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* A selection of famous and recent results
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» The X(3872) and other X states

°* Summary
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[PRL 118 (2017) 092001]

Famous exotic (?) XYZ states

[PRL 110 (2013) 252001]
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Famous exotic (?) XYZ states
[PRL 118 (2017) 092001] [PRL 110 (2013) 252001]
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Charmonium spectrum (cc)
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* Before 2003:

» Good agreement between theory
and experiment, particularly
beneath open charm thresholds
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HFHF Mesons and exotic states =5

Simple Quark model
* Mesons: Color neutral qq systems

O Conventional (qQ)
QCD

* Meson states beyond qq

Alternative 4-quark configurations:
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Hadro-quarkonium (QQ)(qQ)

Di-quarkonium (qq)(G9)

Tetraquark (qQQqQ) <:\ o

Glue-ball (gg) or (ggg) o

Frank Nerling Charmonium-like states — Experimental overview 10



* Data taking 1980 — 2000 °
(2002 — 2008)

> E,..<3-12 GeV

Major e*e" collider experiments =1l

Data taking since 2008
» Ecms £4.6 GeV (=5 GeV)

» Luminosity ~22 fb-! (XYZ2)

> Luminosity: ~24 fb" Magnet yoke St T
(plus ~10 fb-") S B‘ES]]I
= iCornell o
Uriversity se b pe. —JE IHEP Beijing
(CESR BEPC-II
! SLAC ) MDC, 120 pum ! ( -)
Stanford (pE P‘“) oo CsH(TI) calorimeter, 2.5 %@1 GeV
(Super) KEKB
Tsukuba

* Data taking 1999 — 2008
> E.ne < 10.58 GeV
> Luminosity: 557.4 fb-!

/

g
7
7,

0

Belle I

e Data taking 1999 — 2010 (2019 — 2031+)
> E,.. < 10.58 GeV (< 11 GeV)

» Luminosity: 980 fb-' (50 ab-! by 2031)
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HFHF The role of e*e- annihilation I= 5= Il
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Formation or Production with recoll * Formation & Production with recoil particle(s)

(ISR) » CLEO(-c), BaBar, Belle(ll) (E.ns < 12 GeV)
\/‘vav »<) » BESI-IIl (E,.. < 4.9 GeV)
* Double charmonium production

1 ~
- » CLEO, BaBar, Belle(ll) (E.me < 12 GeV)

B meson decays
Xér
* B meson decays

/7. —>
B — = -—— ) » CLEO, BaBar, Belle(ll) (E;mns < 12 GeV)
fecol (also LHCb: pp (7 TeV/c)

c

Two photon production

ot
; e * Two photon production
>é > BaBar, CLEO(-c), Belle(ll) (E¢ms < 12 GeV)
)/*; » BESI-III (E,,. < 4.9 GeV)
e — —> ¢
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Formation or Production with recoll * Formation & Production with recoil particle(s)
(ISR) » CLEO(-c), BaBar, Belle(ll) (Eqms < 12 GeV)
\/{.y\m »< » BESI-IIl (E,.. < 4.9 GeV)
* Double charmonium production
recoﬂ ~ >

- not covered in this talk

B meson decays
X%
* B meson decays

/7. —>
B — = -—— ) » CLEO, BaBar, Belle(ll) (E;mns < 12 GeV)
fecol (also LHCb: pp (7 TeV/c)

Two photon production

r:S * Two photon production
>é >
y*g >

- not covered in this talk

+
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The Y(4260) and further
supernumerary vector states
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HFHF The Y states, e*e- production of E==I
J/P1, h e and Y(2S)mm

Some history:

ete” — JPmt ete” —» Y(2S)mim

[PRL 95, 142001 (2005) ] [PRL 98, 212001 (2007) ]
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* Discovery of the Y(4260) using ISR * Discovery of the Y(4360) using ISR
by BaBar in J/Apmtm by BaBar in {(28)mm-
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HF eeeeeeeeeeeeeee The Y states, e*e- production of E==I
JApn, h e and Y(2S)mm

BESIII result, published

ete” —» Jymtn ete” —» Y(2S)mim
[PRL 118, 092001 (2017)] - [Phys. Rev. D 96, 032004 (2017)]
100_ 3 :"'l"'|""|""|"_'.'_é'Eélil':
5 [ tXvz BESIT | < o0 BESI l l Belle
Q 80 : S - ]
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T 40 =
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© X TR ;
038 4 a2 a4 a6 200 41 42 43 44 45 46
Is (GeV) /s(GeV)
* Cross-section inconsistent with the * BESIII: Much higher precision (5.80)
single resonance Y(4260)! * Coherent BW fit; Y(4220) and Y(4390)

