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I apologize for not covering all the experiments results.

Xiao-Rui LYU PI1C2022, Tbilisi, Georgia 2



Introduction

r fm
. . 1/2000 1/200 1/20 1/2
* Quarks and gluons not isolated in nature. [ ' ' S
— Formation of colorless bound states: “Hadrons” il 5 T A
b aS B P %, 39\§ k $ '°o
— 1-fm scale size of hadrons? ™ e ¢ % s AR
* Hadron spectroscopy provides opportunities T P
. . . 0‘ B
to study QCD 1n the non-perturbative region eru
— Extensive and precise spectroscopy combined with a e i 4_.5*;3;53;;i°
thorough theoretical analysis, will add substantially to 0 L L L
our knowledge of QCD i LT >
* 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 profon 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 ‘

H di-Baryon Glueball

Tightly bound Color-singlet multi- ¢
Baryon ‘ 6 quark state gluon bound state
Tetraquark Molecule qé -gluon hybrid
Tightly bound loosely bound mesons
diquark & ikl
anti-diquark antimeson
“molecule”
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Main contributors worldwide

e« ete collider

e Hadron collider
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Heavy hadron Spectroscopy

an example: LHC as a Large Hadron Discovery Factory
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Heavy mesons
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« Big puzzle: D;;(2317)* and Dy, (2460)* > jjggi_ e

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

* Additional experimental input 1s helpful ‘;‘ 2800;— e ‘
+ Use B® > D*DK*m~ decay with 5.4 fb~1 of s == 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]

« DYK*m~ invariance mass shows a strong peak ~ “"'L/= 'S S R

', Pv °P, D, D, ‘D, °F, F; °F,

0
> -

O L
S 60F

S soF

NN
=]
Ill

Xiao-Rui LYU

2 L]HCb | (Ia) |

—— Data

= JP= 0" 17 0" 1T 2% 17 27 37 2% 3F 47

— Fit : = Amplitude fit is performed
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D (2590)" 1
D,(2536)" ]

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

_ = Strong candidate for D,(21S,)
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LHCD  QObservation of new excited B states

EPJC 81, 601 (2021)

« The B excitation spectrum is mostly unexplored

e A structure is observed in the BYK+ mass spectrum
with 9 fb~! RUN 1+2 data.
* Well described with a two-resonance model

m1 = 6063.5 £ 1.2 (stat) & 0.8 (syst) MeV,
['1 = 26 £ 4 (stat) &= 4 (syst) MeV,

my = 6114 £ 3 (stat) £ 5 (syst) MeV,

') = 66 £ 18 (stat) £ 21 (syst) MeV.

Their assignments in the spectrum is not yet conclusive

6800 .
B (4*S, );7
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Observation of two excited Bc mesons

. CMS, PRL122,132001 (2019) o
25 5 - - two peaks significance >5a
i | B*(2S) ¥ 60:— L =140 fo’ — Fit result

F Vs=13Tev
F x?/dof = 42/39

Signal

s il B (2S) peak shifted down by the

% 50: .

S 4o BF (25) mass difference of B * and B
= B+ (2S [

£ o (29) peak position difference
> -

W 20

AM =29.1+ 1.5+ 0.7 MeV
. . (lower than truth of mass
o M(B! 2.;8”-) - Ms('g:) + mE:(()GeV) s difference)

_
wn
a
ol

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

LHCb 122 232001 (2019)

T SF corummmz | rm 3 MBL2S) e = M(BL(25)) ~ [M(BS") — M(B)]
5 sumes 3 6841.2 4 0.6 (stat) £ 0.1 (syst) £ 0.8 (BY) MeV/c,
= 35 B:*(25) B 5.05) ; ¢
< 30F 6.30 J| 2.207 " Somnaerit 3 M(B(28)T) =
w  25F -
% uf 1 B (25) { 3 68721413 (stat) & 0.1 (syst) £ 0.8 (B) MeV/c?.
2 sk bbb I _= o
8 10 il bl I : ",§' it { : } peak position difference

SE N é SR AM = 31.0 + 1.4 + 0.0 MeV

0 . .5(;0 o .530 . 600 o l65l0 o 700

M(Bfntn—) — M(BF) [MeV/c?]
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Hidden-flavor exotic hadrons
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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,ppp Searches at LHCb [JHEP 10, 086 (2018)] | Tpppp searches at CMS [PLB808, 135578(2020)]

e 63fblat7,8and 13 TeV * 359fblat13 TeV
* Explored the mass region 17.5 —20.0 * Explored the mass region 17.5 — 19.5 GeV/c?
GeV/c?

* No significant signal
* No significant signal

~ U CMS 35.9fb" (13 TeV)
P:I‘J - E : E 45 L L L L B B B B BN d
S5 TR R T R LHCD 395 e 1 [ems, |
[¥] 20 : :l H = ¥ | ‘ O 40— Combinatorial bkg ——— Tetraquark (m =19 GeV) 7 :
P t : : i (s=7,8,13TeV ]
- H | i LO 355 Y(1S)Y(18) 3 L
o 16 i B —
S u I S 30 3
— - ~ E
PR 22 l | —
Z s g i L]
E 6 215 i n:lhll.ﬂllnn: ...... :..U,_‘__. H
= 4 I} RS E
g ¢ l 10 ; } |
] 6 N R i L fingg ek izt il !F:,;' A ; =
16000 18000 20000 22000 24000 26000 B AR g . D
0
o 14 16 18 20 22 24 26 28
mQu*2u™) [MeV/e] m (GeV)
4

\/

% 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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Observation of fully charmed
tetraquark state X(6900) [cccc]

> Double J/(— u*u™) combinations in Run 1+2 data Science Bulletin 23, 1983 (2020)

S 3000 F LHCb =+ Data
o E

LHCD
] L)

» 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

Candidates/(5 MeV/c?)

v" Model I: Based on no-interference fit (worse fitting quality)
M[X(6900)] = 6905 + 11(stat) + 7(syst) MeV/c?

['[X(6900)] = 80 + 19(stat) + 33(syst) MeV/c?
v Model II: Based on the simple model with interference (better fitting quality)
M[X(6900)] = 6886 + 11(stat) + 11(syst) MeV/c?
['[X(6900)] = 168 + 33(stat) + 69(syst) MeV/c? 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
My 1, MeV/c?] Mg, MeVi/c?]
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Observations of fully charmed tetraquark
state X(6600) [cccc]

. CMS Preliminary _______ 135f" (13TeV)
2 WL 680 . 4o | Data 3+ CMS finds two new structures X(6600) and X(7200)
g 10E % A —BW1 ~~BW2IX(6200] 3 « BW2 consistent with X(6900)
é 120 || 4’10;“"'BW3 — Background
§°F R 3 M[BW1]=6552 + 10 + 12 MeV  T[BW1] =124 + 29 + 34 MeV
80 ‘ =
60 t 4 M[BW2]=6927 + 9+ 5MeV  T[BW2] =122 + 22 + 19 MeV
40 — Nl 3]
20 - M[BW3]=7287 + 19 + 5 MeV MBW3] = 95 + 46 + 20 MeV
s 9_‘_ e T : T T —4
2 160 $ Data —Fit =
& 140 ~BWO  ==BW1 = - e
2 inE — NRSPS 11t BW2[X(6900)] < ‘ mm )
§:225_ — NRDPS = <:> gy Ak = resanitd
8 wf- 4 dips are not ok g T
43 1 well described :
40— J,.
3 6200 7000 8000 9000
> 350 A L A L My (MeVic?) Science Bulletin
Sk ¢ o —m 3 ——»= 65,1983 (2020)
g 300 ;— '_-' "A/B\Nl 1141 BW2[X(6900)] ~— NRDPS —; — P
8 250 ¥ = - 1= X(6700) — NRsPS | < > BT
3 F H X(6900) - xero0enrsps) intert, 3 * @R
2 200F F o =
o j k =

2 : -4 .
150 x“ prob.: 0.84 x 10 more interference
100 Studies are ongoing
50
................... 7000 8000 9000
g TYTARE Mg, MeV/c?]
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ATLAS

EXPERIMENT

ATLAS confirmations of X(6900)

