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State m (MeV) I (MeV) Jre Process (mode) experiment Year
X(3872)  3871.69:0.17 <12 S B = K(x*n J[¥) Belle [22-24], BaBar [25] 2003
pp = (x*n=Jjw)(...) CDF [26-28], D@ [29]
B — K(wl/¥) Belle [30], BaBar [31]
B— K(D*DP) Belle [32, 33], BaBar [34]
B — K(yJ/¥) Belle [30], BaBar |35, 36]
B — K(y(2S) BaBar [36]. LHCb [37]
ete” > an J BESIII [38]
pp— (w*mJj¥) (...) LHCb [39. 40], CMS [41]
Z}(3900) 3886624  282:26 e Y(4260) = (J/y n*)n BESIII [42], Belle [43], CLEO-c [44]] 2013
Y(4260) = (DD*)*n~ BESIII [45]
Y(3940) 39184+ 1.9 20+5 0/2+* B— K (J/yw) Belle [46], BaBar [31, 47| 2004
ete” - ete (wl/Y) Belle [48], BaBar [49]
X(3940) 3942+7 I ™ ete — Iy (..) Belle [50] 2005
e*e” — J/y (DD") Belle [51]
Y(4008) 3891 £ 42 255+42 1— ete” — ntr Il Belle [43, 52], BESIII [53] 2007
Z:(4020) 4024.1%19 135 7= e*e” = n(x*h,) BESIII [54) 2013
Y(4260) = n~(D*D*)* BESIII [55]
Z;}(4050) 40512 82*3! 7= B — K(x*x.(1P)) Belle [56], BaBar [57] 2008
Z(4055) 4054 £ 3 45 (7-) ete — nm (m(2S)) Belle [58] 2014
Z-(4100) (4096+*2) 152°%) 01— B® — K*(n n(1S)) LHCb [59] 2018
Y(4140) 4146.8 + 2.4 2238 B — K(¢J/w) CDF [60, 61], DO [62], LHCb [63], BESIII [64, 65] 2009
X(4160) 4156*77 139213 P e*e” — J/y(D*D*) Belle [51] 2007
Z}(4200) 41963 370+%%, 14= B— K(n*J/w) Belle [66] 2014
Y(4220) 42184 59%12 I== ete” > xow BESIII [67] 2014
ete” = h.ntn BESIII [68]
ete” — Y(2S) mrr BESHI [69]

ete —» D°D*— nt

BESIII [70]



State m (MeV) I' (MeV) Jre Process (mode) experiment Year
X(3872) ) 3871.69:0.17 <12 [+ B — K(x*xJJ¥) Belle [22-24], BaBar [25]
pp = (x*n=Jjw)(...) CDF [26-28], D@ [29]
B — K(wl/¥) Belle [30], BaBar [31]
B — K(D*DP) Belle [32, 33], BaBar [34]
first one B — K(yJ/¥) Belle [30], BaBar [35, 36]
B — K(y(2S) BaBar [36]. LHCb [37]
ete” > an J BESIII [38]
pp — (r*r Jjw) (...) LHCb [39. 40], CMS [41]
ZX(3900)  3886.6+24 28226 N Y(4260) — (J/o n*)n BESIII [42], Belle [43], CLEO-c [44]] 2013
Y(4260) = (DD*)* n~ BESIII [45]
Y(3940) 39184+ 1.9 20+5 0/2+* B — K (J/yw) Belle [46], BaBar [31, 47] 2004
ete” = ete (wllv) Belle [48], BaBar [49)
X(3940) 3942+7 I ™ ete- — JIY (.. Belle [50] 2005
ete” — Jjy (DD") Belle [51]
Y(4008) 3891 + 42 255+42 - e*e” — atn Ju Belle [43, 52], BESIII [53] 2007
Z}(4020) 4024.1%19 13+5 = e*e- = n(x*h,) BESIII [54] 2013
Y(4260) = =~ (D*D*)* BESIII [55]
Z;}(4050) 40512 82*3! 7= B — K(x*x.(1P)) Belle [56], BaBar [57] 2008
Z*(4055) 4054 + 3 45 (™) ete — m (r*(2S)) Belle [58] 2014
(4096+2) 15279 0%*/1*  B® - K*(x nA1S)) LHCb [59]
Y(414( 4146.8 + 2.4 /5 L B — K(¢J/uwr) CDF [60, 61], DO [62], LHCb [63], BESIII [64, 65] 2009
X(4160) 4156*77 139213 P e*e” — J/y(D*D*) Belle [51] 2007
Z+(4200) 41963 370+%%, 1+ B — K(x*J/) Belle [66] 2014
Y(4220) 4318 59+12 I== ee” = Yo w BESIII [67] 2014
ete” = hontn BESIII [68]
last one ete” = Y(2S) - BESIII [69]

ete —» D°D*— nt

BESIII [70]



State m (MeV) I' (MeV) k Process (mode) experiment Year
Z3(4250) 4248*1% 17730 9% B — K(r*x,(1P)) Belle [56], BaBar [57] 2008
Y(4260) 4230+ 8 55+19 == ete” -t JIy BaBar [71,72], CLEO-c [73], Belle [43, 52], BESIII [53] 2005
ete” = K*K-Jjy CLEO-c [74], BESIII [45]
ete” = n’nlljw CLEO-c [74]
e*e” — Z:(3900)* n* Belle [43], BESIII [42]
X (4350) 4350.6*3% 1334184 7™ ete” — oIy Belle [75] 2009
Y(4360) 4368 £ 13 96+7 1— ete” -t Y(2S) BaBar [76, 77], Belle [58, 78], BESIII [69] 2007
ete” =t JW BESIII [53]
Y(4390) 4391.5*72 139582 = e*e” = hon*n BESIII [68] 2016
Z*(4430) 4478+ 2 181 + 31 1+ B — K~ (x*y(25)) Belle [79-81], BaBar [82], LHCb [83] 2007
B — K~ (x*J/w) Belle [66], BaBar [82]
X(4630) 46347 924 I= ete = AYAZ Belle [84] 2008
Y(4660) 4643+9 7211 - e*e” -t Y(2S) Belle [58, 78], BaBar [77] 2007

