 41 415 3.6 3.8 4 42
ME(K Jhy) (GeVic?)? RM(K*) (GeV/c?) M [GeV]
PRD 89, 072015 (2014) PRL 126, 102001 (2021) PRL 127, 082001 (2021)
No significant signal in Z.(3985)in D'D,+ DD* mode! Z.(4000) and Z_(4220)

K*J/w decay mode! in K*J/\y decay mode!
Y Mass (MeV) | Width (MeV) VR

Z.(3985) 53c 7?7 39825738 £2.1 12.8%33+3.0 | Widths very different,
7.(4000) 15c¢ 1+ 4003+ 677, 131415426 not the same state!
7.(4220) 590 1+ 4216424133 233+ 52177

(statistics low!)

Waiting for BESIII result on ee"2> K K-J/y from the same data sample! 19




BESII

PRL129, 112003 (2022) e*e™ —» K{ (D D*" + Di~D")

Evidence for the neutral Z.(3985) & Z.(4000) = {si&%

o ot BY s JhppK] arXiv:2301.04899v2
Sideband Non-resonant proceiss ----- D**D
:2_ (a) Vs =4.628 GeV :g_ (b) Vs =4.641 GeV z—; Zggé: i?z:l ﬁtl ;I:béb : | ;ﬂz--»KS“ (DS'D”‘I++D;‘D+) . :
3 3 2 500F- + Backeround = =
200 4 + 20F ++ G A00E AN i + 3
: 08 : = i doa T 300F = Tymi4220) 3 E
10F 10‘ + + g 2005_ WT,,(4000) _E _E
g - : —— - 10 E_ AT AN N A N IR IR Y _;- X R\t\\\\\\;\\\s\t\\l\\ co _E
2 40F o 15=4.661Gev Loof @ V5=4682Gev = T T I _
= 30 ’ = 60F
S T 2 s0f 3
S 20 §  40f _
§ 10} - ;
@ 5
40! 0 .
: my, [GeV] m,,, [GeV] my,, [GeV]
30¢
20} Significance >4.0c after including systematic uncertainties
10F |
958 Significance 5.4c with isospin symmetry imposed
RM(K)(GeV/c?)
2 . - - =
State Mass (h;ltelV/c ) Wldtg gMEV) Significance Mass (MeV) Width (MeV) Fit fraction (%) AM (MeV)
Zc5(3985)" | 3985.275,4+ 1.7 | 13.87¢5 +4.9 5.30 7 o IETIET: 0 TR
Z..(3085)° [30022+17+16 | 7.77 3L +43 4.60 3915617 105055295 7T9£2505 120507

> Minimal quark content cCsd? Mass and width consistent with charged Z_, — isospin partner 20



Z.5(3992)° Z.(3985)*

Z.(3900)°

Z:(3900)~

Z.5(3985) Z.5(3992)°

Z.(4020)°

Z:(4020)~

Z . (XXXX)

Z s (XXXX) ™

Z.(3900)*

Z.(4020)*
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Z,(10610) Z.,(4000)

X(3872) 2,(4430) § 7'(10650) Z.(3900) Z.(4020) | v,(10750) Z.(3985) | Z.(4220) P.s(4338) | X(3960)

Belle Belle Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb

2003 2008 2012 2013 2013 2019 2021 2021 2022

P.(4312 .
Y(4260) | Y(4360) | Y(4660)/ | X(4140) ol ) X(6900) ! X,(2900) T..(3875) | Y(4500) ‘ T.s(2900)| X(6600) | Y(4790) K
BaBar | BaBar | Y(4630) CDF P(4440) W LHCb X4(2900) LHCb BESIII LHCb CMS | BESIII
2005 2007 Belle 2008 P(4457) LHCb 2021 2022 2022 2023 | 2023

LHCb 2020
2015/19 ~—

2007/08

States with 4 different flavors (T, and Ts)

cdsu cdsu

22



oy Observation of T s states decay into D ™

arXiv:2212.02717

LHCD
= )