ATLAS-CONF-2022-040

S0 sriaspeimiay  fom 1 8°0FAmiAsPeiminay  foms 3 _
3 250F (5= 13 TeV, 139 sigeskg. | 250 (s=13Tev, 130" Sig+Bkg. * The 3rd peak mass Is
; E di-J/ — Background 3 ) E di-J/ — Background ] . .
SO T [ e S i consistent with the LHCb
I S B 03 wm 1 observed X(6900), with
Al 1 G 100f : ’
50F . § significance of 100
- o0F :
S0 7 » The broad structure at
: ~100F (b) - he | Id
1ok I sk E the lower mass cou
I S TR T 65 T s 8 Es 9 from other physical
M [GeV] i’ (GeV) effects, e.g. feed-down
(GCV) my F() mi Fl f h. h d.
3BW ﬁts +0.04 + +0.07 + +0.02 + +0.06 rom Ig er ai-
di-T Jy 6.22 £0.05%; s 0.31+0.127 ¢ 6.62+0.0377 0.31+0.0977 h . esonances
— > N — charmonium r
6.87 £0.03*096  0.12 +0.04+0.03 -
E 50—?-7!1-/18 ;’rlel:n;in'afly‘ o I+l ;Jaltal o — E 50_?.1!LAS ;:rleI:rr:ir;a;yl S Ifl ;Jaltal C (GeV) m3 F3
o [ E=13Tev, 130" — Sig+Bkg. 10 [ f5=13TeV, 13007 T SigaBkg. ]
rg 40:—J/\V*\V(23) — Background _: g 40:_J/\v+\u(23) — Background  — ]/1//+()0(2,S) model A 722i003t(())(())_%, Olotg(l):;t%%g
- L ignal ~ -~ - Signal E
g bt T/ P(2S) 2 f|460 1 model B 6.78 +0.36703  0.39+0.11*011
@ f @ |
b '].,3°4 a del A ool del B 1 ¢ 15t peak could be related to
i modelA 1 1 moeelB 1 X(6900): 4.6 o
o | 1 1 ¢ 2ndpeak could be related to
m" (GeV] L mEr(GeV]
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Heavy quarkonium(-like) sector

Charmonium-like(cc) spectrum

from F-K. Guo

Y 0(4700)
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L% 2019
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0*(1**) 0%(2**) 0°(27) 0°(37) 27 1=1 1=1/2

Charmonium spectrum

—11200
>
Q
= 11000

10800

Mass

10600

10400

10200

10000

9800

9600

9400

PI1C2022, Tbilisi, Georgia

Bottomonium-like (bb) spectrum
from Rev. Mod. Phys. 90, 15003(2018)
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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+mD0) — 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 PIC2022, Thilisi, Georgia
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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™ : ~4.2k signals (less bkg) [HEP 08, 123 (2020)]

+
u
b-hadron é élf; v' baseline model: Breit-Wigner(BW) Fit
S v" Flatté function also investigated
~
\ /.X
<10° gy e e B S S L T B | R L _.
3 A LHCb B* - xa1 (3872)K* ol r
_ 55426 <My ptm— i+ < 5.30GeV/c?  LHCb E I_LH_Cbl:Xﬁ%?i)X R IR R 1 | LHCb Bt — x1(3872)K* s W
' resolution: 2-3 MeV | Tt me i LHCb b—s xa1 (3872)X —— |
Z osf X R PDG 2018 b L o oo oo o o o mm o
= L . 1 CDF pp— X1(3872)X elle 1
% osl f Exclusivel o j ple BRI TR
? r ] LHCb pp— X1 (3872)X e BESIII efe™ — x01(3872)y
E o04f BESTII e*e™ — X1 (3872)y R
'-é F BaBar Bt — x.1(3872)K* (IR BaBar B— x.1(3872)K
S 02r BaBar B — X (3872)K° H
= BaBar B— (Xc|(3872)—) J/wa)K | ; BaBar B— XL1(3872)K
385 386 387 388 389 3. DOpPoXxa(372)X ‘ U I U
MIppta [Gev/e?] 3868 3870 3872 3874 0 ! 2 3 4 >
My .1 (3872) [MeV/e?] Frageemy 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 e+e——>y X(3872) + From two-photon process:
BESIII, PRL122, 202001 (2019) - evidence of yy* — X(3872) » n*n~J /Y

415 E <430GeV

) o 9.0 fb! : ) 30:\;;@5; BELLE, PRL 126, 12200 (2021) X
§ 50: ° % \\\\ \\\\\\\\\\‘ ;\:\t\ \\\\ t\\\\\\QQQQQQQ\Q§
g %0 iX 3872) g 25 iL\\\k\\\_\k\s\\_Qg?\L\kk\\\}\ N AN NSNS
F o x( 160 = F -\
2 s0- C N X(3872) 3 events
E P f 20:— NN\ 3 2
10} s 2 p WA e)
E 15— &
- ’ X(3915)
(b) 4.00<E_ <4.15,4.30 <E_, < 4.60 GeV B .
| N 10{— % . .
v sb C 4
% £ C NN . ~ o
= 4 5— NN . "
g 3 : NN q
S F 5 @ ) | Mg | el e e,
o 2 0 3.6 3.8 3.9 4 4.1 4.2 4.3 4.4
, MUlpr'n) (GeV/c?)
S7e sk Sk 580 ass 400 I B(X = J/rtr™) = 55151 (stat.) £0.7 (syst.) eV

M diy)  [GeV/ic?)

« 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. CMS 15 <p, <50 GeV/c 3 CMS

3

E Inclusive lyl<1.6 1.6

E Cent. 0-90% =2 Prompt
1
0

" ® PbPb (5.02 TeV)
£ 1.4 Iyl < 1.6, 0-90%

s £ 1.08 10.49 £0.52 An indication of large R in
P,Py collisions with respect
D to the pp collisions.

W pp(8TeV)
lyl <0.75 (ATLAS)

T

X(3872)

ETE yes)

b-enriched (Ixy > 0.1 mm) ¢data 33
— —total fit

.- -background =2

A L L e e

Entries / (10 MeV/c?
ey
o

365 37 375 58 385 59 305 4 A N I I I B

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

* Observation of prompt X(3872) relative to 1 (2S) in pp collisions

LHCb, JHEP 01, 131 (2022)
LHCb, PRL126, 092001 (2021) =" 912, clnl2E Ui, 1o (EN22) INE—
L Usy<s. i ° R E
(<] R _ 1
T o LHCb T T ] i } 3.0<y<3.5 Vs=13TeV 1 2 10 ? R (s=13 TeV E
E 5 o2 : pp Vs=8TeV +Prompt —+ b decays a 02} + 3.59<45 g'r‘(‘nfrll)pt h T ;_ . Pmr:;g (13872) _E
5 — — - e E XA x cl E
2‘ g_ E P> 5GeV/c Comover Interaction Model, Esposito et al. E % 1o :_ '.'0.0%:..4:%2’2” ]
% ? O'IE_ o %(fd?lecuka gﬁ;ﬁﬁ L g“e‘é’,'ﬁé“.ii)_' ; et } IT = § t LHCb data '”’z"”’"?'?:::az.z.;:zzit :
2@ oot E 1 ol I i 30F % NLoNRQCD 3
o S o —— ] B F !
\;:3 006 £ = S 10%F N
g 0L . g
o s ‘#— a 0 L L L L s 10 - ' l '
8la 0.04 - I — 5 10 5 20 5 10 15 20
% b% oo F ® E p,[GeV/c] p, 1GeVic]
° F 7
o & o = * From B, decays:

promptproducnon of X(3872% B, — X(3872) ¢ at CMS and LHCb

suppressed relative (o prompt y(25) CMS, PRL125, 152001 (2020)
production as multiplicity increases.

