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Charmonium(like) spectroscopy

» Charmonium-like (XYZ) particles

» New type of hadron (multi-quark ...)?
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Limit my talk to

charmoniumlike XYZ
states

States with information
available from two or
more experiments

X(3872)
Y (4660)

Z . (XXXX)

More in a recent review:

N. Brambilla et al.,
Phys. Rept. 873 (2020) 1-154.



The X(3872):

how many efforts must we make before we understand a particle?



Dlscovery of the X(3872)

Belle, 2003
PRL91, 262001
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Mass of the X(3872)

VALUE (MeV) EVTS
3871.65 + 0.06 OUR AVERAGE

3871.64 4-0.06 4-0.01 19.8k
3871.9 0.7 0.2 20
3871.95 4-0.48 4-0.12 0.6k
3871.85 +£0.27 +0.19 170
3873 T8 +1.3 27
3871.61 4-0.16 4-0.19 6k
3871.4 +0.6 +0.1 93.4
3868.7 +1.5 +0.4 9.4
3871.8 3.1 £3.0 522

DOCUMENT ID TECN
1 AAL 2020S LHCB

ABLIKIM 2014  BES3

AAL 2012H LHCB
2 CHOI 2011  BELL

3 DEL-AMO-SANCH.. 2010B BABR

4.3 AALTONEN 2009AU CDF2
AUBERT 2008Y BABR
AUBERT 2008Y BABR

5.3 ABAZOV 2004F DO

Mpg + Mpso= 3871.69 + 0.11 MeV

E,=—0.04 £+ 0.12 MeV

E,(deuteron) = —2.2 MeV

COMMENT

Bt — J/¢ym T KT
et e — J/YpmTny
pp— J/yrTn X
B— Kntn~J/¢

B — wJ/¢YK

pp— Jjprtn X
Bt — K" J/ymtm™
B’ — K% J/ymtn
pp— J/YrTn X

ry = (8ulEp[)~"/2 >51m .



Width of the X(3872)

VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT
1.19 £ 0.21 OUR AVERAGE Error includes scale factor of 1.1.
1.39 +0.24 +0.10 . 15.6k L AAD 2020AD LHCB pp— J/Yyr T X
0.96 "% +0.21 BW width! 4.2k 2 AAD 2020S LHCB Bt T Kt
96 019 40, , — J/ynt T K
- Breit—Wi T 1 ""FId fesolition and background :
o 400 _ I’:jl ; 1gner _; 70005_ IlC TIegl(Jll l(fnn:? acC groun —E ]
. Flatté P rachi 107 ) peoyp BESIII may
: Bk - o7l ¢ -
1< | o1 Lo supply crucial
ER information on
F _ ] = ;
- om=24-30MeV 4 © . g & line shape.
Lo by e—— O:_ | PR PR R _g E E .
3.868 3.87 3872 3874 384 386 388 3.9 c 151 Mass resolution
R (GeV] T Jpprt - [GeV] :>j < 1 M V'
Flatté parametrization: 101 om eV
j [
DE)=E—-E;+—|glky + k) +T (E)+T,(E)+T St
Depends strongly on g, coupling to D°D™! 022 o 8 (2020)
: 6

FWHM = 0.22F5:05%0-2> MeV M(DD") (GeV/c?)



Production of the X(3872)

B decays BaBar, Belle, CMS, LHCDb
B, decays CMS, LHCb
A, decays LHCb

CDF, DO

ATLAS, CMS, LHCb
CMS

BESIII

Belle

pp collision

pp collision
PbPb collision
ete” 2 yX(3872)
vy* 2> X(3872)

*— Belle, PRL 126, 122001 (2021)
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Production of the X(3872) in B*2>K*X

PRL 124, 152001 (2020) PRD 97, 012005 (2018)
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Decay of the X(3872)

gnap DOD*0? Threshold?
DODOr® (non DOD™)
Open charm 84, gq_d, R DDy (non DD
: DD~y

Transitions Iccéé o
Ty, tnnd/y, T3,
. fé J

Y c3s MMMy - --

— Hadronic transitions

— Radiative transitions

- vy, yy(2S)

Hadronic decays

New measurements

Radiative decays from BESIII & Belle.