9 fb'! Run 1 & Run 2 data

4009 selected B® —» D°D} ™ decays,
purity ~90%

3750 selected B - D™D} nt decays,
purity ~95%

12
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Q |
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q |
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S | | e
- I — 60
5 60F il 4 8
2 n S
é 40 - I Iy I \ . 'é
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[ yo 9 f! 1.1
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MA(D'7") (GeV?)
<+ Data
Background
] =—— Total fit
1 —— D, (2460) D}
] —— D (2600) D;
] —— D;(2750) D}
] Dy (2760) D;
] D(3000) D+
b | —— D*(2010)- D}

0 e s EEA TY,(2900) D
M(Dgst 7*) (GeV) —— DxS-wave D}

Assuming isospin symmetry
= combined amplitude analysis
of the 2 channels

[} I T T T T T T I T T T I T
o
B B e Breit-Wigner of 75,(2900) ]
= 04 LHCb * Start[poift (em=2.788 GeV) —
g" 9 fb-! = Spline lineshape
=
o -
E
o 0.2 [ =
>\. -
8
|
OD =
<
£ 00
-02 —
I 1 1 1 1 1 L I 1 1 1 I 1
-0.2 0.0 0.2 0.4

Real part of amplitude

M = 2908 £0.011 + 0.020 GeV
['=0.136 £ 0.023 £ 0.013 GeV

=

Significance >90, taking into accoun
the systematic uncertainties & the
look-elsewhere effect.

JP:0+
I=1 =» search for Dy ¥ state 23




PRD 102, 112003 (2020)
PRL 125, 242001 (2020)

Evidence for T, states decay into DK+

9 fb'! Run 1 & Run 2 data

Candidates / (17.3 MeV/¢?)

1260 selected B~—D*D"K* decays
B I ! I I |
b LHCb.
i _ i
= I (b) :
> 20 _
G-) - =
© I '
~ 18 -
QL i
+ I 4
Q161 —
S ]
14| .
C | 1 | L]
8 10 12
mA(D"K*) [GeV?/c4]
Resonance Mass (GeV/c?) Width (MeV)
Z00(3930) 3.9238 £ 0.0015 £ 0.0004 174 £5.1+0.8
7(3930) 3.9268 £+ 0.0024 £+ 0.0008 342 +66 t1.1
X((2900) 2.866 £ 0.007 4 0.002 57T+ 12 +4
X,(2900) 2.904 £ 0.005 = 0.001 11011 £4

Candidates / (17.3 MeV/¢?)

140 F

30
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(@) 1
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100 —
80 —
60 —
40 —

—
=

Candidates / (17.3 MeV/c¢?)

0 E
- ":‘.1’.(“:’-\:':;\’_!;_ = e 0 _‘ o _ = ._.l“_. [ ~! -":""J. i LIS U L Ex—— ot I.'.-.' s =T = ohic ‘. L s The ""'.7.‘ J—

4 45 25 3 3.5
m(D*D7) [GeV/c?] m(D"K*) [GeV/c?]

[ EST

,,,,,,,,,,,,,,, w(3770) — D* D
- 100(3930) — D" D
;502(3930) — D" D
———— w(4040) — D* D"
— — - y(4160) - D" D
w(4415) — D* D~
X,(2900) — D'K*
e X (2900) — DTK*
———————— Nonresonant

50
a0
30F
20f

10F

N

The significance of the disagreement in the m(D~K™) distribution
1s 3.90 and is most apparent in the region m(D"K*)=2.9 GeV. This
discrepancy could be explained by a new, manifestly exotic,
charm-strange resonance decaying to the D-K* final state.