CMS 140 fb (13 TeV) CMs 140 1b” (13 Tev)
0 0 g MO ow @ o Dma 0
. - E e Fi [ Fit
 From Ab decays. Ab —> pK X(3 872) ° teE _‘ijm ) | S S,
§ MOE —- (X372, bhg } el 8 100F - b
LHCb, JHEP 09, 028 (2019) R it B Py
c 100F (bkg, bkg) c [ rbkg.bkg)}
. 1401 ™ T T ] XG: R T ] 8 BO? X(3872) 8 60L S Y
“‘: llU_ 380 < iy e < 395 GeV/e? ] “:\ T0E 561 < Myt nmpi— < 563 GeV/e? £ 502_ 6 O a0l
E mo:_ LH(‘h_: ; 6o LH(‘I.é gg— P > 0.Uc : ‘
7 s } %7 UN=55+1 ] 380 BT ST R R T T R T
£ ol ﬁ | EIE grJr X(3872) 1 m(Jiyr*z) [GeV] m(K'K) [GeV]
: b i 1EW ‘ E 0
° % W ; El ZOHH | f 1 : 00 - BriB,"X(3872)0) _ 485 + 0.063 + 0.037 £0.070 (8r)
0 bttt tad o J#r E Br(B* —X(3872)K")
T T B bout two ller than the ratio for Y (25
558 56 562 564 566 38 35 39 395 about two times smaller than the ratio for T,b( )

(BT p— [Gt!\’/vj] M A+ [G{\ fe? }

Also observe B, — X(3872) K*K-at LHCb
half of pK- from A(1520) (in later slides)
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BESIT Mmore X(3872) decay information

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

+ar 0 : =
e'e >y xwwnhch yzdhp

N§ of (a) 4.15<E_, <4.30 GeV 1 PF #iuT mode 1
g 8 &g 5: "t;; T
§ 5 .2 \ wrpo mo:e ?2
T 5 40 3
21 ~ l ot ’ = M(yy’) (Ge\%gcz) ! ° = l\/?(éiJ/w) (G:;\Q//cz) ¢
ok e P ) . e
i; ®) 4.oo|< E,, <4.15,430 <E_, <4.60 GeV R_Bé“]g)(( ;5;2;3)2;1%(/2\8) 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)
H 10; 050 D = 4D’ § 570 -y
L T 0
P75 580 k5 580 B6E T 400 N I % % %
My, ) [GeV/c] Ls ¢
. i g
. () et B e T L E L
* Observation of X(3872) — wJ/y % oF R
BESIII, PRL 122, 232002 (2019) 5'°| -
Wyo Ezo iFfm)
* Observation of X(3872) >D°D*° >4\l i iy
BESIII, PRL 124, 242001 (2020) O30 3.95 :
M(D °D) (GeV/c?) 0 e sl S TSty
W a8 % 4 A
M) GeVE)
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LHCh  Observation of sizeable w contribution (3]
in X(3872) — T[+T[_]/¢ arXiv:2204.1259

% 1600[- LHCh 3 B* — K*X(3872) studied with RUN 1+2 data
= 1400 9T >
n O F IS I e
12001 o data | 2 E 350F LHCb
1) - =} E -1
= 1000 - — total fit E v, 300 o1
= 800 - ' @) : 250 E_ —o—data
2 oof X7 | sio s - 2 “F — total fit
< . K Jly 8 200 F 0
O 400F background A 505 —p
- 150
200 & . E @
0 o ooy 100 ... 0’-w interference
3800 3850 3900 3950 50F
mﬂ*ﬂ']/l/} [MCV] OE Grreeg "'T"'l"';' ............... pasazzzcst |
B - 400 500 600 700
— - :
Ixer (387200 fp _ (w 07r/ ) 099+ 0.04. m_._ [MeV]
Ixc1(3872)—wfp R, /o
9 400 g
Ju@s)smoapw _ [ B(4(25) /) P’ _ o045 +0001 2 OF
Gu(28)-n.J B(4(25) = nJ/p) pro 0 300
2 250
The isospin violating p° contribution, S 200f
. . . A 150E
quantified for the first time with proper E
. . . . 100 E
subtraction of the w contribution, is an N :
order of magnitude too large for p————"
: 400 500 600 700
X(3872) to be a pure charmonium state. m._. [MeV]
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LHCD

With Run 1+2 data, pairs of D mesons from
prompt production

Candidates/ (5 MeV/c?)?

Candidates/(2 MeV/c?)

Observation of the X(3842)

500

JHEP07, 035(2019)
4002q;’>c.g|@. \‘V‘Cﬁgj’eﬁ.‘q’\.*@q@@. e
Ry e
3000 =
25001 =
20001 -
1500/~ -
1000}~

%

wWo

120 ' E==mX(3842) ---- bkg ' E
= E 00 —=—~ DXg 3
% tomf- D'D bhe LHOb 3
g 8001~ + e
g 600;"_‘;"'““".'vW»'“.’o‘M’#“M,‘«"“v, v't"m’.’f't‘t"r"t”""—’“f"!”»,w'o‘, '“”m‘"'.‘lu N ”!'E
3 a0 =
< - pa
© 200 -
E. 5002_ mﬂimn _i b
e E E
g o ?ﬁ'WW'm,m"ﬁf,‘o,*ﬂ,*g,ﬁ,*.ﬁm’,u*w&”&*hﬂf . %’“ﬁr’6“1"%"‘w‘*"’“|'*o'M.'l"‘M|.‘|‘0'";‘oMT§
= 300F —
3 mf 3
<
© 1005 3 °
38 3B 38 383 384 385 386 38
Mpp [Gev/c?)
Mx(ssaz) = 3842.71+0.16 £ 0.12MeV/c?,
FX(3842) = 2.79 £ 0.51 £0.35 MeV,
Xiao-Rui LYU PI1C2022, Tbilisi, Georgia

4 4.1 42
[GeV/c?

Very narrow state due to suppression of
the F-wave centrifugal barrier factor
strong candidate of the missing 3 (13D5)
charmonium state with J¥ = 37~

22



D

o

X states in yy — yyY(2S)

PRD 105, 112011 (2022)
» P-wave triplets near 3.9 GeV/c? remains puzzle, where X(3930), as a good

candidate of y.,(2P), has a hyperfine splitting of 12 MeV/c? between
Xc2(2P) and X(3915)

PI1C2022, Tbilisi, Georgia

f »E 1T T ]
< r 1 e ++ ++
210t w | BELLE ] Both 0 -and 27" can be
I ol R1 310 ‘; produced in two-photon
S ol © 0 i R2 28 1 collisions and decay to y(25)
2 2t ‘llHl[ } 7 o; via E1 transition.
. | } .
L . QHM | i LS5l decisplagd ¢ Evidence for the structure Ry
Mecon(2S)  GV/c® 738 l?/i(gy\p(ZS;‘) “eevid®  near 3.92 GeV/ c¢2, which may be
Resonant parameters J = J =2 X(3915) and x,(3930)
Mp, 3922.4£6.5£2.0 * R, matches none of the known
L'r, 22+ 17=x4 states (mass agrees with HQSS-
D, B(Ry — v1(25)) [9.8 + 3.6 +1.2[2.0 £ 0.7 £ 0.2 predicted 2*++ partner of
Mg, 40143 +£4.0+1.5 X(3872), but width conflicts)
TR, 441146
' B(Ry — v16(25)) 6.2 £ 2.24+0.8/1.2 + 0.4 + 0.2
Xiao-Rui LYU
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LI,JCZ‘? Charmonium(-like) states

+ +
inB" - K 77]/11} JHEP 22, 046 (2020)

