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Introduction

Hardon size

r fm
. . 0.8 1/2]000 1/?00 1/[20 1/|2
* Quarks and gluons not isolated in nature. i ——
— Formation of colorless bound states: “Hadrons” 041 , Z P
. g F p_,_o-“*’ s°\§ 48
— 1-fm scale size of hadrons? - "%u 0—— ¥ i% ‘ 5;
* Hadron spectroscopy provides opportunities [ -7 -
to study QCD 1n the non-perturbative region - gt
0.1 :,,_.M ‘
— Extensive and precise spectroscopy combined with a W e
thorough theoretical analysis, will add substantially to 0 - : :
our knowledge of QCD e o 1/Q GeV- = :
* Complex exotic hadrons can reveal new or
hidden aspects of the dynamics of strong
interactions
— Predicted in quark model Higgs mechanism QCD dynamics
— Recent results show strong evidence for their o @
existence ke 8* Mase = 1664102
~ 1% of proton mass ~99% 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

A=usd n=ud

Other possible combinations of quarks and gluons :
Pentaquark

S=+1 ‘
Baryon ‘

H di-Baryon Glueball

Tightly bound

Color-singlet multi- ¢
6 quark state

gluon bound state

Tetraquark Molecule RO—
Tightly bound loosely bound B
diquark & me.f,on-
anti-diquark antimeson
“molecule”
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Main contributors worldwide

e« ete collider

e Hadron collider
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Light hadron spectroscopy
o
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1, states of spin-exotic quantum number

+ Experimental evidence fora 17":  =» can not be a quarkonium state
» m(1400): GAMS, VES, E852, CBAR, COMPASS

> m(1600): VES, E852, COMPASS Another combined fit

o
o

JPAC fit: Kopf et al, EPJC81, 1056 (2021)
FRB98, 092008(20115) PRL122, 042002(2019) )
x10° 17 —pm 25F i =
1 0.724 < ' < 1.000 (GeV/c)? 3 2.0F ‘ —
L Model curve % 0 §
Resonances = g "F
" Nonres. comp. E’ 1.0 g 10002

o
=)

oF

08T 2 ey COMPASS data of nw and n'm " " ey

Intensity / (20 MeV/c?)

0.5
x10° [PLB740, 303(2015)]
s n't P-wave ' 6000 [
E n'n P-Wave
T i
= ~§ 4000 |-
[ 0t feil
0.5 1 1.5 2 2.5 il 1
ms, [GeV/c?] 13 y i Sk,
i o;l 1 1 l 1 1 1 g g
EVIdence for ﬂ1(1600) — pTL— 0.8 1.0 12 1.4 1.6 1.8 2.0 D~-o.la — = "2 14 16 18 2
Vs (GeV) Vs[GeV/cY

e Only m;(1600) is required, while m,(1400) is in question
* Larger dataset in COMPASS and GlueX are under studies
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N,(855) in J/¢ - ynn’

1,7 + - ot - BESIII, arXiv:2202.00621, 2202.00623
* PWAoOfJ/p - ynm,n »yn n", n7n | |
using 10B J /Y decays data
> ~ — - 400 T TT—T—r T T
Decay mode Resonance M (MeV/c¢®) T (MeV) Mppg (MeV/e?) I'ppe (MeV) B.E.(x1077)  Sig.
a) as2 e
fo(1500) 1506 12 1506 12 1814011719 5300 Qo (@) x*/dof= 1.57
< < < ()Am 2 300 —e-Data
fo(1810) 1795 95 1795 95 0.11£0.0175 53 1.1 % — 0"
f0(2020)  20104£615  203+£9713 1992 442 2.2840.1219-2% 24.60 S _2“
G = A
I/ = vX = ymn' | fo(2330) 23124717 65+1013, 2314 144 010002153 1320 = 200 :;('1,(1855))
e
ni(1855)  1855491%  188+1873 - - 0.2740.047052 21.40 £ «==2 PWA fit projection (exclude 1)
o ~ ~ _+041,) c — PWA fit projection (baseline fit)
f2(1565) 1542 122 1542 122 0.32+0.05%3:12 870 9 100
f2(2010)  20624+611° 165+£171° 2011 202 0.7140.0670:82 13.40 L
f1(2050) 2018 237 2018 237 0.06+£0.017003  4.60 0 e SO F e 2o
0™+ PHSP = . - - 1.44+0.1573-1% 1570 15 2 ) 2-5 3
'X i ] +0.01 M('m )(GeV/CZ)
J/b = n' X = yng'| h1(1415) 1416 90 1416 90 0.08+£0.0175 95 10.20
h1(1595) 1584 384 1584 384 0.16+0.0273-03 9.9
5
I (b) 100 Op—
; f e — e w 200
af [ - b C =\ o
6(-_; I 80 '50:7" X e ® @ S
A -100::Q . A 2
[0 3: 60 %) 5 \ GC) -
S | . < _1s0f . (P > 100 &
= ofF i i K - / #T =50 MeV w [
< | i \ ") #T =100 MeV
NE N -200| T = 156-Me
1 | 20 - \;/ #T =200 MeV
: wm 4 wraf #T = 250 MeV r
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2 4 6 8 : 2
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* Anisoscalar 1%, n,(1855), has been observed in J/{y - ynn' (>190)
M = (1855 + 9%%) MeV/c?, T = (188 + 1813) MeV/c?
B(J/¥ - yn;(1855) - ynn') = (2.70 + 0.41331¢) x 107
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BEST  X(pp)/X(18??) from J/y radiative decays
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Are they the same state? It is crucial to understand their connections.
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3G The X(2120) and X(2370)

« Observed in Jiy—yn'ntt ™ at BESIII
[PRL106, 072002 (2011)][PRL117, 042002(2016)]

500 — - (b)

lllllllllll‘

 Candidates of glueball states 400;‘ :
« Combined analysis of [/ - yK*K™n' and 300
200F

YKsKsn' _
* Search for X(2370) in J /Y — ynnn' 100¢

Events/(0.02GeV/c?)

o PRL106, 072002 (2011)
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ok t. 4 e -z% 300 0 T o s 0l L 3
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M GoVIC) D Mo, Govie)  Observation of X(2370) - KKn'

My (2370) = 2341.6 + 6.5(stat.) =+ 5.7(syst.) MeV/c?, with stat. significance of 8.30° ,
I x(2370) = 117 £ 10(stat.) & 8(syst.) MeV, * No eV%dence of X(2120) - KKn
* No evidence of X(2370) - KKn'
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BESIT VT] ‘T~ from 10B J/y decays
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BESIII, arXiv: 2201.10796
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100
"=« Observation of new structure X(2600)
40 . .
» * Correlation with M(m*m~)~1.5GeV
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s A we) :
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Studies on the ¢(2170)/Y(2175) &)

* A strangenium(-like) state: Y-particle with strange quark

22

- 200, 1,2000) £ ,(2000)
o ° 20 — 1950) i ssnnmenns [ (1950) senmenns
» Theorists explain ¢(2170) as B R e oy PP g TR yasesse o
v S§g hybrid 1.8 [ 2'P, oul:tl:('b f,(1710) ', 1'p, 1D,
C = re,
3 3 Q 1.6 — 25, (1525
‘/ 2 Dl or 3 Sl §S C ml’-zs» h,(1415) f,(1420) (|"i)2)
v’ tetraquark ol 'r,
v' Molecular state AA 12 - sS
E o
v ¢f)(980) resonance with FSI ¢~ “i s, S
v Three body system ¢KK 0.8 e s Predicted: PR D68, 054014
06 —
— llS"
04 ;.l""=o" 1~ r 0 " g+ T - 3
£ | PRD74,091103 2006) “["PRL100, 102003 2008

a(9f,(980)) (nb)

o

EVENTS/(20MeV/c?)

f‘ H | WJE

Bemntt TV

1.96 2.06 2.16 2.26 2.36 2,46

M(¢ f,(980)) (GeV/c?)
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BESIT More results on the »(2170)/Y(2175)
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BES]I[ Strangenium and strange-mesons in
J/W - K*K~n® and y(3686) > KtTK™n
PRD101, 032008 (2020)
448M Y (3686) decays

PRD100, 032004 (2019)
«10° [/ - K*K~ n°

-$-data

4]
o

x2/nbin = 0.95

< | (a) % m sideband
(&) =
> | 2237M 2 9 ~Siieso
>
= 0 30
S 5 e
~ 3 20
£
g I w 10
> e i3
I.I.I I O i i i 1
01....115....21....215....3 1.5 2 c22.5 3
' : M(K'K) (GeV/
M, (GeV/c?) WEESRET
* Dip around 1.75 GeV requires another
* First observations of K5 (1980) and 17~ resonance X(1750) to introduce
K;(2045) in J /Y decays interference with ¢p(1680): could be
« Two broad K¥K~ 17~ structures are p(1700) or X(1750) (photoproduction
observed: possible from w(1650) and at FOCUS)
p(2150) e Broad KTK~ structure around 2.2 GeV:
contributions from p(2150) and/or
p3(2250) resonances
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Heavy hadron Spectroscopy

an example: LHC as a Large Hadron Discovery Factory

11000 1 1 1 1 1 1 1
10500 . o il 62 new hadrons at the LHC
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7000 B.(2S)* B.(2S)* X(6900)
(o) @5 (25
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50004 2 Ap(5920)° o . B)(5970)*° = 5] M=, (6100)-
W, 50120 =, '31(5840)"'0 55(6097)* Ap(6070)°  B4(6114)°
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S 5000 -
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2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Date of arXiv submission
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Heavy mesons
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~ TOp—T T
F LHCb (a)

Xiao-Rui LYU

D*K*m~ invariance mass shows a strong peak L= S S Ry

=

L LR R

—— Data
— Fit

.....

e

—~ 3400 T

Big puzzle: D;,(2317)* and Dy, (2460)™ % oonE —

have much smaller masses than the predictions § o0f ——— E

Additional experimental input is helpful ‘;‘ 2800;— _ e ‘
Use BY > D*D~K*+m~ decay with 5.4 fb~1 of __ “0Fmen == o
RUN2 at LHCb New £ 8 El

— m(K*m™) < 0.75 GeV consistent with S- 2000 — 3

wave Kt~ 1800 - [Godfrey&Moats PRD 93 (2016) 034035]

600 E—t—t—t 1]

‘p, P °P, 'D, D, ‘D, F, F; °F

JP=0 1" 0t 1t 2t 1= 2= 3= 2t 3t 4*

4

Amplitude fit is performed

D,(2590)" 2591+6+7 89+16+12 0~

34
My [GEV]

SRR EF D 1R(2022-04-21) 17
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Observation of two excited Bc mesons

- CMS, PRL122,132001 (2019) o

25 3 - - two peaks significance >5a
| B2S) 60F &= Yoror e
i e el i B (2S) peak shifted down by the
I = B (25) mass difference of B}* and B}
| 5 B:*(2S SESNET
} g 5 peak position difference
| ‘“205_ AM =291+ 1.5+ 0.7 MeV
i b3 (lower than truth of mass
i:, ot B O s | O VO O O S W SO .
g o M ) - A;('gg) " mBi‘(()GeV) " difference)

!