» Two favoured over one by >7¢0
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What happened to the Y states? EIE=SSII

ete” — JApmtm

[BaBar, PRL 95, 142001 (2005)]

ete” - Y(2S)mt

[BaBar, PRL 98, 212001 (2007)]

ete” — h,mtm
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48 5
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[PRL 118, 092001 (2017)]
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[Phys. Rev. D 96, 032004 (2017)]
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> | 5 . PRL111, 242001 (2013)
s [ F p 2 [ T BESHLxwh PRL107, 041803 (2011)
] 30 F — R 2 P CLEO-c: w*h, I
- | S . g 60—
2 r F et el T £ g - I !
5§ T AN g s [ I
> 200 36 38 4 42 44 46 48 5 | 0 2 40 $
53] - a L
i )
~ S
[ 5]
=
S
(=
/M

||||||||||||||||||||||||||||||||

39 40 41 4.2 4.3 44 45 46 47

E \(GeV)

[Phys. Rev. Lett. 118 092002 (2017)]

100- :g 120:I A "‘éESl" 250~ .« BESIII R scan data sample
- - 100:_ BESm l . Belle —_ _ - =BESIII datasample Besm
80 N g C ‘ = BaB ] @ 200; — Fit curve: Total
60: '*§ 805“ 7 asar - £ 1s0f  Fit curve: Y(4220)
i 2 R % 1000
40 - 8 S sof
i O i e -
20 —_. 5 0: I
sof
035" YUY VT 39 40 41 'ctvg('e')ltsl 44 45 46
Vs (GeV)
Two structures now resolved: Y(4260) = Y(4220), Y(4360) - Y(4390)
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HFHE What happened to the Y states? E=SSI
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ete” — JApmtm ete” — P2S)mm ete” — h mtm™
e 100 § _+_ XYZ 250;_ 41;$:Ei lecin data sample ?‘; 1205 o e *éESl"E
Q C D00 ata sample c 100:_ l ~ Belle
a 80 - —Fitl ) £ —Fit curve: Total o sob ‘ + BaBar
’5_ i . é 150 Fit curve: Y(4220) 13) r .
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[PRL 122, 102002 (2019)]
rr[rrrrprrrrro T o T ]_ Y(4220):
10001 w(4415) + ‘ 1 > M=(4228.6 = 4.1 =6.3) MeV/c?
. Y(4390) ? > I'=(77.0 £ 6.8 £6.3) MeV/c?
g
~ 500 Y state at about 4.40 GeV:
b%' » strongly model dependent
=> First Y decays to open-charm
0 | : 1 1 : 1 => Consistency with structures in
4.1 4.2 4.3 4.4 4.5 4.6 JW/ he/ P2S) Tt
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Further decays of Y(4260)

ete” — J/n
" [Phys. Rev. D102, 031101 (2020)] * Simultaneous maximum-likelihood fit
. = it (Top: High stat. XYZ data, Bottom: Scan data)
70 —
soE- v(4040) assumed, Y(4220), Y(4390) ?
50 [ * Significance of Y(4390) = 6.0 o
40 -
30
T a0f
— 10 E_ Parameters Solution 1 Solution 2 Solution 3
£ oF. M, (MeV/c?) 4039(fixed)
= = I'/(MeV) 80(fixed)
2 - I Br, (eV) 1.54+0.3 1.440.3 7.0+ 0.6
o 190F ¢, (rad) 33403 3.140.3 45+02
o M>(MeV/c?) 4218.6 + 3.8
= 100 i I',(MeV) 82.04+5.7
- . ||I}. IS Br, (eV) 8.0+ 1.7 70415
50 = i gt " ¢, (rad) 42 +04 2.940.3
N ' I
- L :|l' ,.4 'y M;(MeV/?) 4382.0 + 133
o b it hl_w \ LA Il - I’y(MeV) 135.8 + 60.8
T YT ik re'cBry V) 34422 Y. 17+ 1.1
. ¢5 (rad) 2.8 4 0.4 33404 3.0+04
SO0 b e e e e L L L
38 39 4 41 42 43 44 45 46
/s (GeV)
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Further decays of Y(4260)

ete” — J/Yn
i [Phys. Rev. D 102, 051101 20201 * Simultaneous maximume-likelihood fit
70§ BESTI (Top: High stat. XYZ data, Bottom: Scan data)
sob * y(4040) assumed, Y(4220), Y(4390) ?
50 F- * Significance of Y(4390) = 6.0 o
40; Y(4390) * Y(4220) & Y(4390) mass and width
% 6.00 compilation vs. Y(4360) from PDG:
2 20F
= 10
S LE 250:'—-5-%&-&\;:'[1'21"""""""""':
- =1L [ - T'y(3686) [13] ]
T B 200 - mwh, [14] -
‘o 150~ -k 0, [15] .
B -y - -4 DD [16] .
@.’, N % 150 [~ nd/y (This work) 1 -
cnb 100 '[‘ é ‘- Y(4360) (PDG) 5
: ) i = 100E | ] E
sof Lt bR T b
- |||I II‘ l '\', 50 — .,l —-'
B "ll II||||I I s nre§ ]I I|| I ‘ || l'lr-I] . " * ]
) I'n “h‘rT T 1'1]' r ol s . . e
C 4200 4250 4300 4350 4400 4450
S50t N PR IR RTEPES PSP APRPRI B MaSS(MeV/Cz)
3. 8 3 9 4 4.1 42 43 44 45 46
/s (GeV)
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HFHF Further decays of Y(4260) 5=