SU(3) flavor partners of the T states? JP=1* partners? o4



2,(10610) Z.(4000)
X(3872) 2(4430) 0 ;" 10650) | 2039000 | z(4020) | v, (10750) Z.(3985) | z.(4220) P..(4338) | X(3960)

Belle Belle ' Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb

2003 2008 2012 2013 2013 2019 2021 2021 2022

e B
P.(4312) ff x(6900) | X,(2900) T..(3875) | v(4500) W Te.s ; X(6600) CYEON t
P(4440) ( | x,(2900) LHCb BESII| LHCb CcMS BESIII

P (4457) 2021 2022 2022 2023 2023
LHCb —

2015/19

v(a260) | v(4360) | Y(4660)/ | x(4140)
BaBar BaBar Y(4630) CDF
2005 2007 Belle 2008

2007/08

States with two pairs of cC
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X>J/pdly: states with cccc

LECh  SeiBull. 65 (2020) 1983

Data
Total fit

Resonance
Threshold BW1
Threshold BW2
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NRSPS
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oo e
T Ot o
IS
LXK
4te2eS XL
%0

Z

5
R e

S

S S

‘ AR

e sty %%

e e SO 88 B3

S e 5588 5% S IR
O e S X 5% 5 eSS
IS s S I
S o S SIS % RS
ISR IS SRR

8000
Mg 1, MeV/c?)

295650
5

Weighted candidates / (28 MeV/c?)
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Weighted candidates / (28 MeV/c?)

e Narrow structure at 6.9 GeV, >5¢
e X(6900): M~6900 MeV, I'~100 MeV
* Structure just above J/yJ/y threshold

Candidates / 25 MeV

Data-Fit

Candidates / 25 MeV

Data-Fit

CMS

arXiv:2306.07164
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Evidence for X(7300) with 4.1c
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» Evidence for states in M(J/ywy(2S))

26



Z,(10610) Z.,(4000)

X(3872) 2,(4430) § 7'(10650) Z.(3900) Z.(4020) | v,(10750) Z.(3985) | Z.(4220) P.s(4338) | X(3960)

Belle Belle Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb | LH(
2003 2008 2012 2013 2013 2019 2021 2021 2022

P(4312) B X(6900) | X,(2900) T..(3875 | Y(4500) X(6600) | Y(4790) ki

P.(4440) B LHcb X,(2900) LECk BESIII CMS BESIII

P.(4457) LHCb 2021 2022 2023 2023
LHCb 2020

2015/19

|

v(4260) | v(4360) | Y(4660)/ | x(4140)
BaBar JaBar Y(4630) CDF
2005 Belle 2008

2007/08

pentaquark states
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PRL 122, 222001 (2019)
9 fb-! Run 1 & Run 2 data; 246k selected A,—J/ypK™ decays

26 )
10
i LHCb —
24 AT 3
e i O]
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— -:"'.\_ AL g
L oo i R, S
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5] - M ©
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I 1 ¢
18 |- 1 S
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L ©
i @)
16 EENEEEEEE EEEEE NN ENE N P P N PN — 1
2 2. 35 4 45 5 55 6 65
mz, [GeV?]
State M [MeV] I' [MeV]
P.(4312)* 4311.9 £0.7:08 9.8 4273
P,(4440)* 4440.3 + 1.3+ 20.6 +4.977,
P (4457)F 44573 + 0.6} 6.4+ 2.0

1200
—— data

— total fit

1000 backgrouhd

800

600

Weighted candidates/(2 MeV)
S
o

200

P.(4
- _../)ha.,_ P

0 -
4200 4250 4300 4350 4400 4450 4500 4550 4600

m ., (MeV]
Spin and parity not determined yet.
Partial wave analysis of the full data sample 1s in progress.
Good hadronic molecule candidates.

More states may exist close to other thresholds. 28



arXiv: 2210.10346
9 fb-! Run 1 & Run 2 data
4400 selected B——J/wAp decays, purity 93%

m?(J/wA) [GeV?]
S

S,
oo

17.8

S-wave 23 D™ molecule? Also expect S-wave ZZ D*~ molecules?