+. - +A—
ee” = AN

BESIII [84]




State m (MeV) I (MeV) k Process (mode) experiment Year

Z3(4250) 4248*1% 17730 9% B — K(r*x,(1P)) Belle [56], BaBar [57] 2008
Y(4260) 4230 =8 55+19 == ete” - Iy BaBar [71, 72], CLEO-c [73], Belle [43, 52], BESIII [53] 2005
ete” = K*K-Jjy CLEO-c [74], BESIII [45]
ete” = 2 Iy CLEO-c [74]
e*e” — Z:(3900)* n* Belle [43], BESIII [42]
X(4350) 4350.6*3% 133418 7™ ete — oy Belle [75] 2009
Y(4360) 4368 + 13 96+7 1— ete” -t Y(2S) BaBar [76, 77]. Belle [58, 78], BESIII [69] 2007
ete” - Iy BESIII [53]
Y(4390) 4391.5*72 139582 = e*e” = hon*n BESIII [68] 2016

4478+ 2 181 + 31 1+ B — K~ (x*y(25))
B — K~ (x*J/¥)

81], BaBar [82], LHCb [83]

Belle [66], BaBar [82]
Aelle [84] 2008

Belle [58, 78], BaBar [77] 2007
BESIII [84]

+9 _—
4634-! ! 92:‘;5 1

46439

X(4630)

Y(4660) 72+11

first charged one =» not a cC state



State m (MeV) I (MeV) . o Process (mode) experiment Year

Z;(4250) 4248+ 177 P B = K(r*y,(1P)) Belle [56], BaBar [57] 2008
Y(4260) 4230 + 8 55£19 IF< ete” =t JIu BaBar [71, 72], CLEO-c [73], Belle [43, 52]. BESIII [53] 2005
ete” = K*K-Jy CLEO-c [74], BESIII [45]
ete” = 1°n’Jy CLEO-c [74]
ete” — Z.(3900)* n* Belle [43], BESIII [42]
X(4350) 4350.6*3% 1334188 9%+ ete — dJjuw Belle [75] 2009
Y(4360) 4368 + 13 96+7 ete” — mta w(2S) BaBar [76, 77]. Belle [58, 78]. BESIII [69] 2007
ete” -t I BESIII [53]
Y(4390) 4391.5*72 139:5+152 1= ete” > hontn BESIII [68] 2016

4478* 2 181 £ 31 1+ B — K~ (x*y(25))
B— K~ (x*J/y)

81], BaBar [82], LHCb [83]

Belle [66], BaBar [82]

X(4630) 4634+ g2 I= et 3elle [84] 2008
Y(4660) 46439 72+11 Belle [58, 78], BaBar [77] 2007

BESIII [84]

first charged one =» not a cC state

searched Z(4430) in 4 decay modes:

arXiv:0905.2869




confirm the
observation of

6.1cand JP=1*

Events / 0.17 GeV?/c*

arXiv:1306.4894
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7> confirm the

</ observation of
S Z*(4430) with

arXiv:1306.4894
6.1cand JP=1*

Events / 0.17 GeV?/c*

K> XXX X XX X X XJ [> XXX XX > RX XX 9 XA [
- De AR D% %% O p KKK [ XXX X (X X4
O FHOLRIIKIARRRAKRARK KR | 1RRARRKIRRAKIKIXRARRIARN (XRRAH Y

M?(y’ ), GeV?/c?
has confirmed the observation of
Z*(4430) with 13.90and J* =1*

LHCD
L)

arXiv:1404.1903

i LHCb
—1.0 <mz, < 1.8 GeV?

[\
S
)

M = (4475+7+20) MeV
[ = (172113£35) MeV

Candidates / ( 0.2 GeV?)

100

16 18 20

22
m?,- [GeV?]



%(arXiv:l404.l903) also did the first attempt to demonstrate
the resonant behavior of Z*(4430): the Breit-Wigner amplitude
was replaced by a combination of independent complex
amplitudes at six equally spaced points in mw; range covering
the Z*(4430) peak region

Ngo,z; LHCb

) E— / Breit-Wigner
0af
0.4 the Argand diagram is

_ : | consistent with a rapid phase
0 ™ 04l 02 o0 oz transition, as expected for a

Re AZ
fitted values of Z resonance

amplitude in six my'; bins



threshold effect in the D1 D* channel
Rosner, arXiv:0708.3496

four-quark radial excitation with JF¢ = 11—
Maiani, Polosa & Riquer, arXiv:0708. 3997

Z1(4430)
radial excitation of A, — X2 bound state
Qiao, arXiv:0709.4066

D, D* molecular state with J¥ =0—,17,2~
Meng & Cheng, arXiv:0708.4222
cusp in the D; D™ channel