 With RUN 1+2 LHCb data, evidence 1s found  ~ 20—+

S a0+ Data LHCH
for 1,(3823) = ]/ and Y(4040) —nj/p = w0 po w1
F1P2(3823) = (5 95 +g§§) X ].0_2 y % 1405_ Total )
Fyuoo) = (40.6+11.2) x 1072, g " ﬂ%ﬁ | + | J#
Sk
 Searches for the known XYZ states and oF Jf + H tﬁ it }# f
provides UL on BF in BT —» K*X iﬁw +{++ a.7c ewde e
O_I 1 1 1 I
B B(B+—) XK+) X B(X—) J/ll)n) 5 3.8 4 42 44
X = BB $S)KT) x Bh(2S)— Jm) My [GeV/c]
_ Upper limit at 90% CL
Bx = B(B*— XK*) x B(X— JAm) Fx [1072] Bx [1077]
= 1600 LHCb- W(3770) 2.2 4.6
T 1400 g1 = P3(3842) 2.9 6.1
= oob 4 Data T (4160) 4.2 8.7
c ook [ Bt — 2(3823)KT (4415) 4.6 9.6
< F L1 B+—>11;(28)K+ ]
RS e s I
! C 3 3. A
i TOtal Z..(3900)° 2.1 43
10c 3.40 ewdencv (4230) 1.9 3.9
20044 4 1(4360) 6.0 12.4
ottt . ++ H”ﬁ ++++}&"~i+ ++++++E 1(4390) 11.6 24.1
3.65‘ - ‘3.7| ‘ 3 75 3.8 3 85 3-.9 ” (4430)0 6.1 19.7
M A I:GOV/CQ_ XL;C 1:9 3:9
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The Y states

et H 2 YISR
Y states: charmonium-like states with JP¢=1--;
Ecm Mwa»  QObserved in direct e+e- annihilation or initial
E' " “
- Hadrons state radiation (ISR).
arXiv:1211.6271 and CHARM 2012
80 .?erj-.(.yl.sf). —>7r+7rJ/1/; .a,t BaBar _ e*e~(yisg) —> wtw(2S) at BaBar and Belle
mp 3% yasen vaes] | ve9-iver ] * While not seen yet in B decays
NQ 605— PRD 86, 051102(R) (2012) _f Z 16 . BABAI: ) =
> F % 1 112 events (520 fb') E
é 50; Y (4260) é . Dﬁf‘ue . E Bi—.(] N [\:I: 0 -I—.. J/U
g - I(t: :E 90
p 6 E % 80 :
s 4 ’U ¥ ~ %70 3
& i 60 3
i i ‘,_.l.l e WiT By 350 E
0 3.8‘ ‘ Allt - ‘4.2‘ A I4.4‘ , ‘4.6‘ ‘ .4.8 5u I5.2I ‘ I5.4‘ ! 2 H e i 57 *Dl;-‘ 5:? 2 E."J‘_:'4O 4 ]( —5 _;
A GeVied) mYESET)(GeVie') g 30 <14 x10 .
020 [PRD 99,071102 (2019)] 3
* Improved knowledges from BESIII o ;
100 C
g o T Ll o
& 80F gy 5 80 - BaBar 3 2
= [ . < I -+ Belle = 100
S eof --Fitll Z 60 :%» Q s
B X q - = d -5
% 40_— 2_ 403 Vl‘i,.‘}k % 6 < 1.7x 10 .
. A & C \O'OO o 4 _;
Do Nl B e
- ® o A S A N a— :1'2 Py 44 75 46
0 L 1 | L 1 b . (GEV/C )
e 4 5 E‘gev) A A0 -20 :'Bﬂiblll PRD104 052012 (2021) Ma
BESIII, PRL118, 092001 (2017) UNESREE “3@(;_;;) w5 45 47
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BESIT  Y(4260) & Y(4230) and new Y’s

100 PRL118, 092001 (2017)— 80
L —4-XYZ 70

PRD 102, 031101(R) (2020)

ire) L
e 80 —Fitl 60
£ b --Fitl =
B L 40
! [
Fooaof .
o C 2 2
% 20 :_ 3 10 ) ‘:.' “l. G N -
O : L 1 1 1 1 2 0. ‘-f‘.“"‘: - : -.‘.‘::.““; .. : -3 .-'
3.8 4 4.2 4.4 4.6
s - — s (GeV)
[~ -« BESIII: R-scan data sample
- e _ PRIL118, 092002 (2017)
L e ’ ™0 PRL122, 102002 (2019) ’ [N
% F - Fiteurve Y@220) 800~ _ _ =
'§ 150 _ bt curve: Y(@390) ¥ ete” - T[+D0D* ]
b E '8_600_ =)
g 100 2 E ]
g S0 oHOE :
E oo "E o 3
E obilk VL L PR NPRPURUI PO L
-S50 4.1 42 E4'3(GeV) 4.4 45 46
T T e P e CM
39 40 41 42 43 44 45 4.6 .
feey Evidence for Y(4220) >0 confirmed ¥(4220),
go _ e Y(4390) and Y(4660)
, : m [MeV/c?] 4236.3 + 8.9 e Soluti . e
2100, + 4~ This work 2R OV vomsei | B we 7 S
— | 40 | + - +._-_0 a 60 ? Inteference
~ | ~4- BESIII 2015+2016 S 30 ee 2nNnnm 8 40f
x% ~ =" T 20E
. d B 0F
3 50 £20 ,. ¥ oF
1IN o 10} A L "ok
o | ' + + et ) - ¥ b PRD 104, 052012 (2021)
I e ta (ner*n = L ) . L L L
8 O it S0 ) —1 0 9 (@] D:t: t.l]L90 (Mem* w0 g 3 . < .
L Fit o | L2E L WO I S S . ettt
2 : =20 | - ¥(426C PRD 103, 032006 (2021) "22; 55 :
42 43 44 45 46 -30 y O ; 4 41 42 43 44 45 46 47 48
s (GeV) 4.2 - [?3}4 - 4.6 /s (GeV)
s [Ge
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BESII

Y(4230), Y(43XX) and Y(4660)

200+ + BESII: pty 250 _+_ BESIII : (b)
180~ —§— BESIII: 2%y L Belle Ty (2S)
3 200
S L ey - BaBar
o : BESIII: oy . -
S 1205\ @0 S 1501 4
= 100F I BESII: 7DD +cc. 2 - ‘
g 8or ¥ —- BESI 7 (3872) =~ 100 L‘—
60 BESIII: 'y ¥ T _|__‘
40+ . C I
ok ; BESIII: n*nh, 50
Ofit ittty 1] —F BESIE mry(28) -
4200 4250 4300 4350 4400 1 S
4300 4400 4500 4600 4700
mass (MeV) Mass (MeV/c2)
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BESIT Cross sections of e*e™ — /Y

arXiv:2206.08554

Higher statistics, higher precision, higher energies, better fit

I f v Y(4230) and Y(4320) observed with > 100

";g Y(4230) —+ XYZ data v’ Structure around 4 GeV better fit by a BW (before exp)
g 80 +?§':a;‘713 v’ Evidence ~30 of a structure at higher energies
N —Fit W(4415)? The new Y(4500)?
;z 50 Y(4320) v’ By including the high energy state in the fit, the
T 40 w(4415)?|  Y(4320) parameters change
° Zg Y (4500)?
° 1o 1 Myuazzoy = 4221.4%1.52 2.0 MeV/c?

4 ry(4230) = 41.8 £2.9 £+ 2.7MeV

O R

B I - B v Myuszo) = 4298 £ 12+ 26 MeV/c?

/s (GeV) ry(4320) = 127 £ 17+ 10 MeV

Xiao-Rui LYU PI1C2022, Tbilisi, Georgia 20



BESIT Cross sections of ete™ — K"K J/y

Belle, PRD 89, 072015 (2014)
15 L T T T i

BESIII, PRD97, 071101(2018
: [ ®
[ ]
.
'3
t] e
4.5 4.6
Ecm [GeV]

o(K*K~J/9) [pb
— o Ol O

T 42 43 44

o(K'KJhy) (pb)

[+ XYZ Data
r —Fit curve: Total
[ .- Fit curve: Y(4230) -

—
o
T

oP(e*e” — K'K'J/y) (pb)

4.3 4.4
\s (GeV)

[ - XYZData
r — Fit curve: Total
8 _ -= Fit curve: Y(4230)

oP(e*e” — K*'K'J/yp) (pb)

4.4

4.3
s (GeV)

Xiao-Rui LYU

5_

oF

_
o
T

arXiv:2204.07800

]

ot
h“* } +4 ;** +++++++ LI TICTRTI,

4

4.5 5 55 6
E., (GeV)

Investigating the strange content inside Y (4230)

v First observation of Y(4230) —» K*K-J/y peak
B(Y(4230) = KTK~J/v
B((ifm:ui) - n+7‘.7//z.')) i
v Resonance Y(4500) > 50, consistent with the predictions of:
» 5S-4D mixing scheme (PRD99,114003 (2019))
» heavy-antiheavy hadronic molecules model ( ProgrPhys41,65(2021) )

» Lattice QCD result for a (cscs) state (PRD73,094510 (2006))