M(B.(25)*) = 6871.0 + 1.2 (stat) + 0.8 (syst) + 0.8 (B} )MeV

LHCb, PRL122, 232001 (2019)

T SE comm im0 MBU2S) e = MB(2S)Y) — [M(BE) — M(BY)]
E 35E g((;g)) E 6841.2 + 0.6 (stat) £ 0.1 (syst) £ 0.8 (B.)) MeV/c”,
= F 6.30 || 2,207 Cmtmest 3 M(B(28)F) =
2 25F i
i‘; 20E { { y " { E 6872.1 £ 1.3 (stat) & 0.1 (syst) £ 0.8 (B ) MeV/c?.
2 chy bk _= o
ST e '|§'- iy T peak position difference
- N dé § AM = 31.0 + 1.4 + 0.0 MeV
00 550 600 650 700

M(Birtr—) — M(B}) [MeV/c?]
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Hidden-charm tetraquark
states
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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

T,pp5 Searches at LHCb [JHEP 10, 086 (2018)] | Tpppp searches at CMS [PLB 808, 135578(2020)]

e 6.3fblat7,8and 13 TeV * 35.9fbtat13 TeV
» Explored the mass region 17.5-20.0 GeV/c? ¢ Explored the mass region 17.5 — 19.5 GeV/c?
* No significant signal * No significant signal
g NppTrT CMS 359113 Tey)
; i(;‘.l E EI ; LHCD Lng %:2 l ggsebr've(: “ | bk |: Ic;:al k[( = 19‘G V) E CMS ;
% i? | (s=7.8,13TeV \3 L0 35 Y(1S)Y(1S) ’ ! E
= l-: I oS30 3
= ié Ezs l ] 4
] c '
é i Efz i|| .‘i.\n!l&llﬂlllni: ...... ;"“'-~.. \ E
s 3 l 10 } ' % % { """""" 53
o 6 i LR IR 188 fingg ek izt il E,;' A ; =
16000 18000 20000 22000 24000 26000 ) R ER g g g g 0]
. . 14 16 18 20 22 24 26 28
m2u2u) [MeV/e-] Fﬁ4u (GeV)

\/

% T,..zz states predicted to have M € [5.8,7.4] GeV/c, away from known
qguarkonia and quarkonium-like exotic states
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LI!C[\? Observation of fully charmed

tetraquark state X(6900) [cccc]
> Double J/(— u*u™) combinations in Run 1+2 data Science Bulletin 23, 1983 (2020)

» The J/y-pair invariant mass spectrum is inconsistent
with non-resonant SPS- and DPS-only hypothesis by N(J /4 pair) =
more than 50 in the [6.2, 7.4] GeV/c? mass region (33.57 £ 0.23)x10°

» Assuming X(6900) is a resonance with Breit-Wigner
lineshape

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? The lower broader structure:
consistent with predicted T,.:z states )

3003%00 3050 3100 3150 3200

M), MeV/c)

» feed-down from heavier quarkonia,

.8 Tecce = Xc (= J/Wy) +] /¢

e near-threshold kinematic

=== = Threshold BW1
= = Threshold BW2
DPS

= NRSPS

s = DPS<NRSPS

Interference BW

£z ons rescattering effects

=== NRSPS

7000

8000 9000 7000 8000 9000
My 1, MeV/c?] Mg, MeVi/c?]
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Charmonium-like(cc) spectrum

from F-K. Guo

Heavy quarkonium(-like) sector

Bottomonium-like (bb) spectrum

from Rev. Mod. Phys. 90, 15003(2018)

Charmonium spectrum — 11200 __
Y0l@700)  (4635) > [ I
wde60) 2016 X(4630) 1+ o [
2007 2021 = S Y(6S)  ee-
2021 =, 11000 -
3D i Y<58) R
4500 £y 744307 % .. =, (10860)
A4S T aars) 2F 2008 = _— R
o0 I V" . S 10800F ”
2017 Fpgg V4360 2p 3p G L2290 [ .
2015 420,058~ 011 2010 . 014 2021 - I e £ (10650) B:T
Gt 2= 200 vz D 2D 2008 TR0 Z@a) L TR NI NPy c P p—.-
2D $E160) v (4140) X(4160) Z{200* [ “ e, iy
s 2009 _IF 2018\ @100 i p ", e
S ; . 201 4
5 $(4040) 2008 x(4050)* X(4055) 10400 N /A LT A 2p
4000 = T T T T T T T T e e e S m s 05 mme- : .
D07 2P 2p 2p 2007 X(3940) / (:1:!-01‘2014 : b e )E-E-EZP) ) ).(E-g. :
3 e XAG8T2) X 2(3930) ol e 10200} - Y,(1D)
s vo0860) 2003 20067 —— === ©2005 2013 - -
3 23) = L
é 2017 2013 2019 .nb(ZS)
10000 =
b Ye2(1P) ¢ Jre :
5 QP va(lp) = X (3915) 0t 0FF or 27 L
3500 .\'::mm. 1160) d 9800 L
— X (4350) 0t 7%+ L
Yeo(1P) Vs 1 1* -
Reo 1 0 9600 -
X(4020,4055)* 1t 77 B
X(4050,4250)* 1 - 3
b, (1S)
e Godfrey-I rk model 9400
JI rey-Isgur quark mode -+ - +- ++ +- ++ -
discovered before 2003 O 1 1 O 1 2 2
3000 _zc(1S) discovered after 2003
0%(0™") 0°(17) 07(1*) 0%(0*) 0*(1*) 0°(2*") 07(27) 07°(37) 27 1=1 1=1/2
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What have we learnt about X(3872)

* X (3872) nature is still uncertain, although
many studies are performed since 2003
JPC — 1++

— Mass =3871.69 £ 0.17 MeV

— Width < 1.2 MeV @90% CL
OF = (mD*0+mDO) — mx(3872) =0.01 i 0.20 MeV

* Production

— Ine*e™ collision, see strong connection of

Y (4260) resonance decays
[BESIIIL, PRL 112. 092001 (2014); 122, 202001 (2019)]

— In b-hadron decays: B, Bs, A,, ...
— Prompt production in pp/pp and heavy ion
collision
 Whatis 1t?
— Loosely D°D%* bound state?
— Mixture of .4 (2P) and D°D%*?

e Important to fully explore its production and

decay properties
Xiao-Rui LYU SRR EF D 1R(2022-04-21)

Mode Fraction (T’; /T)
. 28x 0
2z " Jiy(1S5)
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LHCD
% L)

X(3872) lineshape

« Two measurements using X (3872) — J/yYyn*n~ related to Y (2S)
— Inclusive b - X(3872) + anything: ~15.6k signals (more bkg) [PRD 102, 092005 (2020)]
— Exclusive BT —» X(3872)K™ : ~4.2 signalsk (less bkg) [HEP 08, 123 (2020)]

+
u
b-hadron é /Eu; v" Baseline: Breit-Wigner(BW) Fit;
- T , . . .
S v" Flatté function also investigated;
~
\ /.X
x10° e [oev/e | ‘
12— LHCb B* — xc1 (3872)K* ol . N
. [5.26 < m 4 — g+ < 5.30 Gev/c> LHCb 7 LHCb b— x.1(3872)X ot LHCb B™ — x1(3872)K H-o
' resolution: 2-3 MeV | e it LHCb b xa1(3872)X -
2 osf X ] lzDG 2018 s el
i r . ] ’DF pp— Xc1(3872 H-rH Belle B— x1(3872)K —_—
g 0.6 y EXCIUSIVGL Belle gpa Xe1(3872)K | D = Xt (3872)
? [ ] LHCb pp— X1 (3872)X e BESIII efe™ — x01(3872)y
3 04f BESIII et~ — X1 (3872)y e,
E BaBar Bt — xc1(3872)K* e BaBar B— x1(3872)K
S 02r BaBar B — X (3872)K° H
ls BaBar B— (x(3872) = JAb w) K — BaBar B— x.1(3872)K
385 386 387 388 380 3. DOPPTXa(8T2X - — — RS S
Myt [GeV/c?] 3868 3870 3872 3874 ° 1 ’
My (3572) [MeV/c?] Drafssm e
« The opening up of D°D*? threshold
distorts the BW lineshape »LHCb average
* First determination of non-zero width v Mgw = 3871.64 + 0.06 + 0.01 MeV/c?; Tgy = 1.19 + 0.19 MeV/c?
* A better parametrization of the v 8E = M(D°) + M(D*°) — M(x,(3872)) = 0.07 + 0.12 MeV/c?

lineshape is needed.
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X(3872) Production (1)

* Radiative production in efe~—y X(3872) * From two-photon process:
evidence of yy* — X(3872) » n*n~J /Y

(a) 415<E <430GeV

- 9.0 fbt |
?X(3872) 16 ¢

~
(=]

2]
o

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ AN

.\ BELLE, PRL 126, 12200 (2021)

B
o\
L S e SNNNNNNANY M\&\k\\ NSNS NENS NN

a1
o

5
Q@® (GeVZ/c?)

NN\
[N J

C NN X(3872) 3 events

AN

AN
[NNNAN
NN e 320

NV ! X(3915)

@
o

20

Events / 5 MeV/c?

n
o

o
TT T ITTT

0

(b) 400 <E_ <4.15,4.30 <E_ <4.60 GeV

\

BESIII: PRL122,,2 %001 (2019) s

= NN

Events /5 MeV/c?

PR U ST S SN WO T S SN S N
4.1 42 43 44
MUhpr*n) (GeV/c?)

R LTI LE TPy N I B(X — J/rtr™) =551 (stat.) £0.7 (syst.) eV,

M diy)  [GeVic?]

w
o
w
b
al
m.
w
©
N

Yo L M w s o
T

« Evidence in heavy ion collision: PyP,, collision at VSyy = 5.02 TeV per nucleon pair
1.7 nb” (PbPb 5.02 TeV) 1.8 1.7 nb™ (PbPb 5.02 TeV) CMS, PRL128, 032001 (2022)

@4005—0"'5 15<p, <50 GeVic 33 CMS
% 3505_ Inclusive Centl.y(l)-<9(;£ é > 1.6 Prompt
3 £ | 1q ® PbPb (5.02 TeV)

gsoo_ } 502 > Iyl < 1.6, 0-90% . . . .
wm PRy 1 Eqoh 1,08 10.49 £0.52 An indication of large R in
£ 200 IN . s .
S sof. " g P,Py collisions with respect
“5 70;: b-enriched (Ixy > 0.1 mm) —:::;alfit =S < N pp (7 TeV) Ty
e -+~-background 2 iyl <1.2 (CMS) to the pp collisions.
o aof I ® pp(8TeV)
< sk :015 Iyl <0.75 (ATLAS)
~ &
2 20 i
E 10 _i R

06557 375 58 365 59 895 4 el b L b b

- (GeV/c?)
e p, (GeVic)
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X(3872) Production (2)

* Observation of multiplicity-dependent prompt X(3872) relative to ¥ (2S) in pp collisions
LHCb, PRL126 092001 (2021)

Bl fTLARCE T T 3 v prompt production of X(3872) suppressed

t B e ompt ecays . . .

X 5 T RN - pt. - Ei _ relative to prompt y(2S) production as

S Rt r & omover eraction iviodel, ESposito erf atl. : . . . .

1F YE g momme Gme mgessd multiplicity increases.