+ — 9
e e — J/\lj n [Phys. Rev. D 101, 012008 (2020)]
0&\_, :*F Data <\;\_,
> - — Fit result > 4
g 20r...... Background % 0 _ B'ES]]I
™ Sideband ™ '8.
% 10 F % 20 ;‘9
> I * > =
Lu IIII[IilllII[Illl; Lu O -T
009 0.95 1 . 9
M(r*nm) (GeV/c?) M(yn') (GeV/cd) °© ol T4
. . - . 42 43 44 45 s
* Simultaneous maximum-likelihood fit _

(to the two n‘ decay modes)
* Fit to cross section ¢ [(m,I fixed to PDG]
» Single y(4160) or Y(4260)
» Coherent sum of y(4160) and Y(4260)
* Coherent sum preferred by data
» 4.0c and 6.30, respectively

» Xsec ¢ an order of magnitude smaller ]
than the one for J/\V n 4.2 4.3 4.4 4.5 4.6

* Higher statistics needed ...

o(e*e—=n'Jhy) (pb)
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HEHE  Further decays of Y(4260) 5=

[Phys. Rev. D 103, 032006 (2021)]

(26.7%)

O ax [PD] 47.5 +13.1
- BESIT e
60 m [MeV/c?] 4236.3 + 8.9

I [MeV] 70.0 + 32.1

o)
o

238 3 3.2 28 3 3.2 238 3 3.2 28 3 32
m(3(x'x")) [GeV/cY] m(2(rw 7)) [GeVic?] m(rw2n°) [GeV/c?] m(2(rn)) [GeV/c]]

80 (8.3%) | 180 (2.9%) wl (6.0%)

EN
o

0
Q.
| S—T
2'Bm(KsK'n;; [GeV/cz]s 2 2-?n(K'K'n‘z?') [GeVlc%z . 2£(K5K’n’n3f) [(.?.ewgﬂ']2 E 20 .
(1.0%) . (0.6%) O
D10
o _
—@— Data (n.n*nn9
2'Bm(z(K'K“?) [Gewcz]a'2 —'1 0 [~ O Data ULQU ('qcn*n‘no)
60 (2.5%) Fit
~ 50
ol —20 F e Y(4260), PDG
| — — - PRL 118, 092001 (2017)
§w 20 _30 g . ] . A . A . g 1
. . 4.2 4.4 4.6
2.8 3 3.2 28 3 3.2 2.8 3 3.2 2.8 3 3.2
m(2(rm)KK) [GeVic?] m(pp) [GeV/c?] m(pPrn) [GeV/c?] m(ppr°) [GeVic?] r [G
ete” -t Al
Vs [GeV] L [pb~'] Nobs K fvp > eBi [%] OBom [Pb] ULgo [pb]l  Siat/ Stor L]
4.1780 3189.0  530+246  [0.720,0.734]  1.056 2.0 104750 £2.9 17.9 22/1.9 _
4.2263 1091.7 786 +159  [0.716,0.731]  1.056 2.0 46.1793 + 6.6 61.0 5.1/4.6 => Clear evidence for
4.2580 8257  465+134  [0.786, 0.824]  1.054 2.0 314196 467 46.6 3.5/3.2 _
43583 539.8 242115  [0.802, 0.880]  1.051 2.1 22114 162 39.2 2.2/1.9 Y(4220) — N nrr
4.4156 1073.6  379+165  [0.780, 0.850]  1.053 22 18.1434 £ 45 30.6 2.3/2.1
4.5995 566.9 79+102  [0.763, 0.807]  1.055 2.0 747196 139 23.9 0.8/0.7
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HFHF Decays
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of Y(4260) to light hadrons
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arXiv:1810.09395
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| ) -
g
T 8
6| ™
' o
- PRD 99, 072005
4!
4 4.2 4.4 46
s (GeV)
2 (pp—- ) — ISP :
€ ™ My /i
= /A
= 5 / %
t / ;
T ‘,,-""/:‘.--({" '
X 50/ . l-. 'A,V;‘f"‘-';/‘
PN . =T ] S S T
4.0 4.2 44 46
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PRD 103, 052003

* More and more possible decay channels to light hadrons investigated

e Still no clear evidence ...