0.02 <

Parameters Solution I Solution II
M(MeV) 4225.3 £ 2.3 £ 21.5
Y (4230) [0t (MeV) 72.9 £ 6.1 £ 30.8
LeeB(eV) 0.42 £ 0.04 + 0.15 0.29 + 0.02 + 0.10
M(MeV) 4484.7 £ 13.3 £24.1
Y (4500) Lot (MeV) 111.1£ 30.1 £ 15.2
LeeB(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 £ 0.35+ 0.58

arXiv:2204.07800 submitted to PRL
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https://doi.org/10.1103/PhysRevD.97.071101

BESIT Cross sections of ete™ — n P (3823)

arXiv:2203.05815

first observation of vector Y states

decaying to D-wave charmonium state S-wave w*n”, such as fo(500)

L = 2 slightly favored over L =0

)

Consistent with Y(4360) and Y (4660)

250¢

< 8 —+- Data
) ) g | L ,(3823) in
EME ';‘5 6 B '+' Data ~ 200 CI:I frame — L=0 it
@ . o r — L=2 fi
845 ; - —Fit = 1650 L2
= B4l 2 b
g 4.4 ﬂ ’L 4 8 12 :\1 L * V
E ¥(a390) gl) F I.I>J —
= ¥(a360) ) 501 ‘\*_/(
43 o oL ! 1+ acos?@
V(az0) g‘ I 01 05 0 05 1
4.2 —_— +t: 0 L | ‘ 1 . ‘ ; ‘ cosO
4 . ° 742 4.4 4.6
U (GeV) . 50
4 Ecm K&, —+— Data
= 40 — Fit
o Parameters Solution I Solution II s L e Background
| e MR 4406.9 + 17.2 + 4.5 © 30 B Sideband
3.8 p ot [Ri] 128.1 +£37.2+2.3 £ 20
s A Doy BB, 03640104003 0304009003 S
R T V(- 4647.9 + 8.6 0.8 O bl ]
Lot [Ro] 33.1+18.6+4.1 a5 35 355 36

Lot BF2By 0.24 +0.07 +0.02

¢

M(y, Jip) (GeVic?)

0.06 =0.03 £0.01

267.1 £16.2+£3.2 —324.8 £43.0%+5.7

Most precise measurement

mass and width of y,(3823):
m = 3823.12 + 0.43 + 0.13 MeV/c?
[<2.9MeV (at90% CL)

Xiao-Rui LYU

PI1C2022, Tbilisi, Georgia

consistent with Y(4360) and Y(4660)

B2 (3823) —>yxc2]

— 0. + 0.12 51
Bl (3528) syxa] = 0o £0-12(<051)




D
Belle II

Studies on Y(10753)

JHEP 10, 220 (2019)

* Belle observed Y(10753) ine*te™ —» ntm~Y(nS)

g Y(10753) l i) xes) ¢ Considered as conventional bottomonium or exotic
¥ 520 1
5 2f R TR S hadron
s LTy N s e Expected to decay into wyp; with BF of 1073 if
ol el J
: mixing of 4S and 3D bottomonium states.
2¢ L4 L -
| e 10¢ 7C
% [ THOTS3) l 4;I;Y_(SS) (65) :9: 9— (a) Belle II Preliminary o) 6* (b) Belle II Preliminary
% o }H =& -o-ge::eg(iatfal] S -+ Belle Il data
& | s i B ' P~ -+ Belle data ~w F -+ Belle data[1
= + B e { % X 6 — Best fit X af —Bgs?fita e
= F - . . Solution | 3 E el Solution |
i .I) "3 - Solution Il N - Solution Il
- 3 o 2F TR
o Al ] o 2 NegPndf=05/1 o &N\ 22 mdf = 0.1/1
8| Y(10753) L XGS) X6S) SR T A v SR B . o .
.E , : 007 1075 108  10.85 109 T 1075 108 1085  10.9
g 2 - ,} ‘1 - i 's [GeV] Vs [GeV]
| UM N/ K  Belle II observed peak cross sections of ete™
0._ —F ‘ A | . .
L | — wyp; at Y(10753), while no obvious peak at
10.5 106 10.7 10.8 109 1
Een (GoV) Y(10860)
, I, B(Y(10753) > wy,,) . : |
Y(10860) Y(11020) New structure o T BO10753) = o) ~ 1.0 agrees with the expectation for NRQCD

L oo B(0)p112)
® I, B(rtrY(2S))2

~ 1.5 for Y(10753) and ~ 0.1 for Y(10860)

|
M (MeV/c?) 10885.3+ 15122 11000.0t§;2f};2§ 10752.7 £ 5.9 107
|

5 40. 0 +0. 17.6 +3.9
I' (MeV) 36-6f§.3f?? 23‘81Lg.gf(1].g 35~5f11.3f3.3

implying hadro-bottomonium interpretation of Y (10753)
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The Zc states [ccud]

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

Z1(3900) 3890+3 33+10 1t—  Y(4260) — 7~ + (J/op7t) BESIII [49], Belle [50]
Y (4260) — 7~ + (DD*)* BESIII [69]
4(4020) 4024 +2 10+£3 17T~ Y(4260) — 7~ + (he7t) BESIII [51]
Y (4260) — 7~ + (D*D*)* BESIII [52]
Z}(4050) 4051133 g2tos 77t B K+ (xanh) Belle [53], BaBar [66]
Zt(4200) 4196735 37017, 1t~ B K4 (J/ynt) Belle [62]
ZF(4250) 4248118 1771+32) 77t B> K+ (xart) Belle [53], BaBar [66]
Z+(4430) 44774+20 181431 1t- B K4+ @' nt) Belle [54, 56, 57], LHCb [58]
B— K+ (Jynt) Belle [62]
Y(4660)
AcA,
DD'(2S) ------------------- L A — 2(3430) , )
Y(4390)
X(4350) ___y(a360)
°°'x(4274)(4250) /
Y(4220) :
§(ﬂ1§8) —-2Z(4200)
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
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Confirmed exotic contribution
inB° > J/ YKt~

* Amplitude analysis of B? -] /YK ™ at g 2000 I__ Z((:ELT)LG1[1202}3,11255?\426\(,2019) E
LHCb using RUN1 data 2 [ K¥(982)-veto :
* Data inconsistent with K*-only - 1500~ LHCb 3
contributions by 10 o ﬁg 10005_ E
* New Zc components needed around i ' + Data ]
4200 MeV and 4600 MeV Z soof e Jh = E

A N B 1
3500 4000 4500
m(J/¢Ym™) [MeV]

e e T T C S S T S T S S S o S S SR ST}

3 800L ATLAS Prelimi 4— Data ]
s L reliminary — Total B,»JiyKz
Q 700I;\'s= 7,8 TeV; 4.9, 20.6 fb' :°:..sz" aa;; :
£ .Mé 5.25 < M(J/y,K7) < 5.31 GeV — g'f:;\‘:l::t'o:l:‘:(ié  ATLAS studied ~10K BO — ] / LlJK+T[_
ATLAS-CONF-2019-048 .+, mmsww -  using RUNI data
wuv v + Bl B,-J/yxx m
Lo LLLh -+ Hint of Zc(4200) contribution, as data
L » description w/o exotic contributions is
200f 3.:“ - not satisfactory
10021 k 3

ol

34 3.6 3.8 4 4.2 4.4 46 48
M(J/y, h,=n) [GeV]
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Z.¢c(3900): correlated with the Y (4260)

H, = n+*nJ/y + anything

* DO presented evidence for the charged Zc(3900) * DO Run 11, 10.4 15
decaying to J/yn in semi-inclusive weak decays of b- 2 1ok PRD98, 052010 (2018)

flavored hadrons.
e The signal is correlated with a parent J/yn*n~ system in

IIIIIIIIIIIIIIlllIIIIIIIlIIIIIIIIIIIIIII

the invariant mass range 4.2—4.7 GeV, that would 3_%....4@2...:3....4..;..;_.5..;5,.:?.,,;_.5 ad
include the exotic structure Y(4260) (/) [GeV]

DO Run II, 10.4 f5'
7
600 é ......... N E *

F + 7 o i

— Full fit
===+ Background
e Signal

Amplitude analysis of e*e”—mZ(3900)° at BESIII
« Simultaneous PWA fit of ete > %%/ /¢ to the
four energy points between 4.226 GeV and 4.258