2 e 4 v an important ingredient to obtain a full

e Ry =~y ] 1

s F || ﬁ% ] understanding of the nature of X(3872)

S|y 004 | 3

ST E * From By decays:

ok B B, — X(3872) ¢ at CMS and LHCb
N,
fracks CMS, PRL125, 152001 (2020)
CMS 140 fb (13 TeV) CMs 1401 (13 TeV)
* From A decays: A — pK- X(3872) 3o o oo o
2 E— (3872), 9) - [ =—(X 9)

LHCb, JHEP 09, 028 (2019) § e i A E o oo |
W] _ 80— 3O e e! 3 mp B T
"‘: ]20: 380 < iyt < 3.95GeV/e? ‘ : "’: 702 561 < 1yt pic- < 563 GeV/e? i 8 1ggﬁ e X(3872) 3 BOE— bg.bg)} A
Z o LHCh | 2 F LHCb | é0; > 6.06 o}

o I S W Nos5t1 g 2 ' n;
R { ERD- I S :Hr X(3872) | 380 BT T ST R T T T R T TR T
g o0 H 1 £ a0f lr 3 m(Jyr*r) [GeV] m(K'K) [GeV]
SEELLS J[H 1 10 "OH'H' + “ 7.00 3 Br(B 0—)X(3872)¢)
) SRR E R T ! 441 r(B, B
'\’_%@*ﬁ% E %*%“f‘f##j,ﬁf%? 13 $a8s) + + E o8 SXBET2C) 0.482 + 0.063 + 0.037 +0.070 (Br)
B P R ‘fff,wﬂ_ o Gev, ﬁfﬁ about two times smaller than the ratio for 1 (25)

Also observe B, — X(3872) K*K-at LHCb
(in later slides)
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X(3872) absolute decay rate

* Determination of the absolute branching fraction for B*—>X(3872)K* leads to
the absolute branching fraction of X(3872) —» nn-J/y
=>» nature of X(3872)

400

X(3872)y "y 424fb-1

300 | l Me Xea¥er %eo Jhp M

by o

200 |
,
l * 1 a

100 ’ |
I" Al ‘L ”“ (7 ik |
g, I| f o L,

““1||| i

I + :

-100 X(3872) Sc
L P T TR I T |

1 1.2 14 1.6 1.8 2

Candidates/5 MeV/c

Measure K momentum spectrum Kaon Momentum (GeV/c)
in B rest frame. BaBar: PRL 124, 152001 (2020)
BF(B* —> X(3872) K*) =(2.1 £0.6£0.3)x 104

By using the measured product BF: (8.6 £0.8)x 10-¢ (from PDG)
= BF(X(3872) - n*nJ/y) = (4.1£1.3) %
Support X(3872) a molecular hypothesis.
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BESIT More X(3872) decay information

* Observation of X(3872) 2>mOy .1 » Transition of X(3872) — yJ/, yP(2S)
BESIII, PRL 124, 242001 (2020)

L ') : o
e‘e Sl xmwnhch y2JIw

35 38

<
3 P
o
n »
o o o

i 39 385 39
M@w’) (GeVic) My, Jhp) (GeV/c?)

% £ 0L (*u~ mode
L of (a) 4.15<E_ <4.30 GeV = EoH [
% E cm 2

= & o~
= & 8 & “t;a ?
wn s © | v
; GE— E ok 5 .
€ =% . =
[} 58 .2 A utu~ mode o
it 2 } s

afF & #i4 i$+if N @

3k TetTe )

2:‘ 4

i

obd

b F o amee, <o as0ss, < BF(x(3872)-y/(25))
(b) 4.00 ECM 4.15, 4.30 EcM 4.60 GeV — 0
s | | R BF(xG872)-11/Y) 0.59 at 90% C.L. , agrees
< BESIII, PRL122, 202001 (2019) with Belle(<2.1), while challenges Babar(3.4+1.1)
£ 2h and LHCb results (2.46+ 0.70)
,_ 10; - D — 4D° § 5.70 iy
; o :
P75 %00 ks 580 585 400 N I % % 5
M(x%_ ) [GeV/c] S5 ¢
= | d R
. ™ -l[ ; s bl o 2 - TRl Do
* Observation of X(3872) — wJ/y = R
BESIII, PRL 122, 232002 (2019) 5'°| -
Wyo Ezo iFfm)
* Observation of X(3872) >D°D*° >4\l i 210
BESIII, PRL 124, 242001 (2020) O%e 250 3.95 :
M(DD) (GeVi/c) T S T

Xiao-Rui LYU SEEIIEHEFICIR(2022-04-21) W) oo



X(3823): good candidate for y(1°D,)

B = xavK ete™ - mm,(3823):

Belle: PRL 111, 032001 (2013)  BESIII, PRL91, 112015 (2015)

BESIII, PRD103, L091102 (2021)

o
30 S sk R vof @, oL E @, eviderce!

= [ 0] L — Fit © 25F e acesroun 26
2,0 S - -~ Background Sk B s 5
= i 3 I Sideband g15 25
S of o | S :e

E10 € 2F % ikl A A A

E : thii g’ . YXc1 6.70' 0%378 38 382 384 386 3.88 0%3.78 38 3.82 3.84 386 3.88

O' = :75 = 8 3 85 . 3J9 w 10: RM(z*r) (GeV/c?) RM(r*x) (GeV/c?)
) M, , (GeV/c) ) E . -
¢ L sz (c) n*wdhy % 3- (d) 7°n®Jhyp

ir idence! 1% 37 38 3¢ 3,F 3%F
St evidence. J 320 210
3 Mg A 4 MED Meo@'T) (GEVIE) 21 | o's
x(3823) = MX (383 W' P g 1op A

= 3823.1+£ 1.8 £ 0.7 MeV. Observation! z;JrJf ) T sl O T

378 3.8 3.82 3.84 3.86 3.88
RM(r*x) (GeV/c?)

378 3.8 3.82 3.84 3.86 3.88
RM(r*x) (GeV/c?)

- . - . o (&) Ay . 1oF () 20y
i SRR SR SRR B S 7 S qF
LHCb: JHEP 08, 123 (2020) § (5205 uch 510 GeY S LHCb: 2 i J{ = Z
sy e Bo2o L B B
< AT m R-ARARAANA NN RA A AN A KA NAR A
% +++++++H»+ +++++ ﬁ}j + + 05578 SFB{MfBZ‘)(e(’aB‘:/IS)% 388 0578 SSM(SSZ)?G%/S;BS 3.88
£ $ + ’ _#,,,</”"T ,_/f—j ') (GeV/c ') (GeV/c
% 50 :<,<+LI$+ I + 168 3.65F (h)*
S v (9) vx g ( ) Vet
SRIRIT SRS 2 10f 8°°
38 381 382 383 384 385 2 8 J[ 2855 -
I Ay et m— [GeV/cY 5 i: lH, | %:3.5 ﬁ}, el
My, (3823) = 3824.08 £ 0.53 :l: O 14 +0.01 MeV/c i T 1 N
3.78 3.8 3.82 3.84 3.86 3.88

378 3.8 3.82 3.84 3.86 3.88
RM(r*x) (GeV/c?)

F¢2(3823) 5.2 (66) MeV .
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(468 X(3823)in B* — K*nJ /Y

LHCD: arXiv:2202.04045
Search for charmonia and charmonia-like exotics decaying into nJ /Y

P o
N 220¢

—~ B0 ] L B | L R — 0.08pr——— L
& - ] S . F 4 Data E - .
% 100 LH(_JIIO_; %f‘;ﬁ_:l BT — ¥(4040)K* LHQE’_; 007, glf{b??‘;
= 1405— 4+ Dt 9fb E E 1oE——— BT = (JAm)yg K* 91b E ‘ :
L0 120:_ :I B+ + _: i 1401_ Total E
=3 - hp(3823)K*T | 10 ' g |
g 0 B+ yp@ESKt 1 T 120f | ﬁ | | E
L 80 C— Bto () Kt & 100f E
o B ke iy i T
40~ 4 >34 = 60F ++ e H %
20F- 1 R\ | 4 g o 7o
ofﬁ - #ﬂ% HH++J+++%«*¢++++W++% 3
3.65I - I3|.7I - I3.J75I - I3|.8I - l3.\85I - l?5.9 5 38 I I 4 I T 42 I 1.4
My |GeV/c?] My |GeV/c?)
P = B(B*— XK*) x B(X— JAbn)
B(B*— $(2S)K*) x B$(25) = JAN)  F,ae = (595 73%) x 1072,
Bx = B(B* = XK¥) x B(X— JAbn) Fyuot0) = (40.6+11.2) x 1072

By,3s23) = (1.25 1073 +0.04) x 107°,

= (8.53+2.35+0.30) x 107°

B(12(3823) — JAbm)
B(2(3823) — JAbmtm-)

=44123409
— 13 Biy(4040)
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BESIT X(3823): precision studies

Precision studies of ete™ - m*w~X(3823) using missing photon technique

BESIII: arXiv:2203.05815

Bes 37 375 38

N<\-> i —+— Data N<\-> I —+— Data

= i — Fit =2 | — Fit

s100 | Background s100- || @ - Background

To) - I Sideband To) i I Sideband

?") 50:- ?") :

! e mass and width of y,(3823):

L w m = 3823.12 + 0.43 + 0.13 MeV/C2
“~385 %65 37 375 38 385 | <29MeV (at90% CL)

M@l (GeV/c?) M) (GeV/c?)
2501 7 Dat 33
- 1,(3823) in e — AL 4Data
< 2001 cm frame — L=0 fit §° 6_ +
S ok — L=2 fit w | —Fit
_.(L) : ? 4_ ®
S 100F I
5100 p_| 4/‘/ <
| L (o0} r
501 \‘{/( : Q2
; 1+ acos“0 >
0' R B A S A L _;_l‘i i
-1 -0.5 0 0.5 1 E ol | L IF |
| cosb ° Y42 4.4 4.6
L = 2 slightly favored over L = 0 E.m (GeV)
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LHCD

Observation of the X(3842)

JHEPO7, 035(2019)
' ' Q)
With Run 1+2 data, pairs of D mesons R 40%@??,\'\‘vﬁmﬁ%@*@q@l I
from prompt production - i R DD LHCH
0730 = c ‘ ]
DD LHCDb = _ ]
5 5 > 3000F | -
Yy * % - | ]
% 0 % S 2500~ 3
i g S 20000 E
E,,Z:l By 5 15002— —
‘ /oeé:;x. TR 1000~
5003—
S e bk e 3 -
élxim e 37 4 4.1 //4;2
% 500@'““".'ﬁ"R*"“'“."‘M’#"M,‘«""v,v'o"m’.’f*m‘v'ﬂ”""‘-’“f"!”», i .u,m,‘;'“!; ’ ' - - 1
g i PRRSOEeCs i mpp [Ge\// &’
: 600— oD 3 :
o o, » Very narrow state due to suppression of
g 0By W’t“* i ity M’”ﬁ e ' 'l' i 5 1 |
S the F-wave centrifugal barrier factor
Twe A « strong candidate of the missing 3(1°D5)
38 381 382 383 mD]:.84 385 3.86 3.[8(7;6\//62] C h armo n i u m State With ]P — 3 J——
Mmx(ssaz) = 3842.71+0.16 £ 0.12MeV/c?,
FX(3842) = 2.79 £ 001 ££0:35 MeV,
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The Y states

Y states: charmonium-like states with JP¢=1--;
Ecm Mwa QObserved in direct e+e- annihilation or initial

H

et "rad YISR

mThm* T\ GeVied)

E . .
Hadrons state radiation (IS R)
e
arXiv:1211.6271 and CHARM 2012
. e*e (yisg) = ' Jly at BaBar e*e~(yisr) = wt1p(2S) at BaBar and Belle
3 AL R IEULE R R L R EE RERR R
r 2 o WegrTTrTrrTTe T T = | ] .
nf 1Y Wyassn vdess)  VEY-Iver ] *  While not seen yet in B decays
«i,‘ ok PRD 86,051102(R) (2012) 3 .k * BaBar E
> g Y (4260 ] % IJE 112 events (520 fb') E R .
& s e 1 & b [JBelle E B0 5 KE0r+a=J /4
8 E 2 [ 110 events (673 1) ‘
o 40 m I(IF =
e _F E 4 90 i '
I F g f —
-l 3 eI 2
g 0 i E =70 E
§ iy bl S o
» ‘ u:‘ : “ill. ALY ) S P | R i l 1k o 50 —;
O'HAlt..l.Hl...IH.I.‘ I o 4 4.2 44 4.6 48 5 52 54 c¢j40 _ _f
38 4 42 44 46 48 5 52 54 m(y2S)' T)(GeV/cd) = < 1.4%10~° E