Frank Nerling

Charmonium-like states — Experimental overview
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HFHF The Y(4260) in B decays I

Helmholtz Forschungsakademie Hessen fiir FAIR

Bt — 1/'(426())1(+ — J/?,b7r+7r_ffjL [Phys. Rev. D 99, 071102 (2019)]

© X(3872)

© Y(4260)

n
-
n

-l el eh A

Events/(11 MaV)

8538

Events/(6.25 MeV/c®) Events/(6.25 MeV/c?)

] 3o
I~ o5
B 7 _
E & 20:
=5 15
g4 10f
o 30§ E
ui 208 S:

1 o P — 1 — A —— 4 ¢ — T

TS T DN DU DO DD DUwee A el o1d 5 5
-0.1 -0.06 0 0.05 0.1 3.84 3.85 3.86 3.87 3.88 3.89 39 3N -0.1 -0.06 0 0.05 0.1 Y 41 42 43 4.% 45 46
AE (GeV) Myn (GeVICT) AE (GeV) My, - (GeV/c?)

B® - Y(4260)K2 — J/ymtn~ K2
* Search for the Y(4260) in B*© decays $
* BaBar reported 3.1c for B*
* No significant evidence (2.15/0.9c), for B2 first result
* Upper limits (CL90) on branching fractions
> B(Bt — Y (4260)(— J/vrTn7)K*) < 1.4 x 107°
> B(B® — Y (4260)(— J/ynTr )K2) < 1.7 x 107°
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The Y states, e*e- production of

JApmr, h e and Y(2S)mm

ete” - Y(2S)m'n
[PRL 99, 142002 (2007)]
| T T T I | ' !

' Belle -

—h
&)
LI R B I

Entries/25 MeV/c
()] o
-

= 1 1]

SIFCEEEEEY

5.5

F Yy by = ¢

4 45 5
M(m"ty(2S)) (GeV/c?)

* Confirmation of the Y(4360) in
P(2S)mnt with a significance of 8o

* First observation of Y(4660) with 5.80

ete” - Y(2S)mt

Cross Section (pb)

[Phys. Rev. D 96, 032004 (2017)]

120 e -= BESIII ]
100f u l + Belle ]
80:— ‘ ‘ - +BaBar—:
o g
40;— ‘ /‘/ i\ | ]
20k '| A T
oHﬁj LA o =
_2915;?.._“—.—u....f...m....|....|....:
.0 41 42 43 44 45 46
s(GeV)

* BESIII: Much higher precision (5.80)
* Coherent BW fit: Y(4220) and Y(4390)

Frank Nerling
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HFHF The Y states, e*e" production of ESSII
JApnm, h e and Y(2S)mm

ete” - Y(2S)m ete” - Y(2S)mt
[PRL 99, 142002 (2007)] [Phys. Rev. D 98, 111103 (2012)]
I st S 370_1' . LA L B BN B
_ , e -
o151 Belle 1% ¢ Babar -
> I ' | E
=, = a0l -
O & ]
% 30f 3
o | H ]
E5 20 E
c i N .
LLl - 100 —
I ' | :
O e bl e d LU 0 . | - lgl ITI;.Izl'I l5.4l | l5.6l l'15.81'l
4 ﬁ,_s_ 5 5 5. E.n (GeV)
M(r"y(2S)) (GeV/c?)
* Confirmation of the Y(4360) in * BaBar confirms later the Y (4660)
P(2S)m " with a significance of 8o * Further decay channels by Belle

* First observation of Y(4660) with 5.80
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HFHF The Y states, e*e- production of E=SII
JApmr, h e and Y(2S)mm

ete” - Y(2S)m

[PRL 99, 142002 (2007)]

—
(6))
T T T T l T T T T I T T T T I T T

Entries/25 MeV/c
()] o

Belle

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

1 1 I 1 1 1 1 l 1 1 1 1 I 1 1

ete” - Y(2S)mt

[Phys. Rev. D 98, 111103 (2012)]
T l T T 1T | T T l T T T | LI T l T

70

60 Babar

50

|||||||I||||||
= ]

40

30

20

10

L

P 1T|"| 1o T T TR TREP I
5 52 54 56 58

Ecm (GeV)

T T T T T T T T T T T T T T TTTT

0

* BaBar confirms later the Y (4660)
* Further decay channels by Belle

Belle, Af Az 4634183 OPEA T

Belle, m*mt~y(25) 465241048 68+11+1
BaBar, t 1 |(2S) 466912113 1044+48+10
Belle, DD, (2536) 462617 +1 49.8%12 + 4
Belle, DI D, (2573) 4620%3 + 3 47.0%3%2 + 5
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Helmholtz Forschungsakademie Hessen fiir FAIR