Global fit to X(3872) decays

Chunhua Li and CZY, PRD 100, 094003 (2019)

Parameter index Decay mode

Branching fraction

Index (i) Parameters Values Experiments

X(3872) =t Jfb (x1079)

1 Bt X(3872)K+ 8.61 4 0.82 4 0.52 Belle [14]

2 84415407 BaBar [15]

3  BY X(3872)K° 43412404  Belle [14]

4 35419404  BaBar [15]
X (3872) — vJ /4 (x10-%)

5 BT 5 X(3872)KT 17875954012 Belle [22]

6 28408401 BaBar [23]

7 BY 5 X(3872)K° 1241078 £ 0.11  Belle [22]

8 264+ 18402  BaBar [23]
X(3872) — 9(3686)  (x107°)

9 Bt 5 X(3872)KT 0.837153 £ 0.44 Belle [22]

10 05427406  BaBar [23]

11 B X(3872)K" 1127337 £ 0.57  Belle [22]

12 114+55+1.0 BaBar [23]
X(3872) — D*DY 4 ce. (x1074)

13 Bt X(3872)K+ 0.77 + 0.16 + 0.10 Belle [16]

14 1.67 + 0.36 + 0.47 BaBar [17]

15  BY — X(3872)K° 0.97 + 0.46 + 0.13 Belle [16]

16 2.22 4 1.05 4 0.42 BaBar [17]
X(3872) — wJ/y (x1079)

17 Bt - X(3872)K+ 6+2+1 BaBar [1§]

18 B? — X(3872)K° 6+3+1 BaBar [18]
Ratios

19 Rl 0.79 4 0.28 BESIII [19]

20 ERXEEHDTD el 14814380 BESIII [19]

2 R 16754402 BESIII [20]

22 pAeEel 0.887933 + 0,10 BESIII [21]

23 il 2.46 + 0.64 + 0.29 LHCD [24]
BT - X(3872)K+ (x107%)

24 21406403 BaBar [27]

25 12411401  Belle [26]

1

oo =~ O Ot
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X (3872
X (3872) —
X(3872

X(3872) — wJ /9
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— e e N
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(_1 l+l 9)
DY e ()2 4+ii ;)%
— v J /1 (1.1 )%
~1h(3686) (24+5§ﬁ7
s WOXCl ( ()+2 ))
(4. if 3)%
(1.9 +0.6) x 1074
(1.17593) x 1074
(31.97375)%

Parameter index 1 2 3

5

6 7 8

1

] O O

1 0.87 0.84 0.75 0.64 0.79 -0.95 -0.87
1 0.79 0.71 0.56 0.74 -0.90 -0.77
1 0.78 0.54 0.73 -0.88 -0.78

1 0.49 0.65 -0

.79 -0.69

1 0.51 -0.61 -0.56

1 -0

82 -0.72
1 o084 10




Chunhua Li and CZY, PRD 100, 094003 (2019)

X(3872) decay BFs
A global fit to BaBar/Belle/LHCb/BESIII data (y?/ndf=25/17):

» B(X(3872) - ntnJ/Y) =(4.1 1)H)%

e B(X(3872) - w]/Y) = (4.47%23)%

* B(X(3872) = yJ/Y) = (1.125:3)%

« B(X(3872) » D*°D° + c.c.) = (52%23)%
* B(X(3872) - n%,.1) = (3.672%)%

e B(X(3872) - unknown) = (32715$)%

o(e*e” - yX(3872),X - nny /)=(0.29£0.11) pb @ 4.226 Gev  BESTI

—> oa(ete” > yX(3872)) = (5573 pb @ 4.226 GeV
g(ete™ » mnj/ip) =(85.1+5.1) pb @ 4.226 GeV

11
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Events / (5 MeV/c)

PRL 102, 132001

(2009)
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X(3872) - yy(2S) puzzle
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It is still not clear if X(3872)>yy(2S) exists or not!
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What Is the X(3872)7?

