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HFHF Recent hot topics =55 I

Hadron Spectroscopy

40 Z.5(3985)  [Phys Rev. Lett. 126 (2021) 102001] - JZCIS({'O(')O? — [LIHCF)’ 311;Xivi21013.01.8033
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Strange partner of the famous,
unexpected, manifestly exotic Z.(3900)?
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Hadron Spectroscopy
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Extensive air showers (1938) ==
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HFHF The successful Quark Model

Helmholtz Forschungsakademie Hessen fiir FAIR

1964

8419/TH. 412

Volume 8, number 3 PHYSICS LETTERS 1 February 1964 21 February 1964

-
A SCERNLTIS BUDNL UF BERXHANS ANE WSS AN SU, MCDEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKIING

M. GELL-MANN . ’ ™
California Institute of Technology, Pasadena, California
Received 4 January 1964 G. Zweig
B CERNw-Geneva
A simpler and more elegant scheme can be

constructed if we allow non-integral values for the *)  verst . ‘
charges. We can dispense entirely with the basic ersion I is CERN preprint 8182/TH.4C1, Jan. 17, 1964.
baryon b if we assign to the triplet t the following e
properties: spin 3, z = -}, and baryon numberj
We then refer to the members u3, d-3, and -3 of 6) In general, we would expect that baryons are built not only from the product

the triplet as"q“frka" 6: q a'ng the members Ofbthe of three aces, AAA, but also from EAAAA, M. ete,, where K
MLARI-quarks § i, st o denotes an anti-ace, Similarly, mesons could be formed from IA, MAAA
(qqq), (qqqqq) etc., while mesons are made out etc. For the low mass mesons and baryons we will assume the simplest
of (qq), (qqqq) etc. It is assuming that the lowest possibilities, AA and AAA, that is, "deuces and treys",
n_conficurgdtion (gqq) gives just the represen-

tations l, 8, and 10 that have been observed, while

Frank Nerling Physics in Collisions — Review on Spectroscopy 8



HFHﬁg@eburt der Teilchen- und Hadronenphysis = I

Helmholtz Forschungsakademie Hessen fill

PHYSICAL REVIEW D VOLUME 15, NUMBER 1 I JANUARY 1977

Multiquark hadrons. I. Phenomenology of Q20?2 mesons*

R. J. Jaffe'
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
and Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 15 July 1976)

The spectra and dominant decay couplings of Q?Q? mesons are presented as calculated in the quark-bag
model. Certain known 0" mesons [¢(700),S*,8,k] are assigned to the lightest cryptoexotic Q°Q? nonet. The
usual quark-model 0" nonet (QQ L = 1) must lie higher in mass. All other Q’Q? mesons are predicted to be
broad, heavy, and usually inelastic in formation processes. Other Q’Q? states which may be experimentally
prominent are discussed.

Antisymmetric in:
color
flavor
spin (S=0)
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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:

Hybrid (qd) g 69 Molecule (q0)(qQ)

Tetraquark (qGqq) < Hadro-quarkonium (QQ)(qQq)

Glue-ball (gg) or (ggg) . Di-quarkonium (qq)(qq)

Frank Nerling Physics in Collisions — Review on Spectroscopy 10



nnnnnnnnnnnnnnnnnnnnnnnnn Mesons and exotic states =5

Simple Quark model o
* Mesons: Color neutral qq systems * Baryons: (qqq)/(qqQq)

O Conventional (qQ) O
QCD

* Meson states beyond qq

Alternative 4-quark configurations:

Hybrid (q8) g 69 Molecule (q@)(qq)
Tetraquark (qQQqQ) <:\ o

Glue-ball (gg) or (ggg) o

Hadro-quarkonium (QQ)(qQ)

Di-quarkonium (qq)(G9)
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HFHF Mesons and exotic states =5

Simple Quark model o
* Mesons: Color neutral qq systems * Baryons: (qqq)/(qqQq)

O Conventional (qQ)
QCD

* Meson states beyond qq

Lead to further alternative
multi-quark configurations:

Hybrid (qQ) g

Tetraquark (qgqQ) <:

Di-quarkonium (qq)(G9)

0 Hadro-quarkonium (QQ)(qQ)

Glue-ball (gg) or (ggg) o

Frank Nerling Physics in Collisions — Review on Spectroscopy 12



HFHF Mesons and exotic states =5

Simple Quark model -
* Mesons: Color neutral qq systems * Baryons: (qqq)/(qqQ)

O Conventional (qQ) ’

QcCD o Ay S

* Meson states beyond qq

Alternative 4-quark configurations:

Hybrid (99) g 60 Molecule (qq)(qd)
0 Hadro-quarkonium (QQ)(qg)

Tetraquark (qQQqQ) <

Glue-ball (gg) or (ggg) . Di-quarkonium (qq)(qq)
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HFHF

Helmholtz Forschungsakademie Hessen fiir FAIR

Potential model:

4w 327ta s o

Vocc:—§7+b7’+ Om2 6(r)ScSe

| 20 b\-: 2 4«
Vspin—dep. = m—% |:<r—3s — 5) L-S+ —ST

+ relativistic corrections!