The Z(4430) and further (charged) Zc states
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HF kkkkk 1. Experimental review of the Z(4430) == 1K

[Belle, Phys. Rev. Lett., 100 (2008) 142001] °® FirSt Observed by Be”e in 2008

T T T T T T T T T T T T T T T

> B — KTZ(4430)* — KTnEy’
> relatively narrow state, 6.5 ¢

> first charmonium-like state with a non-zero
electric charge

=> Minimal quark content [ccud] = manifestly exotic

30

20

Events/0.01 GeV

10

* BaBar searched for it, however, does not
confirm

3.8 4.05 4.3 4.55 4.8

M(x'y') (GeV) * L HCb confirms and showed resonant behavior
[Belle, Phys. Rev. D 88 (2013) 074026] in argand plot
2 45 Value in data
% 40 )
5 3 * Decay to J/y/n seen in B decays by Belle
O 30
g os , and not seen by

BaBar

20
15
10

* Spin-parity constrained by Belle: JP=1*:
- o confirmed by LHCb
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HFHF Two Z_ triplets established at BESIIl === 1K

Helmholtz Forschungsakademie Hessen fiir FAIR

[PRL 115 (2015) 112003]

[PRL 110 (2013) 252001] ~»
F ata =t 4230 MeV

o = S
S F round fit S~
3 o e g
- [ + [ sicevand s 60
3 %r . 2
@ 40 [ J3kAdi d 40
2 Y
F 200f T 4 N
il C T ‘

0 %6 3.8 4.0

37 3.8 3.9 4.0
Muax(®tJAy) (GeV/c?)

ete” — -t J/Y

M(n°J/y) (GeV/c)

ete™ — n0n0J/yp

Charged Neutral

Events/(0.005 GeV/c?)

[PRL 111 (2013) 242002] [PRL 113 (2014) 212002]

120 a5
gt <
100 %40 §35
80 'é" 630
<20 —
] g >
40 §‘:
1
=
20 5 ,
T

¥ . 0.9% 2y
$o5 400 405 410 415 420 425 IS 39 335 4 485 4L 4D 42 4

M_, (GeV/c)

MY (GeV/c)

ete™ — mmwthe ete™ — n%7°h,

Charged Neutral

|
Z,(3900):0 ?

|
Z,(4020)0 ?

* Two isospin triplets of charmonium-like exotic states established

Frank Nerling
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HFHF Two Z. triplets established at BESIll IZ == 1I

[PRL 115 (2015) 112003]

- [PRL 110 (2013) 252001] o~ [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
£, oo o % B 4230 MeV g : . R .
s 3% e g w g 3 3
© S :_ + . s 60 g 80 é : é »
c ; 805 1 [ (: 40 % 60 % : ‘g’ ::
% % 405- _ 3T T ] ‘ ) 2 40 ) Mt.':((}:;llc") g 15
.-g o 20¢ & {- . ‘ ‘ 2 = 1:
I 057 3.8 39 4.0 . " 0 " )2 P95 400 405 410 415 a3 ias 3 4
Mo (/) (GeV/c?) M(m'Jly) (GeV/c) M, , (GeV/c) ME (GeV/e)
ete™ — m—tJ/y ete™ — n0n0J/yp ete™ — mmthe ete™ — n%nCh,

PRL 112 (2014) 022001

[ (2019 ] [PRL 112 (2013) 132001]
= S ——— [PRL 115 (2015) 182002]
= [PRL 115 (2015)222002] & [ - oo~ — total it Gaof T T
< ‘5 F 4 Dat % oor .- liclg‘;ol’zil)gnal E i
o Eeo:— M Incl. Bkg g H @ [
(o §4°: %20» 10k
o ﬁ205 u>" . i

15 ok 402 404 406 _ 408 ok

4.05
M(DD*) (GeV/c)

RM(r) (GeV/c?)

ete™ — n— (D*D*)*

4.08 41
RM(n°)(GeV/c*

Charged Neutral Charged Neutral
| |
Z:(3900)0? Z.(4020)*07?

* Two isospin triplets of charmonium-like exotic states established
* Different decay modes (hidden vs. open charm) of same state observed?
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HFHF Two Z candidates Z(4050) & Z (4250) 1= == 1K

[Belle, Phys. Rev. D 78 (2008) 072004]

w0 e * Two resonant structures in y .t first observed
o <D .

a0l ; by Belle in B decays, 2008
= 300 > Dalitz plots analysis, each > 5¢
2 250 » My = (4051 + 14T7)MeV/c? Ty = (82737 75))MeV
S 200 — > M, = (4248 £ 14153 1180\ MeV /c?, T, = (177135 F316)MeV
*% 150 |-
ﬁ 100 | | . L] L] [

50 * Similar to Z(4430) these are manifestly exotic

N TR T I b e o charmonium-like candidates
32 33 34 35 36 37 ) }
M), GeV/c? » With a non-zero electric charge

a0 E DP fit result > Thus, minimal quark content => [ccud]

oo [ [T with / without
N S two Z, states
S 30 ’ * BaBar does not confirm
‘;? 25 |- (accounting for KT resonant structures => 1-20)
S 0k }
o B A
g 15 I f. H * BESIII does not see the Z(4050) — y(3770)n*~
@10 F i + o +

5 + T *

o B2l HI RIS iR => No confirmation yet, quantum numbers?