© 20 [PRD 99,071102 (2019)]

>
* Improved knowledges from BESIII o ey ]

100 C
gy +-XYZ 100 = . BESIII (This work) G 149
5 oF e - +gE§|n (2017) > 120
- L — o) [~ - BaBar T
= : . e - -+ Belle Iy = 100 ]
S eof --Fitll 7 oo éo% Q 8 ]
= [ Q - = 7 —5 ]
11 40; 2. 405 : .n‘ ‘ | o 6 < 1{ X 10 _:
¥ oaof N . RLS ) g 4 Y(4230) 1
+$ C T 20 O i) g 6900 T Lﬁ 2 3
= 20 — +$ n k| ‘- T .;; “--ﬁ&— n ‘\'l'.' 2 L A E
= [ € OFPTIITT o g e Y ) 23 45 46
0 a 4 %5 E a8 20pt1TT BESIIl, PRD104, 052012 (2021) My (GEVICY)
{s(GeV) 1 M A P T (IR IR

4 41 42 43 44 45 46 47

BESIII, PRL118, 092001 (2017) * Y e
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BESII Y(4260) = Y(4220) and new Y’s

80 —
100 PRL118, 092001 (2017)_ . PRD 102, 031191(R) (2020) PRD104, 052012 (2021)
= b TRE 60 g’ e
o 80_- — Fit | s = Norreeonsnce
—_ L 50 a 60 = Inteference
S eof --Fitll 40 g ap
+.: £ 30 }: E
? 40:- g 20 P ;I,
o f = 10 A, Xop ®
L > e X o, 5
v ®F e
T 4 42 4.4 4.6 o S .
Is (GeV) PRL122, 102002 (2019) l ] 4 a1 42 43 \F4c':v 45 46 47 48
PR o(ete-—>mmh) 800 4 + 10— - s (GeV)
PRL118, 092002 (2017) ete” - DD ]
= |- = BESII: XYZ data sample 3600 e
3-. 200: —Fit curve: Total \9; - aI'XlV 2204 07800
& . [ Fitcurve: Y(4220) i E 12— T
'g 1505_ - Fit curve: Y(4390) - T E 5 F TXYZ Data ]
%1002— o 38 10;_ — Fit curve: Total ®) 3
3 sof- L obibe- A T R T I F,tcurve:Y(4i!:_39) E
2 o h 4.1 42 43 44 45 46 \g -- Fit curve: Y(4500) ]
£ o R ] 1 E.(GeV) &
: H
-50F .l
T VR WY R ¥ R v Sy S v ‘o
s (GeV) R e i @ %
g ; - 200 .- o, ey Sl
§_1 00: + PRD 99, 091103 (2019) 180 —10::0 iy ! : 2 R (Gt?l)
4 BESIII 201542016 133& — Nl
S 120p Il 0.0z < B(4280) » KXK-J/y) _ o
| ~ 100 ’ B(Y (4230) —» wta—J/v) '
‘ + + 8044+ t
" 60 | T
| ot B A new state Y(4500) observed
1 E t
200 :
4.2 4%3 (égV) 0} &0 4200 4250 4300 4350 4400 M(MeV) 4484.7 £ 13.3 £ 24.1
Messi(MeV/ED [tot(MeV) 111.14 30.1 £ 15.2
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The Zc states [ccud]

from S. L. Olsen, arXiv:1511.01589, arXiv:1812.10947

Z}(3900) 3890+3 33+10 1t—  Y(4260) — 7w~ + (J/op7t) BESIII [49], Belle [50]
Y (4260) — 7~ + (DD*)* BESIII [69]
ZF(4020) 4024 +2 10+3 1T~ Y(4260) —» 7~ + (he7t) BESIII [51]
Y (4260) — 7~ + (D*D*)* BESIII [52]
Z}(4050) 4051733 B2 77t B K+ (xar) Belle [53], BaBar [66]
Z+(4200) 4196735 37013, 1t B K+ (J/ynt) Belle [62]
Z}(4250) 4248158 177+ 77+ B K+ (xart) Belle [53], BaBar [66]
Z+(4430) 44774+20 181431 1t~ B K+ @' nt) Belle [54, 56, 57], LHCb [58]
B— K+ (Jynt) Belle [62]
Y(4660)
AGAC
(28} - T X(4500)
DD*(2S
( ) 2(4430) : Y
Y(4390)
X(4350) ___y(a360)
OB ooy /
Y(4220) {8200
—g (4200)
=—=X{41%9)
1 | B T e ZC
§™S 40
D*D* :::::msszzzzzzzzzzzzzzzzzzzzzzzszzzzzzzszszzs: fuvETTYYYYY c"4028}
DD, ey Most of them are close to the mass
DD* ::::zzicriecccaaaa x(3872r:::::::::::::::::-::‘:‘:‘:‘:?z (.3.9.00)

thresholds of charmed meson pairs

Xiao-Rui LYU S EeVIIBH BN 1A(2022-04-21) 25



Confirmed exotic contribution
inB° > J/ YKt~

LHCb, PRL 122, 152002 (2019)
2000 = M(K ™) € [1085,1265] MeV

- K*(982)-veto -
L LHCh .

 Amplitude analysis of B - J/ YK*nt™ at
LHCDb using RUNI1 data

* Data inconsistent with K*-only
contributions by 10 &

* New Zc components needed around

Candidates / (45 MeV)
73
g

¢ Data

4200 MeV and 4600 MeV 500 —_Jk =2
L | L L L L | L L L L L
3500 4000 4500
m(J/¢Ym™) [MeV]
N e e — —— i
< 800-ATLAS Preliminary — ot By ]
@ [(s=7,8TeV;49,206 " B JyKndir.
~ 700% B,—J/yKnrefl. - . O + —_
€  [525<MJ/yKn)<531GeV %gﬁ.ﬁlf{;ﬁ‘:& « ATLAS studied ~10K B — ] / LlJK Tt
ATLAS-CONF-2019-048 .o, maww using RUNI data
wuv é B,—»J/yxn : . . .
LoE LLLh -+ Hint of Zc(4200) contribution, as data
o » ] description w/o exotic contributions 1s
200f 3.:“ not satisfactory
1001 k =

U348 86 28 8 4z a4 as Tas

M(J/y, h2=n) [GeV]

Xiao-Rui LYU - S IE EF101R(2022-04-21) 20



Z.¢c(3900): correlated with the Y (4260)

H, = n+*nJ/y + anything

DO presented evidence for the charged Zc(3900) o * conm st 3
decaying to J/ym in semi-inclusive weak decays of b- % E PRDS8, 052010 (2018) * 4
flavored hadrons. £ oo 3

* The signal is correlated with a parent J/yn'n~ system in i3 3
the invariant mass range 4.2—4.7 GeV, that would SOOI TSOTOONO O IOUIP OO
include the exotic structure Y (4260) 8 e o

DO Run II, 10.4 f5'
7
600 é """"""" B E b *:

- + /‘ /-

— Full fit
===+ Background
e Signal

Amplitude analysis of e+e_—>1t°Zc(3900)0 at BESIII

« Simultaneous PWA fit of ete > %%/ /¢ to the
four energy points between 4.226 GeV and 4.258
GeV

Events / 20 MeV

* The spin-parity of Z.(3900)° determined to be 1+ TR w A e
e = PRD102,012009 (2020)
[ 4.226 Gev {BEST & of | + aat |+ Compatible with the
— B ] > [ i =gy ] .
‘“%) [ : ; ; it e Y(4220) line shape
S I % s wmererence e Indication of correlation
g | Y . ] between the production
i ok —
ol O BESIII of the Y(4220) and
—g. 0 —uﬂ‘++++++m++~++ M,r"’ +++++'ﬁ ey g % i ZC (3900)
S35 3% 38 4 42 5211 415 42 405 43 435 44 445 45
(GeV/c?) Is (GeV)

n°J/\y
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BESIL  7Zcs: SU(3) partner of Zc state

Important to look for Z ., the SU(3) partners of
X(3872)/ Z,.(3900) é@

a2

u

It’s useful to distinguish different models /:E @ » CEJQ
— Less exchange particles expected the Z . molecule picture / .

BESIII analyzes 3.7fb"! data at energies between 4.628 and 4.698GeV
 Partial reconstruction of K™ and D PRL 126, 102001 (2021)

Signature in the recoil mass spectrum of K* Dy to identify the process of
ete™ - K*(D;yD*° + D~ D)

K =4.681 GeV
§2ooo— (a) . s =4.681 Ge
g ¥ + Data
= 1500 —Signal MC
*0 ) [
D ® 4000
/ 8] .
o) @ § 500}
T (y L
/ \A D- 0
. N s 1.9 1.95 2 2.05
- \ —— — M(K*K'm) (GeV/c?)
Dy 20—
L2000 F—2Z-> D0 |5=4.681 GeV
K+ K+ > 180 f----- cs " p —+— Data
o 160 *DyD* — Fitresult
2140 E_ e
+o~ +p*—p0 + 5= + - p*0 S .
ete” > K*D:™D ete” - K*D;D <100 l

RS T AT
Xiao-Rui LYU SEYIIENEFICIA(2022-04-21) RM(K"D+M(D)-m(D)) (GeV/c?) 29



BESIT Opservation of the Z.(3985)F

PRL 126, 102001 (2021)

* Data driven background description: wrong Sign (WS) combination of Dy and K~
* Conventional charmed mesons can not describe the enhancement below 4.0 GeV/c? at

4.681 GeV

40 ] 25 T T . D 7§ e -
o F + Dat . F is=4681Gev] T f /s = 4.681 GeV]
§30_ \s = 4681 GeV ////DaDa() > 2‘75_ o Right sien _ 3 27f sWrong—sigrfl: E
O >7 65E :)3"'.'.-' N 1 > oo B

3 ©2.65F A3t \'_!.-.- 1 2265F -

20 IH SR W ot R | St

> —~26F\ T s, "1‘, 1 = 26F . E
Lok ‘ H | a_ _F ] ot e v, 1 oo f .
=R ‘H f! 42-F WS s ] L2sSE ST
S ot T S 25F 3 5 2st AT I
- 2 E 1 1 ! |.' ] é 1 ! I - :l. g

: e cd 2T TS 4 405 A S SRR T

RM(K*) (GeV/c?) RM(K") (GeV/c) RM(K") (GeV/c?)
40 _ _

4.35F (3=4.681GoV « Assume the structure as a D; D*°/D~D°

>30F (a) resonance, denoting it as the Z.;(3985)~.

ggg } L ]l \l * A fit of JP=1% S-wave Breit-Wigner with

020 F .

D15 L I %hl mass dependent width returns:

10 TJrH HH~ } m = 3985.2%5) + 1.7 MeV/c?

w 5F . Hk":‘-.-n- "‘"-':!f“‘_-‘-"‘-"i‘='-.=j'-';';'fé.':-gg-; r = 138t§% + 4.9 MeV

i 4 405 41 415 * Global significance: >5.3 o
RM(K*) (GeV/c?)