Mass: Very close to D°D* threshold m:_I I selle 2003,1407b
' I PRL 91, 262001
Width: Very narrow! : !
IG(IPCY=0* (1) [ D %.,(3872) by PDG ] =F :
Production l / '
— in pp/pp/PbPb collision, multiplicity dependence “F 1
— In B, B, A, decays L

— e*e >y+X(3872), yy*>X(3872) oe  oe  os 1o 1m
Decay BFs: open charm ~1/2, charmonium~O(%) M(rmd/y) -M(Ily) [GeV]

— ~1/3 decays missing

— yy(2S) needs confirmation

Nature (very likely exotic, theoretical efforts needed)

— Loosely D°D* bound state (like deuteron)? Still mind-boggling

— Mixture of excited y., and D°D* bound state? after all these years!
— Many other possibilities (if it is not ', where is y’.,?) 13



The Y(4660):
charmonium, f,(980)wy(2S), or A* . A~. molecule?

- By BESTI
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e’ C |e [}
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Y(4630)=Y(4660)? Are there other decay modes?

cle’e = my(2S)] (pb)

o(y(2S)n'm) (pb)

100 ———

1

— [\ (98] IS wn =
< (=] o < (=] o
T T
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Belle: PRD91, 112007 (2015), 980/fb | Y(4660) discovered by Belle in 2007
BaBar: PRD89, 111103 (2014), 520/fb | y(4630) discovered by Belle in 2008

Belle: PRL101, 172001 (2008), 695/fb  Belle: PRD89 072015 (2014) 980/fb
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ete >y’ Recent measurements ete DA A,

100 = . BESIII (This work) ‘ arXiv:2107.09210
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PRD 100, 111103 (2019) Rece nt measu rements PRD 101, 091101 (2020)

ete” » DI D,,(2536)” + c.c. ete” » D{DZ,(2573) + c.c.
40 — 50 -
o, " (@) 89+ 3;(2536)' sidebands N - 66+20 evts Da:§2573)‘ sidebands
< - * " contribution o — - :
>30- 5.96 ok > 40F 340 T Background shape
E - :-:-:- -'I:-ﬁtfcl’ gjf(;g;%;{nsc:debands = 30 :_ '''''''' Sideband fit
- 20 I D | A S PP Fit to D_'D,,(2536) contribution 8 C
ST I ) B 20—
2 + .} D S
GJ 10 j oo 2L BELLE Lﬁ 10 L
= C R > -
LLJ -4 L'!?!!T?'I'-!--ﬁs_ p
0 — 5 &g 05 4.6 47 48 4.9 5 5152 53 5.4 5.5 5.6
B B D
0.2 E /O
N - 0o ,” J BELLE
€. e |
— 0.1 pod - | -
a o f = ol T }']l'l ML
i X - uH A AN 1
= | < -JH[} T AR T
O — B .l. {; ]l 'l r -l-
- , 4.5 | 5 55
M(DD,_,(2536)) (GeV/c?) M(D!D*,(2573)) (GeV/c?)

BESIII has data from threshold to 4.95 GeV, improved measurements are expected!18




BESII

arXiv: 2106.02298
PRD (in press)

Recent measurements ‘
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BESIII has data from threshold to 4.95 GeV, improved measurements are expected!19
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The Z_. states

tetraquark

@

multi—quark states
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The famous Z, states
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M?(K*Jhy) (GeVic?)?
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ete - KK~ J/w ete - K*(D;D"+D:~D") BT = J/w¢pK+

(o)}
N
o

T T ~40T Z 700
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PRD 89, 072015 (2014) PRL 126, 102001 (2021) PRL 127, 082001 (2021)
No significant signal in Z.(3985) in DD+ DD*;mode! Z.(4000) and Z_(4220)

K*J/y decay mode! Mass (MeV) | Width (MeV) In K*J/\y decay mode!

ISti |
(statistics low!) Z,(3985) 53c ?? 39825738 +2.1 12.8%33+3.0 | Widths very different,
Z.(4000) 15c 1+ 4003 + 674, 131415426 not the same state!
Z.(4220) 590 1+ 4216+24%53 233 +£52%77
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Waiting for BESIII result on ete->K*K-J/y from the same data sample!




Summary

Lots of progress in the experimental study of the XYZ states.
X(3872) width to be refined, still ~30% decays to be discovered

More data available for the Y(4630)/Y(4660) states, still not clear whether
they are the same

Three Z_(xxxx) discovered, need confirmation

More results to come, and lots of Opportunities and Challenges ahead
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The near future
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CMS 300 b CMS 3000 fb!
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Thank you very much! bonbwioe cnacnbo! 25