Observation of P2 J/yA

el U (| e S S
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J=1/2, P = —1 favored. Significance >10c
M=4338.2+ 0.7+ 0.4 MeV (EID~ threshold 4337.4 MeV)
I'= 7.0+ 1.2+ 1.3 MeV (very narrow)

LHCD
= )

Sci.Bull. 66 (2021) 1278

1750 selected Ey —J/wAK™ decays
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o (]
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[\~3
[}
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3.1c evidence for P_(4459)

close to £ D*~ threshold.
Two states? 29



Tentative conclusions:

D*'D*, DD

Z,(10610) Z.,(4000)
X(3872) 24430) N 7'(10650) Z.(3900) Z.(4020) | Y,(10750) il Z,(4220) P.s(4338) | X(3960)

Belle Belle Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb LHCb
2003 2008 2012 2013 2013 2019 plopk! 2021 2022 2022

P.(4312) X,(2900) T Y(4500) X(6600) | Y(4790) K3

P.(4440) B LHCb X,(2900) LHCb BESIII CMS BESIII

P.(4457) LHCb 2023 PAZE
2020

v(4260) | Y(4360) | Y(4660)/ | x(4140)
BaBar BaBar Y(4630) CDF
2005 2007 Belle 2008

2007/08

2015/19

1. We did observe hadronic molecules close to the thresholds

2. There must be dynamics beyond molecule to explain many other states

far from thresholds of narrow hadrons .



Peak Luminosity [x10%> cms]

More data are coming ......
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Summary

Lots of progress in the experimental study of hadron spectroscopy.
Spectroscopy of hadronic molecules to be further investigated.
States formed by other dynamics may have been discovered.

More results to come (Belle Il, BESIII, LHCD, ...), and lots of

opportunities and challenges ahead.

Theoretical efforts needed to understand the hadron spectroscopy

and the strong interaction.

Thank you very much!
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BESIII Preliminary

X(3872) pole search & effective range expansion

« Two sheets with respect to D*YD? branch cut

* Sheetl: E — Exy — g —2u(E — Eg +il'/2)

* Sheetll: E — Ex + g/ —2u(E — Eg + il'/2)

« E; =(7.04+£0.155392) + (—0.19 £+ 0.08%5:18)i MeV

« Ey=(0.264574134%,) + (—1.71 £ 0.90%9-§2)i MeV

Near threshold, scattering amplitude can be
expanded as the power series of the momentum

k= \/ZIJ(E — Eg)
S-Wave f~H(E) ~ =+ 2 k? — ik + 0 (k*)
In the limit of Il; = 0 and stable D*

e scattering length a = (—16.5179+>5. ) fm
e effective range: 1, = (—4.1333128) fm

Im E (MeV)
)
N

Y- ) AN N U MU B
"6 62 64 66 68 7 72 74 76 78

Re E (MeV) Re E (MeV)

'L'\"\
-1 -1 05 0 05 1 15 2 25

60 40 20 20 40




BESII pretiminary The effective range expansion

[S. Weinberg, Phys. Rev. 137, B672 (1965)] Z: field renormalization constant
* Z = 0: pure bound (composite) state
L _2(1 _Z)1+O(ﬁ_1) * Z = 1: pure elementary state
(2 } Z)l)/ 1~ mi ~ 1.4 fm, for both deuteron and the X(3872)
___~ - -1 L
xaw

Nearby threshold D*OpDY pn

a —16.57 277% i_z‘;’g fm -5.41 fm Different sign, may suggest an

' ' elementary ccC core

Te —4.173373% fim 1.75 fm [A. Esposito PRD 105, L031503]
Range correction negligible important for 7, = Close to 0 but can not be solved

7 ~ 0.18 _ model-independently

due to the range correction

Effective Range Expansion =» scattering length a and effective range r,
35
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xivaimoi0ss  The T, (3875) state decays into D°DOr+ LEch

9 fb! Run 1 & Run 2 data

P (S . Fit with a unitarized three-body Breit—Wigner function:
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% 60- ] ] 2
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9 fb'! Run 1 & Run 2 data