Bugg, arXiv:0709.1254

D+ D* molecular state with J© = 1T
He, arXiv:1410.8645

D1D* or DoD* molecular state with J© =11

Ma, Liu, Liu, Zhu, arXiv:1404.3450; Barnes,
Close, Swanson, arXiv:1409.6651

not a real
state



Z1(4430)

before LHCb

after LHCb

threshold effect in the D1 D* channel
Rosner, arXiv:0708.3496

four-quark radial excitation with JF¢ = 11—
Maiani, Polosa & Riquer, arXiv:0708. 3997

radial excitation of A, — X2 bound state
Qiao, arXiv:0709.4066

D, D* molecular state with J¥ =0—,17,2~
Meng & Cheng, arXiv:0708.4222

cusp in the D; D™ channel
Bugg, arXiv:0709.1254

D+ D* molecular state with J© = 1T
He, arXiv:1410.8645

D1D* or DoD* molecular state with J© =11

Ma, Liu, Liu, Zhu, arXiv:1404.3450; Barnes,
Close, Swanson, arXiv:1409.6651



Maiani et al. (arxiv:0708.3997) : four-quark radial excitation of
the |I* charged state (X(3872) partner)

Z+(4430)

~560

X(3872)

X*(?7)

—

should be seen in J/PTT
decay mode




Maiani et al. (arxiv:0708.3997) : four-quark radial excitation of
the |I* charged state (X(3872) partner)
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Maiani et al. (arxiv:0708.3997) : four-quark radial excitation of
the |I* charged state (X(3872) partner)

Z+(4430) «—> Z1(4430) — (28)nt

My(as) — Myis) ~ 590 MeV ~ M+ — My

~560

X(3872)

should be seen in J/PTT
decay mode

X*(?7)




Maiani et al. (arxiv:0708.3997) : four-quark radial excitation of
the |I* charged state (X(3872) partner)

2*(4430) «——> 7 (4430) — (28)w™

My(as) — Myis) ~ 590 MeV ~ M+ — My

~560

X(3872)

should be seen in J/PTT N
decay mode B E S ”I

2013




Charged Charmonium states discovered in 2013
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arXiv:1303.5949
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Events / 0.01 GeV/c?

€

Charged Charmonium states discovered in 2013
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Events / 0.01 GeV/c?

Z7(3900) and ZT(3885) could be the same state?

~ —4- Data Y]
e - — Total fit 8 10

B -==« Background fit >
80 |- -~ PHSP MC Q go

£ + -Sideband E
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M = (3890%3.64.9) MeV M = (3883.9£1.5%4.2) MeV

[ = (46£102£20) MeV [ = (24.83.3211.0) MeV



Z7(3900) and ZT(3885) could be the same state?

~ —4- Data Y]
O 100: — Total fit 810
; ---« Background fit >
8 80|~ -.=. PHSP MC Q go
p— B + .Sideband E
g 60 - \ < 60
~
@ 401 | WIestti .. ® 40
o 20F S 20
: L 0 "
0537 38 3.9 4 3.85 3.90 3.95 4.00 4.05 4.10 4.15
Muax(mJ/y) (GeVi/c?) M(D*D*") (GeV/c?)
M= (3890%+3.6%4.9) MeV M= (3883.9%1.514.2) MeV

[ = (46+10%20) MeV
B ESII
arxXiv:1310.1163

I'(Z.(3885)—DD*)
[(Z.(3900)—>nJ /)

[ =(24.8%3.3%11.0) MeV

Assuming Z,(3885) and Z(3900)
to be the same state =

0.2 -

_ ].]. 1 27



PDG

Z.(3900) DECAY MODES

Mode Fraction (I';/T)
1 J/Yr seen
> hem= not seen
3 Ne . not seen
4 (DD*)* seen
5 DVD*— 4 ¢cic seen
6 D~ D* e seen
7 wWTe not seen
g J/Un not seen
9 DTD* +cc seen
10 DYD* 4+ cic seen



i

PDG

Z.(3900) DECAY MODES

Mode Fraction (I';/T)
J/wﬂ. S€€ﬂ>\‘
(o h.T— not seen
-3 Me 7r+ m™ not seen ZC(3900)
4 (DD*)* seen
K DY D*— + c.c. seen
7 D~ D*t ¢t seen
(7 wT not seen
g J/Un not seen ZC(3885)
9 D+P*_ + c.c seen

10 DYD* 4+ cic seen



QCDSR Results for decay widths

Dias, Navarra, MN, Zanetti

OF the ZC+(3900) arXiv:1304.6433
Vertex coupling constant (GeV)|decay width (MeV)
ZF(3900)J /4y 3.89 £ 0.56 29.1 £ 8.2
Z1(3900)n.p" 4.85 4+ 0.81 27.5 4+ 8.5
Z7(3900)D* D*° 2.5+ 0.3 3.2 +£0.7
Z7F(3900)D° D** 2.5+ 0.3 3.2+£0.7




QCDSR Results for decay widths

of the Z.+(3900)

Dias, Navarra, MN, Zanetti
arXiv:1304.6433

Cpee— - - ———U
Vertex coupling constant (GeV)|decay width (MeV)
ZF(3900)J /¢m™ 3.89 + 0.56 29.1 + 8.2
ZF(3900)n.p" 4.85 + 0.81 27.5 + 8.5
Z7(3900)D* D*° 2.5+ 0.3 3.2 +£0.7
Z7F(3900)D° D** 2.5+ 0.3 3.2+£0.7
= . same result as in Maiani et al.
L(£.(3900) = DD") = 0.224+0.12 using a tetraquark model

['(Z.(3900) — 7w J /)

arXiv:1303.6857



QCDSR Results for decay widths

of the Z.+(3900)

W_.‘., g -
a2l

Dias, Navarra, MN, Zanetti

arXiv:1304.6433

Vertex coupling constant (GeV)|decay width (MeV)
Z1(3900)J /7™ 3.89 + 0.56 29.1 &+ 8.2
Z1(3900)n.p" 4.85 4+ 0.81 27.5 4+ 8.5
ZF(3900)D* D*° 2.5+ 0.3 3.2 +0.7
ZF(3900)D° D** 2.5+ 0.3 3.2 £0.7
I'(Z.(3900) — DD*) same. result as in Maiani et al.
[(Z.(3900) = 7)) =0.22£+0.12 using a tetraquark model
c " arXiv:1303.6857
B ESII
I'(Z.(3885)—DD™*) n N
P(ZC(3900)—>7TJ/77D) - 6.2 4 1.1 4 2.7

QCDSR and tetraquark model = not the same state!