Events / 20 MeV

* The spin-parity of Z.(3900)° determined to be 1+ T ee e e AT aras e
e = PRD 102, 012009 (2020)
[ 4.226 GeV {BEST & of | + aat |+ Compatible with the
o 100 ] > 101 : = 7] .
S z | il e, Y(4220) line shape
S I % s mefeence e Indication of correlation
g SO . : between the production
_ ok e
g e m BESIII of the Y(4220) and
B O vy ity st tpast,— T gl Zc(3900)
I T S Y ¥ B B ST o
Mzogry (Gevic?) (s (GeV)
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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)
« BESIII analyzes the process of eTe™ —

C
K+(DS_D*O + D§_DO) with 3.7fb’! data at C)S
energies between 4.628 and 4.698GeV @9 » (C)

|

PRL 126, 102001 (2021) =
W35 (s=4.681GeV ~53 4 e*e~ - KO(DsD** + D:~D*)  arXiv:2204.13703
%30 (a) 40f (@) V5=4628 GeV 40F (b) \5=4641Gev
325 30F 30F
320 20f 20f
%15 10F 10F
010 & S SRR
> S ]
w5 2 OF o Gedss1Gev 100 o R-a682 Gev
0 bt S st > 30f J S
4 405 41 415 < b ‘ sof o
RM(K) GeV/e) B H O |
« A fit of JP=1% S-wave Breit-Wigner with S FTO. I SC—
. 200F
mass dependent width returns: O (o) Ts=469GeV - (p Alldue

30 150

Mass (MeV/c?) Width (MeV) ok # *}Hf# f Pt wmﬁ* B
Zcs(3985)" 39922+ 1.7+1.6 7.7755+4.3 of 11 M sof #

cs(3985)" 3985.2720 + 1.7 13.873) +4.9

008 4205 41 415 42 995 4 405 41 415 42
RM(K‘S’)(GeV/CZ)

First candidate of the hidden-charm tetraquark with

strangeness, and isospin triplet confirmed!
Xiao-Rui LYU P1C2022, Thilisi, Georgia 2R




%[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) = [ccsS] tetraquark ?

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

— Total fit E 700 E 700F LHCb
----- Background 2 60 h: 9 fb
KO — ~ 500 < 500
y _% 400 % 400
K1 S 300 g 300F
K1 K S 200 S 200f
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
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(8% X (4740) structure with [cCs5]

1+2 data: 26.5K signals

= Observations of B —>X(3872)K+K and

JHEPO02, 024 (2021)
m Study of BSQ — J/YnTn~K*K~ using LHCb RUN RSO _ (242 £0.23£0.07) x 1072,
Rirx- = 1.57+0.32+0.12,

— Oop——————————————————

= Flsd ’ LHCb

o 157 T T T E or 2“ :Igg:mggz;iﬂ{* E

N% : LHCb c 4 b mff:"ﬂ‘ll'xc_l 1

i F [ BY— It KK E 30 T T V‘: [j::a] R o

glo:— | o ] = ﬂﬁ + + + + ]

X(3872)¢

;% LHCb

g/ s }Hﬂu Simulation

% 100 ; H +

= 1y W; & f;m .
TANN R :
N N O v WSO

) : 42 : 4.4 J/l:, 4.6 4'TGeV/cg]

%120 : : I

S E o

“;!; 100 1

g s |

& 3

o
(=] [=]

Xiao-Rui LYU

4100 4200 4300 4400 4500 4600 4700 4800
mJ/z,m

Mg+~ [GeV/c?]

B o T o B e e . . .
~ I . wo 1 1D fit using S-wave Breit-Wigner
s ]
| + ””” - | My7a0) = 4741+ 6 £ 6 MeV
T 80HN, R
- ﬁ ]L J /¢ structure 1 Tx@ra0) =531151 11 MeV

405 . Systematic uncertainties:

sk » Shape of underlying non-X

> Alternative P-wave or D-wave BW
i 2
> Inteference Fs (muws) o< [A (M) +b (M) €|

25 46 a1 ¥ a8 49
mwe  x(4700)0V]

X(4740): could be the X(4700) in B* - J/YpK™*

PI1C2022, Thbilisi, Georgia 2R



e Study of B* - DID;K* with 9 fb~! at LHCb, LHCb-PAPER-2022-018
LHCb-PAPER-2022-019
* Near threshold structure X (3960) 120, JF = 0+
* X(4140) accounts for the dip around 4.14 GeV
 IfX(3960) and y.0(3930) the same particle, they could be exotic [cCsS].
B(X — DTD") 0.99 Mass (MeV/c?) | Width (MeVic3) | JFC
B(X > DiD;) V- Xc0(3930) | 3921.7 1.8 188+35 |O0FF
~ 50 L G P ER L SR PR U PR NP R | o S S T LT T R R ) G A IR PR < L N BB BN BELENL R R
= ’ - ey -+ Data preliminary 1 = 30F 4+ paa preliminary j :f_) 30 4 Data preliminary } -
O a0k ot —— Total fit 1 © [ — Totalfit ] © [ — Total fit )
8 B Non-resonant D D7 1 (c\’, Non-resonant D} D7 - K Non-resonant D} D;
S X(3960) 1 = X(3960) { = X(3960)
S30f Xo(4140) o = 20 Xo(4140) 7 =20r Xo(4140) ‘ —
P Y(4260) 1 2 | U(4260) 1 & Y(4260)
8ok Y(4660) 1 8 ¢ 1 8 U(4660)
3 et B 13 10 I - = 10 I *
g | =Ry 1 slof -
g10f 1 & | ] & | iy lH
@) [ 1 © . ) : © L * |L|0|
bt i RS L e e £ LRI SR e T
40 42 44 46 48 b4 26 28 30 32 34 %4 26 28 30 32 34
m(DgD;) [GeV] m(D$ K+) [GeV] m(D; K+) [GeV]
Component ~ JF¢ M, [MeV] [y [MeV] F (%] S [o]
X (3960) 0t 3955 +6+12 48+17+10 242+76+79 12.6 (14.3)
X (4140) 0t 4133+ 7+11 69+ 177 17749+ 7.7 3.7 (3.9)
1 (4260) 1=~ 4230 55 3.7+£0.4+3.0 3.1 (3.3)
1 (4660) 1— 4633 64 224+0.2+0.5 2.9 (3.2)
NR S-wave - - 46.6 +13.3+11.3 3.1 (34)
Xiao-Rui LYU PI1C2022, Tbilisi, Georgia

LI_ICII\?] New [ccssS] state in DI Dy




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

’ . CMS 19.7 fb' (8 TeV)
500— 0 -
= DO Run II, 10.4 ' g : AIPRE: L@ 3
un |, ¥ - o < B »
5. N 400:— P 800 [~ H{Hmﬂh +{{H H*{*ﬂ}}““ {H} .
S DATA 2 5 12 > B o
on 3 Fit with background shape fixed N 00 = 2 - H#H‘ H* :.
o = 2 E = 5 600 t - . 5
© o S oo~ " ATLAS o Dola = % = r q*" t Bsignal region | =
~ E Vs=7TeV, 4977 ... Bg&z,gu)nd ® I L ot [] 8° sidebands <]
il - 100 | =8Tev 1950 —FUSE) T Ry 4001 4 N
~ @ \ p,(BY)> 10 GeV pe 19 S C s NG

- o 1 Proee : qN 8 b o
H S W e 48 Sl 3
o - g I 3
b 3 -2 H N 1
2 =~ [ L _d 2 v I SR SR S W TS NS W SN N S W S

9600 Rro0 . 5.5 5.6 5.7 5.8 5.9
> m(Bnt) [MeV]
o MABr) [GeV]
4 . e = " 3 © 120 g
Z g soof- LHCb p (BY)>5GeV I ctsimec xcs560) stae - CDF 2
o = 10 = E D Combinatorial ﬁ 3
& 3 700F- : % 100 o ) ]
§ = E 600;— + 4 4, g % B! signal region f<b
> oft + S 3 st - PR 3
2 Of hdebde RN & J TR I h & BN sopeepacliloagas + 2 w0l = 2 3
3 sf 4 * + 5 ok 7 2 el =
& 1o B = 3 N

E S 100f- : S 40 B sideband regions ~
E 1 1 1 1 1 n 1 E - & N
55 5.55 56 5.65 57 575 58 5.85 59 = m S 20 |- 8

>
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.
m(B3r*) (MeV) M(E° 1) GeV/FL
s

Xiao-Rui LYU PI1C2022, Tbilisi, Georgia a1



Observation of open-charm exotic state
X(2900) [csud] PRL125 242001 (2020)

m B" - D¥D™K™* decays with RUN 1+2 data PRD102, 112003 (2020)

0 Ideal channel to search for the open-charm tetraquark
o Contributions: no Fav D;], Sup charmonium, Fav open-charm tetraquark(?)