360 B*—D* D~ K* evts, 84% purity

X(3960) in B*~>D*,D-K*
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Two K-matrix poles
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PRD 102, 112003 (2020)
PRL 125, 242001 (2020)

X(3930)

in B*->D*D~K*

9 fb! Run 1 & Run 2 data o uof LHC'} 1 25
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1260 selected B*—D*D-K* decays % 120F @ 3 =™
= Jo0f 1 =
L I L L T I L L I L L L I r';-: 8{)E [';-: 5{]
= - :’ 0 C : 40
nk LHCb] § woF % 30
5 - - = - = 20
* f (b) { 2 »f 2
% 20 - - 0 0= 2 ’ 35
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Resonance Mass (GeV/ c?) Width (MeV) Resonance Magnitude Phase (rad) Fit fraction (%)
_ D™D~ resonances
20(3930)  3.9238 £:0.0015£0.0004 _ 17.4£5.14£08 ,(3770) | (fixed) 0 (fixed) 145419408
Y2(3930) 3.9268 £ 0.0024 £ 0.0008 342 +£6.6 1.1 »,(3930) 0.51 +0.06 £+ 0.02 2.16 +£0.18 £0.03 3.7+£09+02
| ¥e2(3930) 0.70 £+ 0.06 = 0.01 0.83 £0.17 £0.13 724+12403
X(2900) 2.866 + 0.007 £ 0.002 57T+ 1214 y(4040) 0.59 & 0.08 & 0.04 1.42 £ 0.18 4+ 0.08 50+ 13404
X,(2900) 2.904 4+ 0.005 + 0.001 110+ 11 +4  w(4160) 0.67 + 0.08 £ 0.05 0.90 & 0.23 £ 0.09 6.6+ 15+12
w(4415) 0.80 & 0.08 £ 0.06 —1.46 £ 0.20 £ 0.09 92+ 14415 59



X(3960)=X(3930)? X(3960)=X(3915)?

s X(3960) the same as y.0(3930) from D™D~ ? Is X(3960) the same as \0(3915)7?
BT — (DD ) K™ by LHCb: Bt — (DtD~) K™ by LHCb: vy — J/¢w by Belle:

~S0F T T T T LI B B R b — 40 F———————————————————= F !

% F e+ Daa : - LHCh 3 l: [Belle, PRD 86 (2012) 072002]

= 40 C 9fh-! —— Total fit ] % 120 - — N

o - — X(3960) S C (a) ] g 20—

o ¢ Xo(4140) ] o 100F ; E e F

S30E | —— (4260) . ~ - y - 15

39| W20 ] S [§HCb, PRD102 (2020) 112009 5 %

% 20 :_ l‘n I\Eon-.re-sonant DD § 60;— a \ 50(3930) _; S 10f

g - ‘ll preliminary] ] _g 1ob ; E -E’ -

O R\ ] 5 x S sE

e 1\ T4 E 5 20F 4\ = = °F H } |
Fhs T 3 JRdR LY 3 s s AL S VLY
4.0 4.2 4.4 4.6 4.8 4 N 3.8 385 3.9 395 4 405 41 415 4.2
m(Dg D) [GeV] m(D"D") [GeV/c?] m(J/yo) (GeVic?)

@ Assuming to be the same, B(xco — D"™D~)/B(xco — DS D; P) ~0.3
large molecular component, or large tetraquark component, T,

e [JHEP 06 (2021) 035] finds a state coupled to D;” D on the lattice o The DSJFD;,_ Signal might be a tail of the Xc0(3915) state

Misha Mikhasenko (ORIGINS Cluster) Tetraquarks and Pentaquarks 2022 August 2" 14 /21

o Belle sees a clean state in J/tw with J = 07

Very puzzling scalars, some of them could be non-gq states:
» Light hadrons: £,(500), f£,(980), f,(1370), £,(1500), f,(1710), ...
» Charmonium(likes): y.4(3415), %.o(3860), %.o(3915), 1.4(3930), %.,(3960), ... 40
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