S e e e

e ——— e



up to now: 8 charmonium charged states

Z+(4430)

DD
BELLE
2007
y=d ' .t ¢
QS% .:' !‘ s

e Cb]
| N Lo

Z,*(4050)
2008

D
BELLE

D
BELLE

Z,"(4250)
2008

II - --

B E sl ZC+(3900)
2013

D

<O

BELLE

Z.*(4020)
2013

B E Silll

Z.*(4055)
2014

Z.*(4200)
2014
D

<O

Z:7(4100)
2018
rach 30!

m needs

confirmation




up to now: 8 charmonium charged states

Z+(4430) P 7,+(4050) P 7,*(4250)
BELLE 2007 BELLE 2008 BELLE 2008
_. . M=(4051%35)MeV
s e [=(82152)MeV b4
OB FNET. (SRS by
BESII Z:7(3900) Z:7(4020) Z:7(4055)
2013 2013 2014
Sl M=(4054+3)MeV
{B BEa [=(45+15)MeV
BELLE QBE Tl'+\|‘r(25)
£:7(4200) £:7(4100)
2014 2018
D ’
@ %Cl‘?] n3e(e)-d;
confirmation




up to now: 8 charmonium charged states

Z+(4430) P2 7,+(4050) PR Z,*(4250)
BELLE 2007 BELLE 2008 BELLE 2008
. M=(4051+35)MeV -
: &7 ch |G TTELE)MeY
BELLE ;___‘ Iigrﬁ\: I ;___‘ 1T+XCI *
BESIl Z:.*(3900) Z:7(4020) Z:7(4055)
2013 2013 2014
— 1" or 27 M=(405413)MeV
{B BES DD* |J@a] I=(45%15)MeV
=5 molecule TT*Y(25)
£:7(4200) £:7(4100)
2014 2018
D |
@ % n3e(e)-d;
confirmation




Y (I%¢=1") Family

N e— - - ——————

State Name in PDG  Decay channel Experiment Year
Y(4220)  ¢(4230) Y(4220) - yow BESIII [67] 2015
Y(4220) - he vt~ BESIII [68] 2017
Y(4220) — (25) a7~ BESIII [69] 2017
Y(4220) — D°D*~ »*  BESII [70] 2018
Y(4260)  ¥(4260) Y(4260) — J/yn"n BaBar [71, 72]; CLEO-c [73]; Belle [43, 52] 2005
Y (4260) — J/y n°x° CLEO-c [74] 2006
Y(4260) —» J/y KK~  CLEO-c [74]; Belle [201, 202] 2006
Y(4260) — J/v f,(980) BaBar [72] 2012
Y(4260) — Z(3900)* © Belle [43]; BESIII [42] 2013
Y(4260) —» J/Yy nn BESIII [53] 2017
Y(4360)  (4360) Y(4360) — y(2S)x"x~ Belle [58, 78]; BaBar [76, 77]; BESIII [69] 2007
Y(4360) —» J/yntn BESIII [53] 2017
Y(4390)  y(4390) Y(4390) - hen'n BESIII [68] 2017
Y(4390) —» ¢(25) x"x~ BESIII [69] 2017
Y(4660)  uv(4660)  Y(4660) — v(2S)n*n~ Belle [58, 78]; BaBar [77] 2007
Y(4660) — ATA; BESIII [84] 2008




&

Y (J?=17) Family

DR - —— - —————————

State Name in PDG  Decay channel Experiment Year
Y@220) w(4230)  Y(4220) — xuo @ BESIII [67] 2015
Y(4220) — he n*x~  BESIII [68] 2017

Y(4220) — y(2S) #*x~ BESII [69] 2017

Y(4220) — D°D*~ x*  BESII [70] 2018

@ U(4260)  Y(4260) - J/y =*x~  BaBar [71,72]; CLEO-c [73]; Belle [43, 521(2005 )

Y(4260) — J/y n°2°  CLEO-c [74] 2006

Y(4260) — J/w K*K~  CLEO-c [74]; Belle [201, 202] 2006

first one  y(4260) — J/¥ £,(980) BaBar [72] 2012
Y(4260) — Z.(3900)* #* Belle [43]: BESIII [42] 2013

Y(4260) — J/ x*x~  BESII [53] 2017

Y(4360)  (4360) Y(4360) — y(2S)x"x~ Belle [58, 78]; BaBar [76, 77]; BESIII [69] 2007

Y(4360) — J/yn*x~  BESII [53] 2017
W(4390)  Y(4390) — hox*x~  BESIII [68]
7 Y(4390) — y(2S) x*x~ BESIII [69] 2017
last one
Y(4660)  y(4660)  Y(4660) — y(2S) 'z~ Belle [58, 78]; BaBar [77] 2007

Y(4660) — AA- BESIII [84] 2008




First three sfa’res%
— | —
e"e” — 17~ Final States

via Initial State Radiation (ISR)

e+

e~ — ~vrrs(cc)

data collected at 10.6 GeV

05) Y (4260) — J/ipmtm




First three states !
DR — - - ---—--—J
e e~ — 17~ Final States
via Initial State Radiation (ISR)

e+

e~ — ~vrrs(cc)

data collected at 10.6 GeV

2008 2018

M =(4263+9) — (423048) MeV

57 05) Y/(4260) — J/pmtmT r-(@oen (5519 ey

M =(4361+15) — (4368+13) MeV

Y(436O) 7 w(QS)W+7T_ [ =(74+£23) — (96%£7) MeV
Y (4660) — 9(2S)m T~ M=4664217) — (4643£9) Mev