First candidate of the hidden-charm tetraquark with strangeness
Xiao-Rui LYU SEEYIIBH EFIC1A(2022-04-21) 20



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

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

m LHCb RUN 1+2: 24K signals, about 6x larger than RUN 1  PRL127, 082001 (2021)

— Total fit E 700 E o LHCb
----- Background 2 60 S % 9 fb
KO — ~ 500 < 500
y _% 400 i‘; 400
K1 S 300 g 300F
K1 K S 200 S 200
K2t 100 100F
0 0&
e K 2
—— X(4630)
X(4500) [ | NeW StatESI Contribution Significance [x ] My [MeV] [y [MeV] FF [%]
X (27)  Syst. included(Stat.)
e X(47()0) ch (4000)r X(4685) > 150 [ x(4150) 4.8 (8.7) 4146 +£18+£33 135+28%%  2.0+£057%F |
X(10)
—— X NR ZCS (4220)’ X(463O) > 50 [ x(4630) 55(57)  4626+16%18 174+27+1%  26+05%2 |
X(4150) < 50 ALLX(07) 205717
X(4140) ( ) X (4500) 20 (20) 4474 £3+3 TT+671 5.6+£0.7738
—— X(4274) = Z7.(4000) & X(4685): 17 e
NR /e 4.8 (9. L8
—— X(685) 5 7 (4220)canbe1* or1- X . BETa
X(4150) X (4140) 13 (16) 4118 £ 1113 162 +£2113 17+£37%2°
. . X (4274) 18 (18) 4294 +4+3 53+5+5 2.8+0.5798
— ch(4000) u Conﬁrmed states: | X (4685) 15 (15) 4684+ 7+1 126N i 2 2= 10 O
..... 422() X(4140)’ X(4274), All Zm(lwt) 25:&54:5
""" ch( ) Z.4(4000) 15 (16) 4003+6F 4  131+£15+26 94+21+34
I ' . X(4500), X(4700) Z,5(4220) 5.9 (8.4) NGRS BRI SR L TOEEAREY

Xiao-Rui LYU SEEYIIBH EFIC1A(2022-04-21) a0



LHCD

New X(4740) structure

JHEP02, 024 (2021)

m Study of BSQ — J/YnTn~K*K~ using LHCb RUN RSO _ (242 £0.23 £ 0.07) x 1072,

. k- = 1.574+0.32+0.12,
1+2 data: 26.5K signals Rk 05240
g 50_[ | T T T T T T T T ]
= Observations of B —>X(3872)K+K and 1 ] LHCb
sl e E A ijlm :ggiiii(igﬁ’ﬁm— B
X(3 872)¢ :&1 - LHCb < i . FET ““tf’s‘al .( ) ]
% I [ BY - Japrt e KK ] % 0= :‘ = 2. j;H‘ mation ]
— 200 — E 10' I gazzs ::')d::gmllnd ] :>—-: sx- [Gev/e?]
= 150 . ‘ . St A+ J[ ]
| | m Simulation ] J ] HH + Jr J[ + ﬂ%
S A | R
2 1T T Y \— -
>" [ :H H I + #H + ] O_ i | R I | 1 1
50} — 53 : 54 545 12 14
1 t 1 1 t . Mgk [Gev/e?]
o : : ++++++++ +++++++ + TK+K- [Gev/c?]
il e 1 e Mo —— . . .
a2 1 aa 1 4 v/ R e wo 1 1D fit using S-wave Breit-Wigner
| | JAbd S 100k B%:_> 3( 417;(:[?"7 {
’?; | I I § . + 77777 5;[;; Lk ] mx(4740) - 4741 i 6 i 6 MCV
= 1 ! T 80N -
=F 5 f ]L J/p¢ structure = 1,000 =53 +15+ 11 MeV
§ 100 ) - \ 7
g wp ! 40/ Systematic uncertainties:
60 sof » Shape of underlying non-X
40 - » Alternative P-wave or D-wave BW .
N 0 > Inteference Fs (mawe) o [A (maps) +b (mape) ¢|
4.8 49
02100 4200 4300 4400 4500 4600 4700 I‘\‘/?O(\)/] TN X(4700)[Gev/c]
t X(4740): could be the X(4700) in B* - J/YpK™*
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Open-flavor exotic mesons
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Study on X(5568) in B r™

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

_q
90 500~ : CMS 19.7 fb™ (8 TeV) -
DO Run I, 10.4 f5' : > [ @ b bt dd 3
un Il 10. E = + S
~ 4001~ @ 800 [~ Hﬂim(v**#{HH}*{#H}{HH* } g
o 3 5 1> K {}* +{+ **} *{H}{{ )
S DATA 2 E 1@ % B ‘H“ t H{ <
n @ Fit with background shape fixed S 00 1< = - *ﬂ.} -
g2 : g @®F R
O o 200 * ATLAS e Data g ~ i “ s signal region =4
N ~ - | % Signal (S) g i 8 *f B -
N @ D Vs=7Tev, 49" ... Background (B)  J = - D B sidebands o
il - 100 | Vs=BTev. 19507  — Elé(fn*az)s x 4N 3 400 — # N
REE \ p,(BY)> 10 GeV = pe 19 B C & ~
- @ § N8 & f o
-z N - e d 58 © 200 S
- & E 39 N e
: : r
% § -2 1 E| 3 I 1 1 1 7
_{ . — o :| B PR 1 Lot - PR T = PR T = PR =
> m(Bxt) [MeV]
& M*(B’r*) [GeV]
) . ©
V;* s ““E . Claimed X(5568) state § 120 =3
R : aof- LHCb p (BY)>5Gev iz CDF 5
a & 10F > 700F- (B comnaonn Y g 100 3 =
§ = = 600F- + 4 , g % B signal region f<b
= # + < so0f- T 3 < = sof .
2 0- ohdehde FEEPRS ATERE S R4 RS . +..+.. +¥+ 2 a0of- 5 -g %
g SE- + * + 5 sof- F S 60| =
3 -10 - g NE : % 0% . g
3 O 100 ~ 5 40— B; sideband regions ~N
e A ) A 1 1 i 1 i=
0 ©
55 65 56 665 57 675 58 68 59 28 xnk S
m (B n*) [GeVic?] c N 8
o 0 1 1 1 [+)}
5550 5600 5650 5700 5750 5800 5850 5900 5950 6000 w 55 56 57 58 5.9
0o
m(Bsr*) (MeV) M (Bg ) GeV@ZS

Xiao-Rui LYU SEEYIIBH EFIC1A(2022-04-21) AR



LH Cl\? Observation of open-charm exotic state
X(2900) [c5ud]
m B" - D¥D™K™* decays with RUN 1+2 data
o Ideal channel to search for the open-charm tetraquark
o Contributions: no Fav D;], Sup charmonium, Fav open-charm tetraquark(?)

m  Observation of two D”K ™ states (BW) at ~2.9 GeV, JP=0", 1-

PRD102, 112003 (2020)

S L S & E L L — * -
S S0F S W'kt LHCbY 2 M LHCh w(3770) — D ?
§ TOE T R - oo ok (b) 3 2 120 F . - 1c0(3930) - D" D
oy OOF 7 yaw oo 2 3 5 100F cememeee x - (3930) - D D
S s o kmoak o= G F ———— y(a040) - D* D
g ;10;— X,(2900) 1 % «fb — —-- y(4160) —)D: D:
g F 1 5 w(4415) — D* D
g O ER-IN: X ,(2900) — D'K*
SE I i et T | - S R I R AW T - X,(2900) - D'K*
0 35 3 EEEY L s T e Nonresonant
m(DK") [GeV/c?] m(D*D") [GeV/c?]

m  Need more intricate theoretical studies
o Very close to D*K™, D; K thresholds. Rescattering ?

X,(2900) 2866+7+2 57+12+4 56+14+05

X,(2900) 2904 +5+1 110+11+4 G0.6+24+21) e aree
contribution!

Candidates for the 1t open-charm tetraquarks (four different flavors)!
Xiao-Rui LYU SEEYIIBH EFIC1A(2022-04-21) a4



LHCD

Full Run 1+2 data

Observation of doubly-charm
tetraquark state T,. [cclid]

LHCDb arXiv: 2109.01038; 2109.01056

—~ 10— S :
Lk g E T} — DOD**,D*OD* seen, while not Tt - D**D*
% 60 _LHCb g0 11 ~v— 10—
§ - 00- 9fb~! ézsk + el C;Q F | | I:HCb N{ 9()%_ | | LHCb _§
L s0f- i 2 JrJf 1] & 120? P 9fb~" € 80F data 9fb~" 3
ol | v ks ] ET | Bmrooee (8 Rt
B w £ e ~ - - ackgroun = E e
E 4+ dm i o3 + 1 % ¢ jotal 2 s0f - background
wE o f T e g S Sy el
B I total u 40+ — E
20F + e 0T 3 i i hed
2 1 %:r ) it T B iy Mﬁﬁﬁﬁﬂ+ﬁﬁ* i I
10F Lyt i 2lIRE Y T Y i R -
- 5+ 4 1 Mﬁ 4##+HH'H. | %H% H H’H“iﬁ Mpopo [GeV/c?
S i S S MO — P
3.87 3.88 3.89 39 ;%zz + ;If{bc\b\i(g
TC-E‘ - DODOT[+ ol [GeV/c] = 80; \.\? | S0
Fit with relativistic P-wave BW function £ wf Hﬁﬂ Hﬁﬁﬁﬂ ﬁ 2
dm = my+ — (Mp++ + Mmpo) o ﬂ 1
Smgy = —273 + 61 + 511} keV/c?, s
Mp+p+ [Gev/c?

[gw = 410 + 165 + 43135 keV

« off-shell T, - DD* decays
 different lineshape model tested

»consistent with expectation for ground isoscalar T (cciid) state with J¥ = 1%

Xiao-Rui LYU SRR EF D 1R(2022-04-21)

dmy = —359 £ 40" 2 keV/c?

no sensitivity on width




Heavy baryons
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ﬁ’ﬁl\a Observation of new Ec baryons

PRL124, 200197 (2020)
* Three excited Z2 are observed in decaying into AF K~

* Using LHCb RUN 2 data at 13 TeV Al —— | os
> 2000 —— F(2923 5 AK- ‘ i
= e (0030)0 AR T
< 1500 - E(2965 > AK" 28] e W
g B =.(2923) > AK 7+ S = I - 06
= 1000 0 TR e Z(3055) =L (A THK” & .
5 : ] zc(3055)0—>;( AT TOK™ p — _V .
sook E(3080) =L (A K™ & g
E(3080)' =2 (AT K™ -
obh o e X o ----- Background 8 27+ //”‘—o L 04
0 100 200 300 b5 32t L
m(ALK") - m(AY) - m(K™) [MeV] : 327 g ,'_.,'
T VT B— - S | 124 Danpe o
Resonance Mass [MeV] [' [MeV] e
~ ¢ 32+ 1
=.(2923)" 2923.04+0.254+0.204£0.14 714+08+18 25 - S )
Dot — 0.2
=:(2939)° 2938.55+0.21+0.17+£0.14 10.2+0.8+1.1 iz
Z.(2965)" 2964.88+£0.26 £0.14£0.14 1414+0.9+1.3 |
Stat. Sys. input
) PDG
< B o s L o0
Genuine property of these states are Ac  Ze B¢ e

not fully understood yet.
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Confirmation of the excited (2, states

LHCb, PRL118, 182001 (2017)

T R 4 BELLE, PRD97, 051102 (2018)
400 . 35 (a)

LHCb | |
Prompt prod.] 2 |

300}

200

LooLadf” k TR R B s
i M(EIK) (GeV/c?)