36 38 4 42 44 46 438

M O.17), GoV/c? Neutral partners decaying to in y.n°?
cl !
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HFHF Another Z candidates Z_(4200) E=5SMN

[Belle, Phys. Rev. D 90 (2014) 112009]

* New charged state decaying to J/yn* first
observed by Belle in 2014 (711 fb1)
> BO — K~ J/¢mt
» Full amplitude analysis, 6.2c significance
> M = (419631 F1T\MeV/c?, T = (370+70 79, )MeV

Z,(4200) , > JP = 1*preferred over other hyptheses

[(4430)
O..I...I...I.LJIL..t'f'r.‘Ll. .
1214 16M22J8/ )2068\/22304 * Evidence for Z.(4430) — J/y=r* found
\|l,1t ’
50
Value in dat . .
:z , 11 e Needs confirmation
35

Toy MC experiments

=> Further independent confirmation?
Neutral partners decaying to J/yn®?

900-75-50 -25 "50 75 100125150
A-2InL)
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HFHFE First Z.. candidates Z(3985) reported I= == 1L

[BESIII, Phys. Rev. Lett. 126 (2021) 102001]

* Search for strange partner of Z.(3900)

—+4— Data
40 Total fit iNi i
< s = 4.681 GeV ey > Con}alnlnngs quarf in ope_n charm decay
S | B¢STI oo D (2600)D* >ete” - KT(D,D*/D*D)
g e T e > Narrow threshold enhancement (5.3c)
SN ome- PG > M = (3982.5718 +£2.1)MeV/c?,
v 20 +5.3"
< I = (12.8153 + 3.0)MeV
§ 10} * Manifestly exotic charged hidden-charm
| tetraquark candidate with strangeness
9; s S S L ioters : _ i
0 4 405 41 415 » With a non-zero electric charge

RM(K") (GeV/c?) » Thus, minimal quark content => [ccsu]

~ o e B S B e s e T T T T T

§600§ y LHCH * LHCb reports a Z.(4000) in B — &(J/wK*)
: > M = (4000.3 + 674,)MeV/c?,

2 500 F

- I = (131 + 15 + 26)MeV

2400 . .

= > JP =1* hidden charm final state

> 10x broader

=> Same state observed in different decays
(open/hidden charm) at two experiments?

36 3.8 4 42
mJ/WK+[GeV]
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HFHF First Z_, candidates Z(3985) reported I= = N

* Search for strange partner of Z.(3900)

[BESIII, Phys. Rev. Lett. 126 (2021) 102001]

—4— Data

40 otal fit iNi i
~ [s=4.681 GeV - ;cs(s'ggs)_ > Conjalnlng S quarf |n*ope_n charm decay
§ [ B€STI - D (2600 > ete” — KT (DsD*/D*D)
2 30 S it > Narrow threshold enhancement (5.3c)
S ol { I comb. K@ > M = (3982.5718 £2.1)MeV/c?,
< Tt I =(12.8753 s 0)MeV
S 10f Hiﬂ% * Manifestly exotic charged hidden-charm
N o tetraquark candidate with strangeness

L
0 &&= ”4*’“" Y /4////" > With a non-zero electric charge
RM(K*) (GeV}c2) > Thus, minimal quark content => [cCsu]
Emof """" o
S 600 y LHCD _ _ ¢(J/yK")
=00k For details, see previous
5 BESIII talk by M.Pelizaeus
= 400 F
8300 T i T
- » 10x broader
200
100 g
P e - => Same state observed in different decays
3.6 3.8 Yo e (open/hidden charm) at two experiments?
J/wK*
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The X(3872)
and further X states
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HF kkkkk 1. Experimental review of the X(3872) == 1K

[Belle Collab., PRL 91 (2003) 262001]

L Ia) Idalto L * First observed by Belle in 2003
300 |- _ > X(3872) = J/vym T~
- - > very narrow state with JP¢ = 1+
i y' — J/P T i
200 - _ * Belle & BaBar report signal in
- ! > X (3872) — D°D*"
100 |- N * Mass m[X(3872)] — m[D*°] — m[D°)
- 4. _
- X(3872) = Jp — (-0.07 £0.12) MeV/c? (LHCb 2020)
O i I I'P"“]II 1 1 | I 1 i

* Width measurement:
0.40 0.80 1.20 > Mxasrz< 1.2 MeV (2011, Belle)

M@ I'T) - M(I'T') (GeV) > Ty@srz) = 1.13 MeV (2020, LHCb)

Analogy to deuteron:

For clarification:
=> Precision measurement with
sub-MeV resolution needed!