[ = (48+16) — (72+11) MeV

(07)



First ’rhree states %
DR — "-"-d
eTe” — 17~ Final States
via Initial State Radiation (ISR)

e+

e~ — ~vrrs(cc)

data collected at 10.6 GeV

2008 2018

| M =(4263+9) — (4230+8) MeV
o (05) Y(4260) — J/¢mtm

[ = (95+14) — (55+19) MeV
M =(4361£15) — (4368+13) MeV
60) — w(QS)W+7r [ = (74+23) — (9627) MeV

+ _— M =(466417) — (464329) MeV
60) — ¥(25)n " [ = (48+16) — (72+11) MeV

&

Why exotics? |



masses and widths of these states are not
consistent with any of the 1=~ charmonium states

Y(4810) :

W(4760) :

v(a660)  + Y(4260): £
¥(4520) - charmonium ‘<< "

Y(4415) : hybrid

Y(4360) qq-gluon“hybrid”

¥(4260)

Y(4160) :

¥(4040) :




masses and widths of these states are not
consistent with any of the 1=~ charmonium states

¥(4810) :
W(4760) :

Y(4660)  « Y(4 260):
Y(4520) : charmonium v
Y(4415) : hy b ri d "\‘/

Y(4360) « qq-gluon“hybrid”

¥(4260)

Y(4160) :

¥(4040) :

Lattice (esraig04) and string model
calc. (Pro77(08): M~4400 MeV

Charmonium hybrids:
flux tube (PrD52(95): M~4200 MeV



charmonium hybrid = dominant decay mode 1)),
(Close & Page, PRLB628(05)215)

Maiani et al. (Pro72 (05)) tetraquark J¥'¢ = 1~ states:

Y (4260) = ([cs]s=0[C8]s=0) p-wave

Ebert et al. (erpucss(0s8)) = such state would have M ~ 4450 MeV



charmonium hybrid = dominant decay mode 1)),
(Close & Page, PRLB628(05)215)

Maiani et al. (Pro72 (05)) tetraquark JY¢ = 1~ states:

Y (4260) = ([cs]s=0[€8]s=0)p-wave

Ebert et al. (erpucss(0s8)) = such state would have M ~ 4450 MeV

baryonium A_ — A, state (Qiao, PLB639(06))

Y (4260) ‘4 S-wave threshold effect (Rosner, PRD74(06))
\ molecular state (Ding, Liu et al.,Yuan et al., MN et al.,...)

manifestations of Hegee Zelr0S (Beveren et al., arXiv:0811.1755)




charmonium hybrid = dominant decay mode 1)),
(Close & Page, PRLB628(05)215)

Maiani et al. (Pro72 (05)) tetraquark J¥'¢ = 1~ states:

Y (4260) = ([cs]s—0[€58]s=0)p-wave

Ebert et al. (erpucss(0s8)) = such state would have M ~ 4450 MeV

baryonium A_ — A state (Qiao, PLB639(06))

Y (4260) ‘4 S-wave threshold effect (Rosner, PRD74(06))
\ molecular state (Ding, Liu et al.,Yuan et al., MN et al.,...)

manifestations of Regee Zelr0S (Beveren et al., arXiv:0811.1755)

Observed at B factories with limited statistics
High precision measurements at BESIII supply new insights



9) — (4230+8) MeV
4) — (55+19) MeV

&7 05) v (4260) — J/ymtn e
B E S

arXiv:1410.6538 = etTe™ — Wy

M = (4230826) MeV
[ = (38+12+6) MeV, 90

Inconsistent with the Y(4260) line
shape. It was called Y(4220) 2

A5 42 4025 43 435 44 445 45
\s (GeV)

100
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M =(4263+9) — (4230+8) MeV
&5 (09) Y'(4260) — J/ym T T = (95£14) — (55£19) MeV
BESII
100
arXivi1410.6538 = ete” — Wy ~
M = (4230+8+6) MeV =
[ = (38+12+6) MeV, 90 3
Inconsistent with the Y(4260) line s
shape. It was called Y(4220)

250&‘— « BESIII R scan data sample , \'s (GeV)
oME D 1]
§ 1w - heew arXiv:1610.07044 = e¢Te™ — w1 h,
7 100 M = (4218.4+5.1+0.9) MeV
% o0 [ =(66.0£10.3+0.4) MeV, 100
A M = (4391.5+6.5+1.0) MeV
. [ =(139.5+18.4+1.0) MeV, 100




B M =(4263+9) — (4230+8) MeV
(05) Y (4260) — J/ymTm™ T = (95£14) — (55£19) MeV
BESII
100
arXivi1410.6538 = ete” — Wy ~
M = (4230+8%6) MeV =
[ = (38+12+6) MeV, 90 3
Inconsistent with the Y(4260) line s
shape. It was called Y(4220)

250 ? - m%:s:m R scan data sample , \'s (GeV)
_‘gmé ::; T‘f%';g; arXiv:1610.07044 = ete™ — 7tr h,
%Fmo; M= (4218.4£5.1£0.9) MeV
% soz— [ = (66.0x10.3+£0.4) MeV, 100
S f M = (4391.5+6 52
5"?.3,9.‘..410‘ s [ =(139.5£18.41£1.0) 100
1s(e)

Inconsistent with the Y(4260) and Y(4360), but consistent with Y(4220)



B M =(4263+9) — (4230+8) MeV
(05) Y (4260) — J/ymTm™ T = (95£14) — (55£19) MeV
BESII
100
arXivi1410.6538 = ete” — Wy ~
M = (4230+8%6) MeV =
[ = (38+12+6) MeV, 90 3
Inconsistent with the Y(4260) line s
shape. It was called Y(4220)