L 3000 3100 320(_) 330
m(ZK ) [MeV]

LHCb, PRD104, L091102(2021) : Prompt b-decays
o [ T orr Resonance Mass [MeV] I" [MeV] Mass [MeV] I" [MeV]
2 I + Data 1 Q,3000°  30004:02+01 45+06+0.3
= 20— LHC_t,’ — Total fit — 0
8 [ OB “ Backgrownd | $2(3050) 3050.2+01+01 | 0.8+0.22%0.
g 150 1 Q3065 | 30656:01:03 35:0.4:0.2
3 ¢ Q,(3090)°  3090.2+0.3+05 87:+10+0.8
g 10 _
O I

i
- o
e

| l ] four of the five observed states are confirmed

/ N o ¥ H l s in b-baryon decays and e*e~ collisions

20 40 60 80 100 120 140 160 180 200 220
m(E7K™) - Mz, —my [MeV]

N(Q; —» EXK-77) =240+ 17

01.

Xiao-Rui LYU SEEYIIBH EFIC1A(2022-04-21) AR



Candidates / (0.5 MeV/c?)

New excited A, states in Ayt~ (1)
o Ap(5912) & A(5920) were observed at LHCb and later A,(5920) confirmed by CDF

LHCb, PRL109,172003 (2012)

CDF, PRD88, 071101(2013)

2 . . — r ' 3 4, e e
30 - 10.20 3 5 b om
- a . = - Signal + background
25 LHCb E 0 L B;ckgvound on!yu
20F  5.2g 52.5+8.1 = g8 I 17.3%5.3
= : % 35
15£17.644.8 50 ]
= . h=! C ]
10 § 2 101 H
= ¢¢ r 1
sE A&l e = © : $ }
s - ST I s L E S + ! - | . E
%00 5910 5920 5930 5940 5950 » N ;
M (AJTT) (MeV/c?) ol R 1R &40 L . |
10 20 30 40 50 60 70

Near kinematic threshold

likely they are
doublet of A, (1P)

Qo (A —AJT?) [MeV/c?)

e Observation of Ay(6146) & A (6152) e Confirmation of
L -~ LHCb, PRL123,152001 (2019) Ap(5912) & Ap(5920)
300 j+ RUN1+2 CMS, PLB803, 135345(2020)
200 ;H++++++++’L+-Hir-?-15 e g & CMmS up to 140 fb™' (13 TeV)
100~ g 100 # Data
- — Fi
ﬁ E oy . ' : = Si:_;nals
= E region == Ap(6152)° ---  brAlmenena - o b
S0t T e M, ouagp = 6146.17 £0.33 £022£0.16 MeV, & ——
3 k- ++++++ﬂ+f-f--w++++++ = my, s1520 = 6152.51 £ 0.26 £ 0.22 +0.16 MeV, §
= 200
O C / ‘ \ FA;,(6146)0 = 2.9 :t 13 :t 03 MeV,
NR region o WIS
2000:_ FA;,(6152)0 — 2.1 j: 0.8 i 0-3 MCV, 5|93 A ‘5A|94<‘ ‘595
ke - ble with A, (1D Mer 5
0?“’” aa | compatible with Ay, (1D) M(A?(5912)°) = 5912.32 + 0.12 + 0.01 + 0.17 MeV,
S e - M(A?(5920)°) = 5920.16 £ 0.07 + 0.01 & 0.17 MeV,
Xiao-Rui LYU SRR EFID1R(2022-04-21) 40



New excited A, states in Ayt~ (2)

e (Observation of the broad resonance

* Confirmation of the doublet of RUN 142 LHCD. JHEPOS, 136(2020)

Ab(6 1 46) & Ab(6 1 52) 200_ A07'[+7'[ : A0—> J/II)IDK_ ) LHC E
CMS, PLB803, 135345(2020) up to 140 b (13 TeV) 150F = 2. 221333“ +++ —}
© | ¢+ Dbaa o S g b M ot %
"23 1203_ :gli;nals H F — ot ound+++++ +++++t++ *Hh* 5 ﬂ i ]
@ 100F .. Comb. bkg. .3 | E
T . f z .
.T_;’ 805 b Ngme A A LHCb 1
S 60: 400 .
40: ) i ---- comb. background | ’ g it d*;
r a total background ' A W " b * “+ ‘U
20f o T T i
0 X 62 63 64 - st —— *‘[G‘V_]
on +n— [GeV] 400_ L b L L T ¥ 4 X ¥ T x ¥ L ¥ T Y L k: 'e ]
Evidence for a new broad resonance, L L EHCK:
M = 6075 + 5 (stat) MeV and I = 55 +11 (stat) MeV S00- == hla E
2 . N total ]
could l;e aIZ Z’vetrltap of some close/partially 00 Precise meas.jof
reconsitrucltea siaies : E Ab(5912) & Ab(5920)
M(A?(6146)°) = 6146.5 + 1.9 = 0.8 + 0.2 MeV, 100F .
M(A®(6152)°) = 6152.7 + 1.1 + 0.4 + 0.2 MeV, 0 et e
A,(6152
Age1a6) ——2t222) Mpge0 = 6072.3 % 2.9 + 0.6 0.2 MeV A, (25)?

Tpeo= 72 11 £2 MeV
My, (so12)° = 5912.21 4 0.03 % 0.01 £ 0.21 MeV

My, (59200 = 5920.11 % 0.02 % 0.01 + 0.21 MV,

i H Tt [IInn’f FAb(5912)0 < 0.25 (028) MeV )
Ay

Xiao-Rui LYU SELH IR BF1C14(2022-04-21) E()

A,(5912)° A,(5920) ¢




- 227 Observation of new excited =, states (@5

~
6227)° LHCb, PRD 103, 012004 (2021
L AK- =07~ LHCb, PRL121, 072002(2018) £p(6227)7  LHCb, ' (2021)
b ) =b - = T[+ — Data
FLRCE T 400 FLHCD Ful fit o b — Full fit
~ [ Vs=13TeV —— 56227 > Aloam XK | § [ S=13TeV — 5,622 > S X = == Slonal
oé F Combinatorial S N Combinatorial 9 Background
S 2000 3 30of 7100
s | e g 8 |
3 | ¥ 20 3 - m(8,(6227)%) = 6227.11]4 £ 0.5 MeV,
g 10001 %f r S | - 50
§ 5 5 50 ['(8,(6227)%) = 18.61}7 £ 1.4 MeV,
4,/\.\1 1 J/\" . g
500 600 700 800 900 M:l(O: ) - M* (70)6[?\:9V 1c?) 800 g
M*(A2K) = M*(A9) [MeV/c?] =l ok z [ = Eg P
0 I L s

[s, (6227 = 18.1£5.4(stat) + 1.8(syst) MeV/c?, 413?(5;#) g (5;)6([’&9\/] 0
ms, (6227 = 6226.9 +2.0(stat) £ 0.3 (syst) _ _ _ ~
£02(AD) MeV/c2, Z,(6227): consistent with a Z; (1P) state
£,(6327)° & 5,(6333)° _
Ep(6100)"  CMS, PRL126,252003 (2021) - ApK~m* e e ]
- + - by - : ’ ! '
- an T % 20 { Data
FMS 140 fb™' (13 TeV) CcMS 140t (13 TeV) E 70 — Total fit
F = = JVE, Ep - IWAK : i Data = S JysK \\/ 5,,(6327)0
. o LR >66 20F — R b g OF . 2,(6333)°
% 155— — Signal E 155_ 7 zi::i bkg. | 5 20 ++++ Combinatorial
g e Comb. bkg. % : —é 40
% 105— } g 102— 8 30 { :
5o 8 of 20 i
mu-rruJ TR Lk ) i [ I . 10 Yy $ ¢ __‘ Preliminary
M(E, 7 1) - M(Z;) - 2mEP¢ [MeV] 0 2:,1(_:_5 - ;?-M(E;)S(-’ gm:pe?,&ev] 100 8300 e 6312‘(.). S ”63140 e 63160 .
m(AJK m+) [MeV]
M =61003+ 0.2+ 0.1+ 0.6 MeV Mz, (63270 = 6327.267023 + 0.08 + 0.24 MeV
0
I'<1.9 MeV at 95% CL Mz, @333 = 6332.671017 0,03 £ 0.22 MeV

consistent with the 1D excited £, doublets.
Xiao-Rui LYU SRR EF D 1R(2022-04-21) £
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Observation of new excited () states

PRL124, 082002 (2020)

$ | LHCD +Data 3 ,,[ LHCb "+ pata
32000'_ f;‘éﬁ;ﬂ- - R[ |[\| 1_|_2 — Full fit
3 : Background P B — Signals
[ [0
2 Tz r+ Background
B S 20— .
3 5 |
2 8 L '\
SR | TR I
R | | L gt |
§ C Tl || finll | “ i‘,.lll'} I; ; i.l';‘u':l"li 1 I e r||""‘||||r'|'ii' PR q|!|'ii’!il .
- pd I |" T I Llh B 'I'- | .| 1 | !I i | e[ | [ K. | ] | | tottom baryons | 65
P i i Wi 5 o |'I A i‘ulrl l -l| | I Iy ) l f
5700 5750 5800 5850 5900 0 .ﬁ.ﬂ? LR i) . l LU UL
=ta” mass [MeV] 500 550 600 650 o [M70\(;] i
M(Z9K") - M(E?) [Me
T — 6.3
0.6 —| -
2 3
8 8
Significances [o] g - o 8
Mass (MeV] Width [MeV] Local Global 2 g
2,(6316)" 631564 £ 031 £007+£050 <28(42) 3.6 2.1 £ -2
2 3+ g
2,(6330)"  6330.30 £ 028 £0.07+050 <3.1(47) 3.7 2.6 $ | 0 E
— — 59
2,(6340)-  6339.71 £0.26 £0.05+050 <1.5(1.8) 7.2 6.7 o
. ¢ 2 | —n
12,(6350)" 6349.88 +0.35+0.05+0.50 < 2.8(3.2) 7.0 6.2 0 —OlEH g
148 +=01 |
— 57
observation P
Ap Zh Ep Qp

Xiao-Rui LYU SRR EF D 1R(2022-04-21)



Mg(Ee) (MeV/c?)

Doubly heavy baryons

= T o
180 |- =
E LHCb 13T Vv E =++ o
ef : E A lot of 227 study done by LHCb;
S 3 « Mass [ m(ELH) = 3621.55 + 0.23 + 0.30 MeV/c2 ]
EIZOE— ~ Signal —; EP OO (4 3
£ 100 o Beckgromd 3 + Lifetime | (@) =0256% ::jf £0014ps |
2 80
‘E 60F Lt e E ——
S 40 f 3 + Production 0(22) X B(2 = AlK " n*n*)
0f ; 3 o(AD)
] - LA SR T 3 =2224027+029
3500 3600 3700

» Branching fraction

First observation in m(A¥K~ntnt) B - Blm 8 < D'pK n'
PRL 119 (2017) 112001 B(ZS" = Elx') X B(E! ~pK~2*) B(2X = D*pK~n*)
- BE) »AJK 2*xn*) x B(A 1 o <17
u:a(-,I'-C 1 SCPMA 63, 221062: (2020) w 0.035 + 0,009 ¢ 0.003 L : E(.'Z‘,L_'} i,."#:_’,,‘#‘

Paper-2021-019

JHEP11, 095(2020)