I—)*
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BESIII: First observation of eTe™ — v X (3872) — yn 7~ J/
First observation of ete™ — v X (3872) — ywJ /¢

[Phys. Rev. Lett. 112 (2014) 092001]

T T T T T T T T T T T T

15 _B'ES]]I —4- Data |
N I — Total fit
§ i X(3872) --=- Background
2 10— 6.30 u
= I
9 »
§ 5 1 Hﬁ| &l —
Lu | l l l l-

o 138t ::[ﬂ l 1 vlw 11 T .Ll . I

3.8 3.85 3.9

M(r+rJ/y) (GeV/cd)

3.95

e m = (3871.9 £ 0.7 £ 0.2) MeV/c?

e I' < 2.4MeV (90% CL)

[Phys. Rev. Lett., 122 (2019) 232002 ]

‘O —+ Data
S~~~ .

> — Fit

D — x§39303
= - X(3960
Lo """""" O)X«

~~

«

-

)

>

L

.O e b
M(wJ/y) (GeV/c?)

* Fit with three Breit-Wigner resonances
=> Evidence for two more structures
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BESIL First observation of ¢~ — v X (3872M= 5= MK

BESIII: First observation of eTe™ (4260)\—> 7 X (3872) — ywJ /9
First observation of eTe™ —\Y (4260)/~ vX (3872) — yr 7~ J /%

Cross section

o) [Phys. Rev. Lett. 112 (2014) 092001] — [Phys. Rev. Lett., 122 (2019) 232002 ]
2 (0.8 Q B
g " BESTI —+- Data o 21 BESII —+-Data
206 I A E'I’[ESIH 2014 = : y — Fit of Y(4260)
S 0.6F — Fit of Y(4260) Z [ line sh
Jﬁ I 7TTCJ/\|I ;)ine shape _SJ 1 5 n v SO
§- O 4__ ® 1 ?\. E !
T + o 1:
S ol 5 ol
% 0.2} ™ 0.5}
= s x :
> s l > B 1
z Ol § O ‘
5 "4 4.2 4.4 4.6 4 4.2 4.4 4.6
I's (GeV) \'s (GeV)
e m = (4200.6%73'; + 3.0) MeV/c? * Shape consistent with production
o I'= (115138 + 12) MeV/c? via a Y(4260) state

[Subm. to Phys. Rev. Lett., arXiv:1903.04695 [hep-ex]]
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HF kkkkk 1 Radiative decays of X(3872) ==

Belle: First observation of B — K X (3872), with X (3872) — J /4~y
And no evidence for B — K X (3872), with X (3872) — 1(2S5)~y

Phys. Rev. Lett. 102 (2009) 132001
[Phys. Rev. Le (2009) ] [Phys. Rev. Lett. 112 (2014) 092001]

o™ B s
v S 1 X(3872)
> - S 25 550
s S - R o
: e @ 20f
= vesyy @ |
g 0F d § 15
L% [ d u 10
SL : 5)
,' '# E|Lu.|UJ..|»'...'.~A....LLJ
; UL 975738 385 3.9 3¢
'5;..1..,.1,..J1‘..,1.3 MJ/WY(GeVICZ) | : Ll |
38 385 39 395 75 3.8 385 3.9 395 4
m, (GeV/c?) M, 25) (GeV/c?)
* BaBar reported evidence for both, * Belle observes the J/yy decay (>506)
J/yy and y(2S)y with significances but no evidence for y(2S)y
of 3.6c and 3.5c, respectively * Non-observation contradicts BaBar’s

constraint against pure D*D molecular
interpretation
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HFHF Rag. & open charm decays of X(3872)= =1L

[Phys. Rev. Lett., 124 (2020) 242001 ]

3¢<TI X(3872)

(O]
o
LI B

E : + 3.50
© 20}
‘% TP S = S Molecule vs. Tetraquark?
>
W i
85 s ss  ass e 2 < 0.59 (BESII) @ 90% CL.
M(y, J/v) (GeV/c?) 4 <21 (Belle) @ 90% C.L.
=~ I PRL 107, 091803 (Belle) =34+14 (BaBar)
9 [ , 132001 L
S of BESTH b o0t oo | = 2.46+0.64+0.29 (LHCb)

3.8 3.85 3.9 3.95
M(yvy’) (GeV/A?)

=> Essential input to future
tests of the molecular

* BESIII: Radiative decays of X(3872) interpretation of X(3872)?