250;— .m?:s:m R scan data sample , \'s (GeV)
P o @ arXiv:1610.07044 = ete™ — tap h,
%moj— M= (4218.4+5.1£0.9) MeV
i = [ = (66.0£19.3+0.4) MeV, 100
S M = (4391.5+6 52

< M =(139.5%18.4+1.0) 100

Inconsistent with the Y(4260) and Y(4360), but coxsistent with Y(4220)
The higher mass state was called Y(4390)



02577 0 25— T

; 3o contour - 3o contour -

y 2 20 contour - > ¥ 20 contour -

0 201 B 10 contour 0 20f B 10 contour

: -~ (4220) - | — (4390)

0 15} 1 o01sf :

2 | + RO :
~ 010 @epy ® 1 =010 t y
; ] - (4360) :

: ; » +w(4415) .

005:— (4260) PE (4230) ‘ 0 05 a

0%):“""""11-:q 0 [P ORI | R || PPN 1 i
15 420 425 4 30 30 435 440 445 450
(ec 9 (ec %

FIG. 3. The likelihood contours in the mass and width planes for

Y (4220) (left panel) and Y (4390) (right panel). The filled areas

are up to 3o likelihood contours and the dots with error bars are the
locations of Y or 1) states. The parameters of Y (4260)F" are taken

from the PDG average [3] and Y (4260)"" SHI from the measurement
of e"e” — ™ J/+ at BESIII [35].



arXivi1611.01317 = ete” — w1 n J/1

M = (4222.0+3.1+1.4) MeV
[ = (44.1+4.3+2.0) MeV, 100

M =(4320.0+10.4+7) MeV
[ =(101.4123.2+10.2) MeV, 7.60

o(e'e —n*rwJA) (pb)

Consistent with the Y(4260) and Y(4360) (first time in this channel)



arXivi1611.01317 = ete” — w1 n J/1

M = (4222.0+3.1+1.4) MeV
[ = (44.1+4.3+2.0) MeV, 100

M =(4320.0+10.4+7) MeV
[ =(101.4123.2+10.2) MeV, 7.60

o(e'e—n*mJhp) (pb)

Consistent with the Y(4260) and Y(4360) (first time in this channel)

= 120b
arXiv:1703.08787 = ¢~ — w*w‘@b(ZS) g 1:25
M = (4209.57.4%1.4) MeV S wf
[ =(80.1£24.6+2.9) MeV, 5.80 g 4of
O 20f
M = (4383.8+4.2+0.8) MeV of
[ =(84.2¢+12.5+2.1) MeV, 100

Consistent with the Y(4220) and Y(4390) observed in ete™ — 777 h.



arXiv:1808.02847 = e e~ — 7T DYD*~

M = (4224.8%5.6) MeV 1000

[ =(72.3+9.1) MeV 0
M = (4400.129.3) MeV 24
[=(181.7¢16.9) MeV 7

lower mass resonance in good
agreement with the Y(4220) .
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o(e’e —n*nJAp) (pb)

arXiv:1808.02847 = e e~ — 7T DYD*~

M = (4224.8+5.6) MeV 1000‘""""""""'l"'""""—
[ =(72.319.1) MeV 300 |

M = (4400.1£9.3) MeV 2 600 |

[ =(181.7£16.9) MeV 8 !

w3400
o

200

llllllllllll‘llllll
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lower mass resonance in good

agreement with the Y(4220) e e T

I 3 sean BESIII data indicate that the
_ i structure Y(4260) actually
100 - consists of two resonances with

masses 4220 and 4320 MeV,
observed in the

ete -t J/ VY,
with the Y(4220) being its main
component

50




QCD sum rules calculation for Y (J¥¢ = 1-7)

tetraquark current (Albuquerque, MN, arXiv:0804.4817)

j¥ = [cs|s=1|C5]s=0 + [cs]s=0|C5]s=1

my = (4.65 & 0.10) GeV in good agreement with Y (4660)

molecular current (Albuquerque, MN, Silva, arXiv:1110.2113)
j¥ = DoD* + DoD*
my = (4.96 + 0.11) GeV not compatible with Y(4260)

D*Dgo = m = (5.12 £ 0.10) GeV

other currents{ DD; = m = (4.12 £+ 0.09) GeV

[cqls—o0[Ccqls=1 = m = (4.49 £ 0.11) GeV




QCD sum rules calculation for Y (J¥¢ = 1-7)

tetraquark current (Albuquerque, MN, arXiv:0804.4817)

7¥ = [cs]s=1[E8]s=0 + [cS]s=0[C5]5=1

my = (4.65 & 0.10) GeV in good agreement with Y (4660)

molecular current (Albuquerque, MN, Silva, arXiv:1110.2113)
j¥ = DoD* + DoD*
my = (4.96 + 0.11) GeV not compatible with Y(4260)

D*Dgo = m = (5.12 & 0.10) GeV

other currents{ DD; = m = (4.12 £+ 0.09) GeV

[cqls—o0[Ccqls=1 = m = (4.49 £ 0.11) GeV

none of them compatible with Y(4260)



Ju(x) = sin(Q - cos(@)

&) _ €abc€dec 7\ L COHG d(x)yﬂy5C55(,x)) + (qg (x)Cysy,,Cb(.l')) (@d(x))’sCEeT(x))].