LHCD

m  Observation of two D”K ™ states (BW) at ~2.9 GeV, JP=0", 1-
T wf T b taobd EwE T ipond va7r) 070
S TOE by . o 120F : e - x (3930) - D* D"
> —J—— 554160; DD | D1K (b) 3 P - (a‘) 0
oy O0F v oo 3 o 100F ¥ (3930) > D" X
= S0E — - X,(2900 = D K" E = soF ———— y(4040) - D* D
g F - ~ C o+ s
E) i’gg_ _; § ()():— it l//(4160) —)D+ D_
S O F E- N w(4415) - D* D
E E - : X ,(2900) — D K*
S WE pRamlit o o AT S OTE ] Wk, At L, - X,(2900) — D'K*
R Y 35 Dt g v i S ——— Nonresonant
m(D"K*) [GeV/c?] m(D*D") [GeV/c?)
= Need more intricate theoretical studies Resonance Mass (GeV/c?) Width (MeV)
o Very close to D*K*, D1 K thresholds. 70(3930)  3.9238 +£0.0015 +0.0004  17.4+5.1+0.8
Rescattering ? ¥(3930)  3.9268 +0.0024 + 0.0008  34.2+6.6+ 1.1

X,(2900) 2866 +7+2 5711214 56+144+05

Quite large
X1(2900) 2904+5+1 110+ 11+4 306 + 24+ 2.1 contribution! O g

Candidates for the 1t open-charm tetraquarks (four different flavors)! @
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LHC 1‘9 Observation of a doubly charged tetraquark
T .50(2900)*" [csud] and its neutral partner

T . -0(2900)° [csud L HCb-PAPER-2022-026
cso( )" | ] L HCb-PAPER-2022-027

 First simultaneous amplitude analysis of B* - D D}in*t &
BY - D°D}nt with RUN 1+2 9 fb-! data

T T T T
L Dj3(2460)" . 7]
_(a) . e, T New State 1

- - 1 1
... . New State?

(3%

 D,m mass spectra well
described by adding J¥ = 0%

m-)(GeV?)

+o g ARSIyl e S T 1 +% sb o SMEEERREdAT i
(>7.50)T%(2900)>9¢ S | S
M = 2.908 +0.011+0.020GeV = °F 132 o e
I = 0.136 + 0.023 = 0.011 GeV N it o s 1 Lo B DD
4 6 8 10 4 6 8 10
M?*(D ~)(GeV?) M?(D %) (GeV?)
. B° - D°D}n B Total fit
. Separate resonance fits: D R R R DL RS EEREEREERR f — D:(2460) Dy
;’_5"" LHCh ) ‘..55... LHCb D, (2600) D;*
- 9 ! -t 9 ! DI (2750) D+
> TgSQ :m= 2892 + 14 + 15 MeV, 5 " preiminary | g oo %1:;;6:;'2
[=1194+26+12MeV; = o I D(3000) D;
2 .l 290 -— D*(2010)~ D?
> Tt m=2021+17+19Mev, ©°[ ARINTE KRR 02 | gt T = i
e B e Y G Y P T R U T T T v Y T Y QRS U T Background
MDD} x~) (GeV) M(D} x*) (GeV)

Xiao-Rui LYU PI1C2022, Tbilisi, Georgia A



LI.ICIQ Observation of doubly-charm

tetraquark state T\ [cciid]

Full Run 1+2 data

LHCb Preliminary _— D% arXiv:2109.01038
. 9T \ Nature Comm.13, 3351 (2022)
X 30 o L :
> :\ : X Fit with relativistic P-wave BW function
f “ i,- A % c(,“70_ T T ]
x <] S L N T 1
= = b | LHCb % ]
£ ] ' = LA T
- &5 + i Jf EE
= T A
= 40F s s
g C i E 4  data 0 534 W ]
CU [ o S
C i total
20 ﬁ e o
of  Pho it gd ot il 2
T ST mﬁ#ﬁwﬁ JJL#H H‘HH#&
3 z Op-H=m T 1 :
2 2 A
3 3.87 3.88 3.89 39
ii E Mpopos+ [GeV/c?]

dm = Myt — (Mp=+ + mpo)

Tet - DDt Smpy, = —273 + 61 + 5735 keV/c?, Ty, = 410 + 165 + 4335 keV

»consistent with expectation for ground isoscalar T/ (cciid) state with J* = 1t

Xiao-Rui LYU PI1C2022, Tbilisi, Georgia



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

* Three excited E2 are observed in decaying into ATK~ =+~
e Using LHCb RUN 2 data at 13 TeV T
PRL124, 222001 (2020) 3/2- —
s OF ' 1 —— E.0923—AK" 29 ane i
= = ] —5(2939)) sA K" = = I - 06
= 1500 ] 52965 —ATK" 3 e T g
§ i ] I Z.(2923) > ALK 7t P = X ..
2 1000f w0 TR e E.(3055) =X (= At nHK Z 2= I,'/“ n
g Bl 5.(3055) =2 (A 0K g .
L Z.(3080) = L (= AL THK" § 27 {20 | oa
Z(3080)° =2 (At K™ 3 L
ol ) ) , 1 --- Background g l;—_v ! /
0 100 200 300 O A P o
Mm(AK") - m(AY) - m(K™) [MeV] i
. ) 32+ 1 ’I
Genuine property of 25 e L 02
= 172+ °
, = o states these states are not 0
HY Cheng
3 = o069 10 fully understood yet. i
9 ='(2923) 1P
- . PDG
% 8 12+ N B} X §
' = 2845 15 Resonance Mass [MeV] ' [MeV]
s Ec(2923)0 2923.04+0.256+0.20+0.14 7.1+08x1.8
2:(2939)° 2938.55+0.21£0.17£0.14 102+08+1.1
o Ec(2965)0 2964.88 +0.26 £0.14+£0.14 141+£09+1.3

Stat. Sys. input
Xiao-Rui LYU PI1C2022, Tbilisi, Georgia AG



Q(B Evidence of new excited charmed baryon A’

BELLE

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

40:_ _ TD::; Fit AC states
~ HY Cheng

........ Background
%,(2455)° sideband

(o0}
o

(\T.\
S f
——— 30._
Data 2 Ac(3005) 2P
=
o

(a) —— Total Fit

S M Background |
- + B sideband & :
; SV

L L

28 3 3.2 3-42
ME,.(2455)°n* (GeVic?)

Data

Total Fit

........ Background

5,(2455)"* sideband Sf Nc(2287) 1S

(o2}
o

Ae(2765) 25

9 L
[ ° .
g Ne(2910)2P /(~“N\(2940) 2P
: /860) 0 'Ac(2880) 1D

M? [GeV?]
~

6? Ac(2595) 1P Ne(2625) 1P

Event (20 MeV/c?)