Q 1E - e E s -
5 ELA& NOZ s Tz £ E’: 2 =¢T(~bc)3(~bc - D%K7) -
> 10 rH\ ff V ” = S a(A))B(AY - DOpK~) 3006 3
Q 5 E N/ 120 o - 400 fs
= 10 E V W ‘ ’ B @ Fo s =500 fs
13 E 3 I~ e .
8 107 [ 30
S107 ) loth1 2.9 § 5 1o No evidence of the other
107 glo o 1, 5 = E
E 340 =
Ul S— : . doubly charmed baryons yet
6L ekl 3 210
100 b - El. - Elnrnt, 54" 2 ) ) 3
10,75 — Combined LHCb 3 5300 7000 7200 Need RUN 3 data
1 1 1
3400 3500 3600 3700 3800 m (ipk) IMeNIE]
m (Z.,) [MeV/c2] N el
. o 4 5
Q+ SCPMA 64, 101062(2021) 10> Pbc(Ebe) = Acm vore Qbc(Bpc) = Bl
g 04— —T 0. P ——
1 3] E o Observed CLs(0.2ps) 1 U r Observed CLs(0.2ps) 7
é’ E. s i Rt S = 0-35 F LHCbS.2fb b —e— Observed CLs(0.3ps) ] < 0-014 *LHCh 521" Observed CLs(0.3ps)
;‘ S % 0.3 }\A = 13TeV o— Observed CLs(0.4ps) “‘() 012F Vs=13TeV Observed CLs(0.4ps)
(59 10 E ; 0.25 i Expected CLs(0.2ps) 3 k 0.01 F Expected CLs(0.2ps) j
% = =p -] e ?J"‘. Expected CLs(0.3ps) 7 o Expected CLs(0.3ps) ]
3 1072 E 3 ;—_: 0.2 % Expected CLs(0.4ps) = 0.008 F Expected CLs(0.4ps) 3
10 o 1 1 S0.15F 50.006 - ]
E i E 5 = 5 ]
g 01f £0.004 =
10 E g‘i{g? . 2 0.0sf S000F R '
F 3 ot | I 0 E 1 L I 3
107 1 1 6800 7000 7"00 6800 7000 7200
3600 3700 3800 3900 4000

m(Z),,Q0.) [MeV/c?
m(EXK7*) [MeV/c2] ber Q) [MeV/ 7]

' CPC45, 093002 (2021)

Xiao-Rui LYU Eﬁ%ﬁf%ﬁ#ﬁ@ﬁbiz(2022-o4-21)



Pentaquark states
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|L]I!Ed‘9] Pentaquarks in A), — J/YpK~ decays

PRL115, 072001(2015)

* Pentaquarks [ccuud] were first observed in

o 800 .
=
2015 by LHCb in A% - J/YpK~ decays 2™F  Runl :++ N L_Hf:m(,
5600 + b
] I%}K_ (i 500 + # ++mw++ RUN 1
w L w ™,
{b u} < I/
P
u C
p
* New pentaquark and ﬁne structure were
discovered in 2019 with x10 signals
— Three narrow pentaquarks just below X} D)0
thresholds, favors molecular picture < T RUN 142
;1200:_—data LHCb
State M [NIGV ] [MeV } (95% CL) 51000:—::)0;:&:0“%1(1 N — 256 000
P,(4312)% [ 4311.9 £ 0.750% | 9.8+2.7F TT (< 27) § soof Y. 2
P.(4440)T | 4440.3 £ 13771 | 20.6 + 4. 9+101 (< 49) Fok W W
P.(4457)t | 4457.3 0.6 | 6.4+2.0% 07 (< 20) o8 26 JL M

* A lot of open questions:

— JP, more decay modes,...?

— SU(3) partners, hidden-bottom pentaquarks?

Xiao-Rui LYU

42

SRR EF D 1R(2022-04-21)

00 4250 4300 4350 4400 4450 4500 45?0 4%00

J/wp

PRL122, 222001(2019)



Pc confirmations in b decays at ATLAS and D0

ATLAS studied ~1K A — ]/ ¥pK~ using RUN1 data
Pc states are needed to describe data: two Pc’s fit (left) and four Pc’s fit (right)

°
[ ]
Fitted Pc parameters N
. . B )
consistent with LHCb s =
N
2
Parameter Value LHCb value [5] g
>
N(P) 4007139 (stat) H159(syst) - L'-’
N(P2) 150170 (stat) *30 (syst) -
N(Pei +Pa) 540780 (stat) {0 (syst) -
A 2.87 lo(\ldl] “]h\sl)md -
m(P.y) 42827 6(sl‘ll) (syst) MeV 4380 +8+£29 MeV
(P.) 140*77 (stat) "3} (syst) MeV 205+ 18 + 86 MeV
m(Pa) | 444972 (stat) 13 (syst) MeV | 4449.8 £1.7+2.5 MeV
['(P,) 51713 (stat)*}2 (syst) MeV 3945+ 19 MeV

L LA NN T m
e —e— Data

~ ATLAS Preliminary — Total signal .
300 Vs=7,8TeV; 4.9,20.6 fo' ] Combinatorial BG_|
F [ By-J/yKn 9
[5.59 < M(J/y,p,K) < 5.65 GeV B B,—J/yrx ]
250"_ I B, J/yan |
- | + B B.-J/yKK —

C L Ap-JIyA* +refl. |

r — Ap-PK 1
2001~ ; ! AE—)PCK refl. -
150 ]
100/ =
50— —

0

5.2
M(J/y, h.=p) [GeV]

* DO studied J/ ¥Pp in b-decays with displaced vertex
* A sum of Pc(4440) and Pc(4457) confirmed in b-decays: major contributions from b SL decays

3

DO Run 11, 10.4 fb'

.20

{ Data

{ —Fit |
. . \ Background
92 43 44 45 46
M(Jpp) [GeV]
Xiao-Rui LYU

>150 | | [ =
2 DO Run II, 10.4 6" + + +
=4 230

#100

[

()

>

o

50

requiring A) = J/ YpK~

¢ Data
— Fit

2.2 4i3

415 4.6
M(J/pp) [GeV]

4.4

SRR EF D 1R(2022-04-21)

Events / 20 MeV

ATLAS-CONF-2019-048

Pc pammeters f xed to LHCbh'S results

r ATLAS Prellmmary il ?:::, signal
300/ I {s=7,8TeV;4.9,20.6 fb" [_1 Combinatorial BG_]
F [0 BoJiyK
- 5.59 < M(J/y,p.K) < 5.65 GeV —
250 = [ B,»J/ynn
r [ B,-J/yKK
N Ap—JigA* + refl. |
- — A)PK
200 WUt L AE—»PcK refl.
- 0
- ek
150 — ASPK
100[-
50}
0

5.2

4.8
M/, h.=p) [GeV]

DO, arXiv:1910.11767

Pc(4312) is not evident
No Pc states seen in prompt
production



GuugX™ Pentaquark photoproduction at GlueX

—_
o

o(yp — JApp), nb

The results do not exclude the molecular model,

Photoproduction: yp — P. — J/Yp studied with

GlueX data in 2016 and 2017
Combined data from SLAC and Cornell

—A— Cornell
JPAC P;(4312) 3/2 BR=2.9% |
JPAC P} (4440) 3/2 BR=1.6%
JPAC P;(4457) 3/2 BR=2.7% |

E,, GeV 20

but are an order of magnitude lower than the

predictions in the hadrocharmonium scenario.

Xiao-Rui LYU

SRR EF D 1R(2022-04-21)

PRL123, 072001 (2019)

© 200} 100 Number of J/ ¢y = 469 = 22
= Fmean = 3.096 +0.001 GeV
© 1801 s0f-SD = 0.013 0.001 GeV

o
TTT

25 3 35
M(e'e), GeV

Model-dependent upper limits
at the 90% C.L. are et for cross
section times branching
fraction for the Pc states:

4.6 nb for P(4312)

1.8 nb for P(4440)
3.9 nb for P(4457)



* Same quark contents as A) — J/YpK~
« IfP.(4312)" is X.D molecule,

o B(Pc(4312)T-n.p)
R(F.(4312)7) = B(Pc(4312)*-] /¢¥p)

[PRD 100, 034020 (2019); 100, 074007 (2019); 102, 036012 (2020)]

~3 1s predicted

e LHCD run2 data (5.5 fb'!): n. reconstructed using . = pp

e Study background-subtracted n,.p mass spectrum

35, _ s (4440)+ .

No significant Pc(4312)+ % 305_ 5(5431:) P, (4457)" LHCb K
. . E a H el 5
contribution (~2c) S 25f B o
2 20k | — Simulation E
R(P.(4312)") < 0.24 @ 95% C.L. 2 15 * ! £
(Uncertainty is too large to give S 10F HUH ][ 2
any conclusion yet) j% sﬁ—Hw_ A | | Wﬁ{ ié
o 0 L 4] [Tl | T {_____________ _*ié
o | : i [ E
B T T E
2P ok P 1

o—10k I gl IR !

= 4000 4500 5000

Xiao-Rui LYU

m(1)_p) MeV/c?]

SRR EF D 1R(2022-04-21)

ﬁgﬁ% Search for Pcin A} — n.pK~

PRD102, 112012 (2020)

Candidates / ( 5 MeV/c?)

Candidates / ( 8 MeV/c?)

200~

100

LHCb —= Dat (a)
— Total fit
""" A = npK”
----- Ay = JypK”~
A9 o A pPRK

--- [ee] not from A] ]
. --'- Random comb. B
% | == Swapped protons

I sy O iy
%00 5550 5600 5650 5700 5750

m(pppK ") [MeV/c?]

~170 A9 - n.pK~ SlgnaIS

3200

3100
m(pp) [MeV/c?]

3000




 RUN 1+2 data, untagged B decay, with CP

conservation, ~800 signals & wsl 3 Dis Ty v 17
§ - —— Total fit ﬂ :LHCb A
. . . ' Iy pp 1]
* 4D amplitude analysis implemented S s LA 9 b
: . 8 200f - Background : -
 Evidence for a new pentaquark-like state Pc: 2 i Ll -
he
o=
<
Mp, = 433717 (stat)*2(syst) MeV © 100}
[p, = 29775 (stat) 1} (syst) MeV 0:, AT . S et
5250 5300 5350 5400
m(J/y pp) [MeV]
1t 3% : .
 3.1~3.70 for (E - ) hypothesis; statistics not
sufficient for determining the spin-parity
% : LHCbgfb-l T —+—?a[alr %\60_' T T T T %\60—' T T T T
— lotal fut - —
g 60.— * — Baseline fit (D i (D I
= - — NR decay = i — I
Z40f oy S 40l | S0 :
c i “ ~ | i ~ |
o [ — Background S I 1 8 7 el
20 1 520 1 §20- _+—J+
_ 138 |@ 5 | g
o 2773 O o a1 42 43 44 § o 41 42 43 44
m(pp)GeV] m(J/y p) [GeV] m(J/y p) [GeV]

* No evidence for F,(4312), glueball f;(2220), pp enhancement
Xiao-Rui LYU SRR EF D 1R(2022-04-21) £Q



LHCD

[ ] [ J o | —
|
THCY Evidence of Pcsin £, — J/ 1[)/1K
Sci.Bull. 66, 1278(2021)
e Aim to search for P.;, a SU(3) partner of P. state = w w
O
 RUN 1+2 data: detect ~1750 =, — J/PYAK™ signals Sa6
8 C
u}K 2uf
b ]/llJ 22:
Zp S_’\_ PCS 20f S '
[o[501690)  CRELELS GE
- 2d820) P 1" |
. .. | 4 6
* 6D amplitude analysis is performed - [GeV]
. Z in to P, signal regi
> T, 5 Pcs(4459) significance >3.16 o Slll e R Ll 1
2 0 S o LD . [5) - —— data -
: X N 2 "I LHCb =T
—\; = i tod g, L e |l:1l \\:ilnoll.,n P, ]
% 10 : ;0: | ~‘.. " II | S ok m > 22 (}L‘\' —— Fitwith P, B
% s Y iy 11 2 . «|»Pcs(4459)°
A S R TR ! -
‘ f = : T L . A
" y 44 445 45

P2, contributes to high m,,;m E?QW

m(P%) = 4458.8 + 2.9%%}7

My, 5 [GeV]

MeV, ['(P2

Statistics not enough for J¥ determination

*  P..(4459)° mass close to Z.D* threshold, two I = 0 states with %_ or =

More data needed to resolve

Xiao-Rui LYU

SRR EF D 1R(2022-04-21)

) =173 £ 6.5720 MeV

2

GO



Summary

* An exciting period of finding new hadrons during 2019-2022
* Many new hadrons are observed at different experiments
— new exotic quantum-number hadron: 1" 11 (1855)

— trend of over-populated singly-charm and singly-bottom baryon states:
some could be exotic candidates?