Y(4260) as a mixed charmonium 4-quark state

Dias, Albuquerque, MN, Zanetti: PRD86 (12)
|
(2) . - o
— = —\5(4161) C (%)Y Ca(X)

525° < 9 < 535° «—> my =(4.26 +£0.13) GeV



Y(4260) as a mixed charmonium 4-quark state

Dias, Albuquerque, MN, Zanetti: PRD86 (12)
y L s
i = 50D Caucal®)

Ju(x) = sin(@ - cos(@) V2

,.(4) L €abc€dec [(([T L
a

Jii T
525° < 0 < 535° «—> my =(4.26 +£0.13) GeV

G0 ysCer () + (g4 ()Cysyucy(x)) (Ga(x)ysCer ()|

(Y = J/u nn) = (4.1 +0.6) MeV much smaller than the total experimental
S width: TP = (55 + 19) MeV

possible indication that the main decay channel is in D mesons =
the Y(4220) is indeed the main component of the Y(4260)!



Y(4260) as a mixed charmonium 4-quark state

Dias, Albuquerque, MN, Zanetti: PRD86 (12)
y P
/JLQ) — —(C[(l> Ca(x))’yCa(x)

Ju(x) = sin(é) - COS(Q) V2

,.(4) = €abc€dec [((]T R
a

Jii T
525° < 0 < 535° «—> my =(4.26 +£0.13) GeV

G0(X)y,y5CeL () + (qh (OCYsYuep(x) (qa(x)ysCEL ()|

(Y = J/u nn) = (4.1 +0.6) MeV much smaller than the total experimental
S width: TP = (55 + 19) MeV

possible indication that the main decay channel is in D mesons =
the Y(4220) is indeed the main component of the Y(4260)!

production in B meson decay: 8(B — Y (4260)K) = (1.34 £ 0.47) X 107°
compatible with the experimental limit: B¢*? < 2.9 x 10°



X(3872) @ KEK (PRL91(2003))

very narrow state observed in the decay: B — K*(J/¢ynTn )

best studied charmonium exotic candidate

S anfae e . Mx = (3871.69 £ 0.17) MeV
S | [<1.2 MeV
B 800;— +

3600 3700 3800 390
M(JAy [MeV/c?]

/2 3P (3990)

cé spec. for J¥¢ = 17 (garnes & Godifrey, PRD69 (2004))
N3 3p, (4290)



X = Jp otn—aY
X = J/p nrm—

= 0.8+ 0.3 = strong isospin and G
parity violation

M(D**D% = (3871 + 1)

X(3872): molecular (D*°D° + D*°DY) state (Swanson, Close, Voloshin, Wong ...)

Maiani et al. (Pro71 (05)) tetraquark JF¢ = 117 state



X = Jp otn—aY
X = J/p nrm—

= 0.8+ 0.3 = strong isospin and G
parity violation

M(D**D% = (3871 + 1)

X(3872): molecular (D*°D° + D*°DY) state (Swanson, Close, Voloshin, Wong ...)

Maiani et al. (Pro71 (05)) tetraquark JF¢ = 117 state

@ molecular and tetraquark

D diquark-diantiquark inferprefafions d|FF€r by
@n the way quarks are

@ organized in the state
*0

D — D® “molecule”




X(3872) production

. D N B
B decays at B factories (s BE — X(3872)K*
) Meson coalescence

Meson Molecule »
Small binding energy

B* Agreement with data
E. Braaten, M. Kusunoki, hep-ph/0404161
§ —— X(3872) —— &
7 = . o et e ‘“—\6
[ d C\:"::Ti?fﬁiiﬁi?j?zfﬁfi{?)i?i'ﬂiﬁf‘/’ ¢ d y q y
\ 1 A ,' Diquark-antidiquark picture
Tetraquark .\ X N L

Non-relativistic potential

Agreement with data |

i
(' § d \] S.J. Brodsky, D.S. Hwang, R.F. Lebed, arXiv:1406.7281



Meson molecule <

How can a molecule, with small binding energy, be produced in
high energy collision with large cross section?



.-/‘--‘ | \\\
’ / | N\
CMS - s a2
- i
s A
l‘y - ‘y /
\ \ /
:. \ /
— S /
N

Proton - (anti)Proton ﬁ’ﬁﬁ

Meson molecule <

How can a molecule, with small binding energy, be produced in
high energy collision with large cross section?

theoretical estimates + MC — production cross section
smaller by factor 300! (Bignamini et. al., PRL103(09)162001) Problem
for molecular approach



CMS ~ 7 g\
- (s 14| =)
e )
= = =
X . \ /
. \\ ! /
N ‘l //
<L

Proton - (anti)Proton |L"ii’g"[§

Meson molecule <

How can a molecule, with small binding energy, be produced in
high energy collision with large cross section?

theoretical estimates + MC — production cross section
smaller by factor 300! (Bignamini et. al., PRL103(09)162001) Problem
for molecular approach

NRQCD plus production from rescattering of DD* created

at a point: molecular approach can describe the CDF
data ! E Braaten, L-P He, K Ingles, arXiv:1811.08876



Tetraquark | =
lO'g" . :
; o
[l
P 2 10'F i T J
c o s
I (CMS)
10"' 1
P c :
lo-l ..l‘
10 10
sm(GeV)

double parton scattering with parameters fixed to
reproduce CMS data (Carvalho et al., arXiv:1511.05209)



Tetraquark

]|

N | 1
: w— = 12 GeV
102:_ | e o= m_=13GeV =
f T
: “ !ggf 5 u
=) lOlf' .z iil ! -
E E . g il ]
° i :
;-gii”' (CMS)
10 |1 )
-1 4 4 s 4+ 4 3341 M M PO A A |
10,07 10° 10"
sm(GeV)

double parton scattering with parameters fixed to
reproduce CMS data (carvalho et al., arXiv:1511.05209)