- = [
0-""""""""" 8-/2 TS 32" 1/2* 312" 512"
28 3 32 34 g ! + P
M;. (2455, (GEV/C) R
2.8 3 3.2 3.4
My pass) (GEV/C?)
State Mass (MeV /c?) Width (MeV)
A.(2880)* 2881.63 + 0.24 GG a good candidate for
+ +1.3 +6 1~
4,(2940) 2939.6+13 2018 A, (_ 2 p)
(AC(2910)+ (this analysis)  2913.8 + 5.6 + 3.8 51.8 + 20.0 + 18.8 J :
[arXiv:2207.03022]

significance with 4.2 ¢ after considering possible A.(2880) and A.(2940) contributions
Xiao-Rui LYU PI1C2022, Tbilisi, Georgia A7



Confirmation of the excited (2, states

LHCb, PRL118, 182001 (2017) BELLE, PRD97, 051102 (2018)
A IR S IR 35 (a)
400 § 30 |
E LHCb 5 ”e ﬁ |
- Prompt prod. 3 i",té. ..‘l {‘
: ] 15 .f s L ||..||| ...'." 1
i 1055 || i A STt (Y T~ AL
200}- E?;.-r 1EATHERI Ll G
R (LAUANRRA b 1 = 3‘ 505 T3 545 32z 4533
100: g M(E:K) (GeV/c?)
Prompt b-decays
3000 3100 3200 330 Resonance  Mass [MeV] I'[MeVl | Mass[MeV] ' [MeV]

s m(Z:K") [MeV] Q.(3000°  30004+02+01 45+06+03

Q.(3050)° 30502+01+01 0.8+0.2+0.1

LHCb PRD 104, L091102 (2021) Q.(3065°  30656+01+03 35+0.4+02

= L L B L B L L L B L

s 3§ Data E Q,(3090)°  3090.2+03+05 87:+10+0.8
= 20 LHCh — Total fit -
Qr 9 :
I Beckgomd 3 four of the five observed states
g 15- - :
- : are confirmed in b-baryon | Q, states
9 . F - + - . . ' Q,(3090) 1P
5 1or 1 decays and eTe” collisions s 043050, P
l e\ ] 9.0} °
5 l l . & Q,(3000) 1P
u l 2 85f
3
0.. [0 A A B 01 o A P T T O T A S . e o~ 8.0
20 40 60 80 100 120 140 160 180 200 220 =
m(EK") - mz, — my_ [MeV] [ Q.(2770) 1S
—_— p— —_— — 7.0 0,(2695) 1S
N, - EfK = )=240il7 S
’ 1/2* 3/27 1/2° 3/2* 5/27

JP

Xiao-Rui LYU PI1C2022, Tbilisi, Georgia AR



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

likely they are
LHCb, PRL109,172003 (2012) CDF, PRD88, 071101(2013) )y ey
B e— ) I e doublet of Ay (1P)
= 10.20 R . o
2 »sfp @ CHCE 4 B M= sy
S 20F 520 52.5+8.1 1 & f 17.3%5.3
5 15017.624.8 @ & 7 350 : :
g 10 i é 101~ F
" R
lllll LIeLLL Neriin Ll : ]. L 4 1 E 5; 1 1 -
$H00 5010~ 5920 5930 5940 5950 s - T
M (ALT'T) (MeV/c?) ol i LT & B Loy L
) ) 10 20 30 40 50 60 70
Near kinematic threshold Q (AL —A%Tors) [MeVicd)
e Observation of Ay(6146) & A (6152) e Confirmation of
e — ' LHCb, PRL123,152001 (2019) Ap(3912) & Ar(5920)
] j+ RUN 1+2 CMS, PLB803, 135345(2020)
20 i:++++++++++—+ﬁf. X S e Garet ++++++++++++ CMS up to 140 b (13 TeV)
100~ {\ 2 100[- i Data
— F = i —Fit
2 E X} region | == Ap(6152)° -on  Tmlemmnena E o~ 23:2'.5 bkg.
= 60 o — 616 — M, (6146 = 6146.17 £033£0.22£0.16 MeV, £
g [ 3 6oF
T Wbt Sty s = 615251 £ 0.26 £ 0.22 +0.16 MeV, Em*
= 200 r
O C / ‘ \ FA;,(6146)0 = 2.9 :t 13 :t 03 MeV, 20-
aon0f R region Ty, 61520 = 2.1+ 0.8+ 0.3 MeV, . R
: ) . v 593 594 595
oA mpatible with A, (1D e (567
0?‘“"“‘ p— | compatibie with A (1D) M(A(5912)°) = 5912.32 + 0.12 + 0.01 + 0.17 MeV,
e - M(A?(5920)") = 5920.16 + 0.07 £ 0.01 + 0.17 MeV,
Xiao-Rui LYU PI1C2022, Tbilisi, Georgia A0



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
. . 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 St R
A,(6152
Age1a6) ——2t222) Mpse0 = 6072.3 % 2.9 + 0.6 0.2 MeV A, (25)?

A,(6072)° [l Tppo = 72 £11 £2 MeV

My, (50120 = 5912.21 £ 0.03 & 0.01 £ 0.21 MeV,,

0 b YHEC
A(5912)° Au(5920) My (59200 = 592011 £ 0.02 £ 0.01 £ 0.21 MeV
, H’”‘ m” - Ty, s012)0 < 0-25(0.28) MV,
Ay 5620 MeV udb Ty, (50200 < 0-19(0.20) MeV,

Xiao-Rui LYU PI1C2022, Tbilisi, Georgia B0



Zp(6227)”
- ApKT, Egn‘

Observation of new excited Z, states

LHCb, PRL121, 072002(2018)

F LHCb Full it

Combinatorial
2000 —

1000

Candidates / (4 MeV/c?)

W

[ Vs=13TeV —— =,(6227) > AY— A XK

1
500 600 700 800
M*(AJK") = M*(A]) [MeV/c?]

900

400

300
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Observation of new excited () states
PRL124, 082002 (2020)
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Observation of Z]7 - Z. @™

————
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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 = Su
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* New pentaquark and ﬁne structure were
discovered in 2019 with x10 signals

— Three narrow pentaquarks just below X} D)0
thresholds, favors molecular picture
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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)
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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.
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Model-dependent upper limits
at the 90% C.L. are et for cross
section times branching
fraction for the Pc states:
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ﬁgﬁ% Search for Pcin A} — n.pK~

PRD102, 112012 (2020)
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LHCD
% L)

Pc state in Bg - J/Ypp

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

conservation, ~800 signals & wsl 3 Dis Ty v 17
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* No evidence for F,(4312), glueball f;(2220), pp enhancement
Xiao-Rui LYU PI1C2022, Tbilisi, Georgia [ o]



Evidence for the hidden-charm strange

pentaquark
* Aim to search for P, a SU(3) partner of P. state

K
* RUN 142 data: detect ~1750 = — J/WYAK™ signals ‘b_aéu 10
e 6D amplitude analysis is performed = 2 } Pcs<

Sci. Bull. 66, 1278(2021)
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* B~ > J/YAp decays with 19.6 fb-! CMS data

CM S « It finds that data is inconsistent with purely phase space distributions, but consistent
\\ . . % . .
. with model-independent K™ contributions JHEP12, 100(2019)
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Observation of the hidden-charm

strange pentaquark
 narrow structure in J /YA in B~ - J/YAp decays, with 9 fb-! LHCb data

LHCD

» amplitude analysis is performed

. - W[t
P$s (4338) — J /YA observed with significance larger than 100 B V*C ,
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Summary

* An exciting period of finding new (heavy) hadrons
* Many new hadrons are observed at different experiments

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

— further understanding of X/Y/Z (ccqq) states: a new member Y (4500)

— hidden-charm tetraquark states:
Z.cs(3985), Z.cs(4000) and Zcs(4220) [ccus];
X(6900), X(6600) [cccc];
X(4630), X(4685), X(4740), X(3960) [cCss];
— singly charmed tetraquark states:
X(2900) [c5ud]; T (50(2900)** [c5ud]; T 50(2900)° [c5ud]
— doubly charmed tetraquark state: T¢, [cciid]
— observation/evidence of new pentaquark states: Pc(4312), Pc(4440),
Pc(4457) and Pc(4337) [ccuud]; P.s(4338), P.s(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 PIC2022, Thilisi, Georgia R9



Thank you!

I |
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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)
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by o
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% W Ml i o
e ”"‘ i iy 7 M
i I f
K/ Blug ||| *
-100 X(3872) Bc

Candidates/5 MeV/c

1I 1.2 14 II‘I.|6|I|1.I8I|‘2|
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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BESII Open charm cross

« essential to fully understand the XYZ states
» Important input for coupled-channel analysis
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» Good agreement with existing measurements, with best precisions
» Structure at 4.39 GeV in D*D*?
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