» Evidence for X(3872) — yJ/vy (3.50),
» No obvious signal for decay to yy’

Frank Nerling Charmonium-like states — Experimental overview 41



HFHF Rag. & open charm decays of X(3872)= =1L

[Phys. Rev. Lett., 124 (2020) 242001 ] [Phys. Rev. Lett., 124 (2020) 242001 ]

N X(3872) ' D0 5D € |
(3]
S 30fF = 10l
© 20f «— |
>~ I _ o ~ 5f
g o Lot L@ eI > 5 2 |
o f = o 0
- w
88 3.85 3.9 3.95 2— ] ‘0 39 . 395
M(y JAy) (GeV/c?) a i 2 |
H 515_ S |
&S o > | 2
& b BeST @ 1of s .
[} - ~
= [ 0
L 5F F .5.
2 ey PRSP L3 SRR
= oW — %95‘ W03 3.9 3.9
> o : M(y D'D’) GeV/c
"o M(DD’) (GeV/cd) ,bD)
3.8 3.85 3.9 3.95

M(yvy’) (GeV/A?)

* BESIII: Radiative decays of X(3872) * BESIII: X(3872) — DD+ c.c. (7.40)
» Evidence for X(3872) — yJ/vy (3.50), > No obvious signal for decay to yD*D-
» No obvious signal for decay to yy’ > Open charm decay dominant
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Helmholtz Forschungsakademie Hessen fiir FAIR

X(3915) in B decays

[Belle, Phys. Lett. 94, 182002 (2005)]

i l L} ] T I I— l- 1 I | I i ' ] I
30[-9) + 30 |-

AR
g

Events/40 MeV

| — 0 PR T N }' —

o

3880 4080 4280 3880 4080 4280
M(eJ/y) (MeV) M(aJ/y) (MeV)

* The X(3915) has been observed by Belle in B decays,
X(3915) — o JIy (NB: initially named Y(3940))

* Confirmation in B decays by BaBar

* Also observed in yy — o J/\y by Belle
and BaBar
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HFHF First observation of X (3872) — x 7’ ESII

[Belle, Phys. Rev. D99 111101 (2019)] [BESIIL, Phys. Rev. Lett., 122 (2019) 202001 ]

St BESII
14 . XC1
NQ N 4L
S 12 § -
() (0]
= 10 s C
Ln lo 3'— R 3
:’ 8 'YX - - .|.
2 \ £ -
() 6_ °>) 2— of¢ 41
> - (w C
W 4F C I
23— \ 1:— - 4]_{» -+
Q: R BT .L-Jf'\_'.__L R 1T T N
375 38 385 39 395 4 405 ) S IR SO A N - SN S —
3.75 3.80 3.85 3.90 3.95 4.00

M(x_, ©°) (GeV/c?) oo ) G
n%, ) [GeVic

* No significant signals were found by Belle in search for

X(3872) and X(3915) to y., n° (0.3c/2.30) Isospin violation,
> B(X(3872) = xa1°)/B(X(3872) — J/ymtn) < 0.97 (90% C.L.) comparable decay
* BESIII observes now X(3872) decay to y., 7’ (> 50) rate t.o Jwp
> B(X(3872) — xc17°)/B(X(3872) — J/ym*n~) = 0.88933 + 0.10 => Disfavours y.1(2P)
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HF Summary and Prospectives I= = 1L
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* New era of charmonium-like states started two decades ago, and
more than 20 unexpected XYZ states have been discovered

» Supernumerary vector Y states consistently resolved (statistics)

" Y(4260) and Y(3360) = Y(4220), Y(4390)?

" First decays to open charm, further new decay modes to

cc and/or light hadrons investigated

= More candidates reported, especially Y(4660) to be studied (confirmed)
» Charged Z. states are manifestly exotic states

= First complete isospin triplets established

= First strange partner(s) reported

=  More candidates reported, further to be studied (confirmed)
» The first of these states discovered, the X(3872) still not understood

= Consistent picture in B decays and e*e™ production

® [ ine shape to be measured precisely

=  More candidates reported, further to be studied (confirmed)

* Different states observed in B decays vs. e*e™ annihilation

Frank Nerling Charmonium-like states — Experimental overview 45



HF Summary and Prospectives I= = 1L
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* The B factories CLEO(-c) and BarBar have run for one / two decades

* Belle has run a decade, meanwhile upgraded to Bellell
» Comissioned, first physics run last year
» Looking forward to new results

* BESIII successfully operating since 2008
» World largest data sets in tau-charm mass region, unique XYZ data
» Machine upgrade allows to extend studies up to E.,s = 5 GeV

* Upcoming and future experiments
» PANDA/FAIR as complementary and unique pp experiment
» Super tau-charm factory in China and/or Russia

Outlook

* Completion of the exotic multiplets
- High statistics and precision, in combination with different probes
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