—4
o
N

*p)m')d"‘o/dedy[nb/GeV]
=

Br(X(3872)—>J/y(u

) . - ' ' b o
¥ ATLAS .
; (s=8 TeV, 11.4fb" -
— Prompt X(3872) =
| ¢ ATLAS data i}
- [ INLO NRQCD 4

s _ ‘ : : : -
10 20 30 40 50 60 70

X(3872) P, (GeV]

The X(3872) is modeled as a mixture of

a X.,(2P) and a D’D*® molecular state.

arXiv:1610.09303

Theoretical calculation from
Meng et al., arXiv:1304.6710



QCD sum rules calculation for X (3872)

Matheus, Narison, MN, Richard: PRD75 (07)

. iea c€dec _ _ _ _
G = ”ﬂd (qF Crses)(@arnCel) + (¢F Cyuen) (@arysCel)]

mx = (3.92 + 0.13) GeV



QCD sum rules calculation for X (3872)

Matheus, Narison, MN, Richard: PRD75 (07)

. 1€abcEdec _ _ _
G = bﬂd [(qF Crses) (@arnCel) + (¢F Cyuen) (GarysCel)]

mx = (3.92 + 0.13) GeV

Problem: decay width X — J/yr |
~ 50 MeV (Navarra, MN, PLB639 (06)272) W'

e = ———

How to solve this problem?



X(3872) as a mixed charmonium 4-quark state
Matheus, Navarra, MN, Zanetti: PRD80 (09)

JI(x) = sin(6) ;7 (x) + cos(6) ji; ? (x)



X(3872) as a mixed charmonium 4-quark state

Matheus, Navarra, MN, Zanetti: PRD80 (09)
1

20 = (ag) Ca)yyscal®)
JZ(X) = Sln(Q m -+ COS(G /jp 6\/§<qu> CalX)Yuys5CalX

1
i) = ﬁ[ (C7a(x)')’SCa(-x)Eb(x)')’yCIb(x)) — (Fa(X)YuCa(0)(X)y5q(x)) ]



X(3872) as a mixed charmonium 4-quark state
Matheus, Navarra, MN, Zanetti: PRD80 (09)

, - —<qq> Ca(X)YuysCa(X)
7500 = o) » oo @y "’
1

Ja ) = ﬁ[ (Gaxyysca(0T () ugp(x)) = (Fa(0)VuCalX)TH(X)ys b)) ]

mx = (3.77 £ 0.18) GeV
50<6<130

Compatible with the experimental X(3872) mass



X(3872) as a mixed charmonium 4-quark state
Matheus, Navarra, MN, Zanetti: PRD80 (09)

. — —((l([) Ca(l)YIySCa(‘)
750 = S0 TG + oo @Ry |
1

i) = 3[ (Za(0)y5¢a(X)Ep(X)Yuqp(x)) = (Ga(X)VuCalX)Ts(x)Y5q(x)) ]

mx = (3.77 £ 0.18) GeV
50<6<130

Compatible with the experimental X(3872) mass

=2l BX — J/ynta 7

X i . d
= —» ., (x) =cosal,(x)+smaJ, (x
T T 1.0+ 0.4 03— j,(x) aJ,(x) aJ,(x)

Ca ~ 20D

i'm W o = |
Decay width X —J /tlﬂT*ﬂ'n |

“

[=(9.3 6.9) MeV, 5° < 0 < 13°



X(3872) as a mixed charmonium 4-quark state
Matheus, Navarra, MN, Zanetti: PRD80 (09)

2 1
! = ——(q Ca(X)YuYs5Ca(X)
J;i(x) = sin(6 m + cos(@ / = \5«/61) YuYs

| 1
i) = 6[(C—la(x)7’5ca(x)5b(x Yqu(X)) = (c‘za(xmca(x)Eb(x)ysqb(x))]
mx = (3.7A%* 0.18) GeV

=] BX — J/wnta 7
BX = J/yratn)

= 1.0 0.4 +0.3 4P Ji; (X) = cos aJ;(x) + sin aJ(x)

Ca ~ 20D

[=(9.3 6.9) MeV, 5° < 0 < 13°



MN, Zanetti: PRD82 (10)

il =< F(X = J/ﬂ”Y) . A 0 0
o 1q.(X_+J/w7r_}_7T_)_0.14__0.05 5 gfg 13
DX = J/ v)

=10.19 =0.13

X — J/Y atnr—)



g | Deogy width X f

MN, Zanetti: PRD82 (10)

ol =< F(X = J/¢7) . b O O
S 1ﬂ.(X_)J/WW_)_0.14__0.05 5 gfg 13
PX2J/%Y)  _519+013

X — J/Y atnr—)

__

Production rate B* -

—

|
I

Matheus, MN, Zanetti: PLB72 (11)
0 <9 <13° = B(B-— X(3872)K) = (1.00 + 0.68) x 102

B(B* — K+X(3872)) < 3.2 x 10~




| Deoay W|dth X J J/L|JV

MN, Zanetti: PRD82 (10)

ol =< F(X =t J/¢7) . B 0 O
X = Jfgate)  ie=00 S f <13
DX 4% _ 19013

X — J/Y atnr—)

] Productlon rate B+ — X (3872)K+
Matheus, MN, Zanetti: PLB702 (11)
50 <0<13" = B(B— X(3872)K) = (1.00 = 0.68) x 102

E? B(B* — K+X(3872)) < 3.2 x 10~

* X(3872) Is probably a mixed multiquark state with a
Y1 State




~ Conclusions |
X(3872) = mixture yq and a 4-quark state
Z:*(3900) = JP=1* tetraquark state

Z:(4430) = first radial excitation of Z.*(3900)

e Z* states need confirmation. A bump in the
spectra does not indicate, necessarily, the
existence of a state

Y(4260) =» mixture of charmonium and a 4-
quark state

Y(4660) = tetraquark quark state [cs][cS]




Thank youl!

p— R X