— further understanding of X/Y/Z (cCqq) states

— new tetraquark states:
Z,.cs(3985), Zcs(4000) and Zcs(4226) [ccus];
X(6900) [cccc];
X(4630), X(685) and X(4740) [cCs5];
X(2900) [c5ud]; TX[ccud]
— observation/evidence of new pentaquark states: Pc(4312), Pc(4440),
Pc(4457) and Pc(4337) [ccuud]; P.5(4459) [ccuds]
* More data are desired for marginal evidence or observation,
determination of spin-parity

— new results based on higher statistics data can be expected

Xiao-Rui LYU SEYIIENEFICIA(2022-04-21) G1



Thank you!
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X(pp)/X(1835) from J/y radiative decays

. X(pﬁ) P b d by BESII
_ _ * First observed by in
An anomalous strong pp threshold 3/ b-SynTeT

enhancement structure which was first

: — * BESIII confi its exist ith
observed by BESII in J/y—ypp Slll confirmed its existence wi

much higher significance
— BESIII confirmed its existence with * Spin-parity is not known

much higher significance and PWA « Mass = 1836.5 + 3.075¢ MeV/c?
(with FSI considered) is performed - Width = 190 + 9738 MeV/c2

e 0t PRL106, 072002 (2011)
b)) &
« Mass = 1836.512°*18 119 MeV/c2 g o
* Width <76 MeV/c? @ 90% C.L. 2 0
S 200F
cof W E )
3 600} - .
§500;-‘ ; PRL108’ 112003 (2012) e 14 16 18 20 22 24 26 238

M(mnn’ ) (GeV/c?)

Are they the same state? A pp bound state?

What's the spin-parity of X(1835)?
Why their widlths are so diifferent?

8001 02 0.3
MPE-ZmP(GeV/c )

Xiao-Rui LYU SEEYIIBH EFIC1A(2022-04-21) G



L
2:5 . S N
: _— .
——— w =1
< 2.0 1 T Sl —_— *
NQ = ® e —_—
= —— —
= | — ek
(] @
.C_D. 1 5 ] ¢ [ ] Y —— —
% .
d -4
= 1.0 4 e Established
1 S — ]
1 ®  Not Established
| —— Quark Model
05 -._‘_ (Ebert et al., PRD 79 (2009) 114029)

K K K K, K, K} K K, K, K} K
PDG lists 25 strange mesons (2021)

» 16 established states, 9 need further confirmation

» Missing states with respect to quark-model predictions
» Many measurements performed more than 30 years ago

Xiao-Rui LYU SEEYIIBH EFIC1A(2022-04-21) RA



BESIT  The Zc Family at BESIII

Zc(3900)+ Zc(3900)° Zc(4020)* Zc(4020)°
PRL 110, 252001 (2013) PRL 115, 112003 (2015) - PRL 111, 242001(2013) PRL113,212002 (2014)

%’ ; Eﬁ'l:: Preliminary :;. %:“ ; |
a B g, 2 &
5 60 2 o= s | s s 3
§ » Hh PRS- 1 Y M'::un‘.'ld § ]
a 2 ey B
2= s 3 [ - Q-.(- 38 3.0 3.2 : e, E 4 L Al o] L S5
37 M_S\:F\Vy)?(-go Vfc’)‘o M(T°I/Y) (GeV/e) %S 400 405 400 “Shl,:n?;)e\‘mtls ”;lzlt“’:(»tt'll'(‘:t 2
ete™ = - atJ/p ete™ — nOnO0U/y ete™ 3 T wtha ete~ — n°nPh,
Zc(3885)* Zc(3885)° Zc(4025)* Zc(4025)°
ST: PRL 112, 022001(2014) PRL 115, 222002 (2015)  PRL 112, 132001 (2014) PRL115, 182002 (2015)
DT: PRD92, 092006 (20]5) AM; — . - comb. BKG  —+- dsta a7 T s o ] -
’ T P “_;3 w:» EEEER + 3+ i —_— gzo‘l.::,;gs) % E @ : t %i '
§ ! 2 ol T : it -
: ]
£ oF + it |
I r T
o 4.02 4.134 4.65 AOBRM(:,‘O)(GAE‘V/CZ)
RM(T) (GeVic?)
o = + ete” —» n’(D*D*)°
ete™ — n~ (D*D¥)

Which is the nature of these states?

: o C

If exists, there should be SU(3) @

counter-part Zcs state with strangeness C d
G

Xiao-Rui LYU SEEYIIBH EFIC1A(2022-04-21) GH



BESII

State Mass (MeV/c?) Width (MeV) | Decay ‘ Process
Z.(3900)*  3899.0+3.6+4.9 46+10+20 nt] /P ete” > ntn ]/
Z.(3900)°  3894.8+234+27 29.6+8.2+8.2 ] )P ete” - nn% /Y

3883.9+1.5+4.2 24.8+3.3+11.0 (DD"*  e*te” » (DDH)*nt
Single D tag Single D tag
Z(3885)* ' 38817416+21 26.6+2.0+23 (DD*)*  e*e” - (DD*)*n*
Double D tag Double D tag
Z(3885)°  3885.77%3+8.4 35135+15 (DD*)" ete” - (DD*)°n?
Z.(4020)*  4022.9+0.8+2.7 7.9+27%26 nth, ete” > ntn h,
Z.(4020)°  4023.9+2.2+3.8 fixed oh, ete”™ » nonOh,
Z.(4025)*  4026.3+2.61+3.7 24.8+5.6+7.7 D*D* ete™ » (D*D")inT
Z(4025)°  4025.5720+31  23.0+6.0%1.0 D*D* ete” - (D*D*)°n®
Xiao-Rui LYU SRR EF D 1R(2022-04-21)
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BESII

Production cross sections of the

Z,.(3985)*

. Simultaneous fit to the five energy points
40¢
L35 Vs =4.681 GeV —+— Dan 6
E Total fit »
2 — — — = Z,(3985) L
3 5'1(2600)00*0 — -
— ------- non-Res. -8_ 4
g s D DY — i
- ‘ N B comb. BKG ﬁ
O 405 41 415 X o [
RM(K*) (GeV/c?) o) .
L.f (5=4.628GeV L.5f (s=4.641Gev i )
2.of I glaleem oo v on o iumancs,
o= el 462 464 466 468 4.7 472
5 °F 4|4 H N 5 Riilsic! /s (GeV)
4 4.05 4.1, 4 4.05 41
RM(K™) (GeV/cH) RM(K™) (GeV/c)
L.5f /s=4.661Gev & [ s=4.698GeV _
2 | (d) + R « Largest cross sections around
S10F S10F
i o 4.681 GeV
0 D 4,05

4

Xiao-Rui LYU

4.05 4.1 415
RM(K*) (GeV/c?)

RM(K") (GeV/c?)

SRR EF D 1R(2022-04-21)
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% 4cApEns

PRL 126, 102001 (2021)

G7



BESIL  The Zes(3985) and Zc(3900)

1643 /pb data

525/pb dat 4.26 GeV

charm-tau factory program
Mass (MeV/c?) 3985.2+21 +1.7  3899.0+3.6+4.9 3883.9+1.5+4.2

« J/ip K* resonances: from Marek Karliner
i L 46+10+26 24.8+3.3+11.0 .
Width (MeV)  13.8*81 +4.9 +10 13.3%1 Z.(3900) analogue? in Nov. 2020
oPm-B(pb) 44553+ 14 13.5£2.1+4.8  83.5+6.6+22.0 Z.(3900)" = (cud); d — s: (cEus) ~ D;D*
o close width no natural molecular binding,

so if discovered, would indicate

*  Cross section: one-order-of-magnitude less :
Tq or a novel mechanism

~10 MeV above D,.D*/DD thresholds

similar to Z,(3900) & Z,(10,610) Zcs: 3985.2MeV
(DD¥) (BB*) f I
9.2MeV  10M
SU(3) partner of Zc(3900)? &+ ] OMeV
gg _ Sof bt N | TTTETTTEEES J‘ """" D:~D° 3977.0MeV
35} Vs =4.681GeV & 5 —
S0F ! . N—— D;D*0 3975.2MeV
ol ML
o] Ly o1 - . . =
glg \\ e, | 1) il diquark-antidiquark? D*D, + cc molecule?
W5

‘ I o fR1 i
4 405 41 415 i 3l I SRR i )
RM(K") (GeV/c?) 385 350 395 400 405 410 415 1385 3.90 395 4.00 405 410 4.15
M(D°D") (GeV/c?) M(D'D*) (GeV/c?)
glfngns

Z.,(3985) Z,(3900) Sl Wy “
; C
K-zt Rz Kz Kz wz} n°7) wZ; > %

cS

(@]

1/4 1/4 1/4 1/4 1/3 1/3 1/3

neutral/charged = 1 neutral/charged = 1/2
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Discussions on the results

Z.,(3985) from e*e~ annihilations and Z_.,(4000) from B decays
» their masses are close, but widths are different

/c?
w
(§)]

I

(S

-

o
T

is=as81Gev  RESTI

(@)

o s ot S %% .4.-.
4 405 41 415
RM(K") (GeV/c?)

Xiao-Rui LYU

—+— Data
Total fit
— — — Z4(3985)
: 5"1(2600)°D*°

P72 ;o >

I HCb

—4— Data 9 fb !
—4— Total Fit

—&=-- WNo Z_.,  Fit
Z . . (4000)

IIIIIIIII|IIII|IIIIIII]I|IIII|
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s
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» Using J /Y pair final states to reconstruct T,z
J/W = utu has good trigger efficiency

[arXiv: 1803.02522]

Je S-wave

P-wave

g '7‘~(lS)m-(lS)|J/t//J/w|

()_+ I],(lS)X(()(IP), J/!///I‘(IP)

0~ JIYx(1P)
[ i
J/ym(1S)

1= .I/l//h((lP), ’7((1S)X(I(IP)

1= [77ox(P), TTuxa(P)
n(18)h(1P)

7]((IS)X(|(1P), J/l//h((lp)

J/ud Single parton scattering (SPS)
.//([/I]((IS) W/ or W/O TCCC_'CT
J/l///L(IP)a ,It(ls)th(]P)s

ne(18)xco(1P)

| J/uxo(1P), J/x 1 (1P)]
n(18)h(1P)

JIm(15)

Decays in 2] /1 directly or with feed-down

» T,.cz state production via SPS is dominant

over DPS

» DPS: dominates high J /Y pair mass region

Xiao-Rui LYU
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https://arxiv.org/abs/1509.00771

The first hint of the signal: D°D%* and D°DOr+

500 T S o TER T L ERF R BRI T o o 7 R T T tr
Ei ® DDn* LHCb
400 | O DDOrt 1
= ~—  D*+D" threshold 91b
— —_ *0D* thresho
300g %ﬁ% " D*OD+ threshold
g 2()05—1#!:@!!'I W@wwg %ﬂ%ﬁ%w
O 100" @W
= F, B i ey
< W
S
L 80_—\
's C il
60 :—+__ A narrow peak near D*9DO threshold!
ol
40—
C t
20—
r3
ok ++++*+++++m ++*+##+#++++4+*++*+ Wy M**ﬁ b ,+++,,+++ TN

388

Xiao-Rui LYU

39 392 394
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