[Godfrey & Isgur, PRD 32 (1985) 189]
[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]
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HFHF Charmonium spectrum (cc) == I

Helmholtz Forschungsakademie Hessen fiir FAIR

 exotic |

* Before 2003:

» Good agreement between theory
and experiment, particularly 4.5~ \,,;(4415) |
beneath open charm thresholds

leoe I1SH 'uezion M
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4 0 32 TTKX - i mE——— : i -‘
s S5 (r )3.3- Tl (1S) ?uark n?odel 85 13
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VEt = —= = +br
0 37 7T Tonz 3 [meemnn

1 20 b\ - = A4da
Vspin—dep. — m_g [(r—3 = 5) L-S+ 3 T:|
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+ relativistic corrections! Je 0 = 1 OFt 7 oft o= g7~ Z&5 &
(25+1) 1 3 1 3 3p 3 3 3
[Godfrey & Isgur, PRD 32 (1985) 189] LJ SO S/D1 P1 PO P1 P/F2 D2 D/G3 - —

[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]
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HFHF

Helmholtz Forschungsakademie Hessen fiir FAIR

* Before 2003:

» Good agreement between theory
and experiment, particularly
beneath open charm thresholds

* After 2003:

» Severe mismatch between predicted

and observed spectrum

Potential model:

4 Pk 4 > =

V&€ = —== 4 pr 5(5 S5

5 3, Tor+ o2 (r)ScSe

1 2“&; b = = 4“&;
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+ relativistic corrections!

[Godfrey & Isgur, PRD 32 (1985) 189]
[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]
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Charmonium spectrum (cc) ===

exotic o

* Before 2003:

» Good agreement between theory
and experiment, particularly 4.5 ‘,;(4415) | =

beneath open charm thresholds R aa90). R X(4350)
L W(4360) ] : )((4250)
“;(-Zi 60) L e—— 2(4200 X(4160)

e After 2003: m | I “”40’  X@100mmmmxca0ssy|
4" "tv"(40407 x(3915) """"""" A R K(aozoy 40505 DD

» Severe mismatch between predicted AT« R SR | | L.......’.f.'.}'s's?éa) ____________ ¥, (3842} smunmen, X(3840) 5
w(3770) (3860) (3872) | | EEEESSS 7 (3900)°

and observed spectrum _______________ ol el W8828) N =

m [GeV/c?]
S

o VS) (1P)
n,(28) hc(1 P) 401(1 P) ------

* Several supernumerary vector states™ |  mm
Y (4260), ..., Y(4660) I ? Experirriem
L - ; : === New states ,
"""" Quark model 85 13

JPC 0" | 1 | 1+ iO++ | 1+ i o+ | - i3—— i 7+ i ???
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L, 's,°s/D, P, °P, °P,°P/F,°D,°D/G, - -
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Charmonium spectrum (cc) ===

 exotic |

2109 M

* Before 2003:

» Good agreement between theory
and experiment, particularly a5l lomm| =22 o =
: (4415) _ 7" (4430
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L W ¢ I
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(4160) L emm—
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: : 4 X(3915) ; : :
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3.5
* Several supernumerary vector states:
m—- Experirﬁent

/ J_/_q:g]_S_) - New states

* Several charged manifestly exotics: 3 "‘13) Quark nflodel a; "3
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JPC ot 1 1+ 0* {1 2t o— 3— 7+ ???
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Charmonium spectrum (cc) ===

 exotic |
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HFHF Major labs and past experiments I= 5= 1L

* Data taking 1980 — 2000
(2002 — 2008)

* e*e collider, E.,s <3 -12 GeV

e = iCornell

University

(CESR)
M sLAC ]
Stanford (PEP-II) KEKB
Tsukuba

;-

* Data taking 1999 — 2008 * Data taking 1999 — 2010
 e*e collider, E. s < 10.58 GeV * e*e collider, E.,s = 10.58 GeV

Frank Nerling Physics in Collisions — Review on Spectroscopy 20



HFHF Major labs and running experiments I 1l

Helmholtz Forschungsakademie Hessen fiir FAIR

—Cornell

University n
M sLAC VSR CERN
Stanford (PEP-II) Geneva

& - ¥ S wa

* Data taking 2010 — 2030
* pp collider, E s = 3.5/ ../7/8/13 GeV

N
(Super) KEKB
Tsukuba

Belle II

e Data taking 2019 — 2031+
* e*e collider, E s < 11 GeV

Frank Nerling Physics in Collisions — Review on Spectroscopy 21




HFHF Major labs and running experiments

* Data taking 2008 — 2030
* e*e collider, E.s <4.6 /4.9 GeV

pPparnda

h..—— FAIR / GSI
J=f‘n'l Darmstaﬁ o

.-! Be beam pipe
CERN . )

FUTURE

* Data taking starts 2025
° pp annihilation, E.,s < 5.5 GeV

* Data taking 2010 — 2030

SC magnet, 1T

Geneva olo Csi(TI) calorimeter, 2.5 GeV

BESIT

IHEP Beijing
Il (BEPCII)
]

(Super) KEKB

Tsukuba

Belle I

l § ./ Fim
/

s

.//
/)

b
W
0w

"~

Il

~75m

: _ * Data taking 2019 — 2031+
pp collider, E; s = 3.5/ ../7/8/13 GeV + e*e collider, E.—. < 11 GeV
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HFHF Production mechanisms of hadrons I= 5= 1I

Formation or production with recoil _ i _ _ _
* Formation & Production with recoil particle(s)

(ISR)
» CLEO(-c), BaBar, Belle(ll) (E¢ns < 12 GeV)
»< » BESI-Ill (E. < 4.9 GeV)

recoﬂ S

B meson decays Z * B meson decays
X
/. s » CLEO, BaBar, Belle(ll) (E¢ns < 12 GeV)
B3 » LHCb: pp (7 TeV/c)
~ = recoil

Prompt production * Prompt production

p
. » LHCb: pp (7 TeV/c),
% » also CDF, ATLAS, CMS ...
p recoil

Formation or production with recoll _ _ _ _ _
* Formation & Production with recoil particle(s)

; é > E760/E835, PANDA (E,. < 5.5 GeV)
» No running experiment presently

recoﬂ
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HF == Il

Helmholtz Forschungsakademie Hessen fiir FAIR

The Y(4260) and further
supernumerary vector states

Frank Nerling Physics in Collisions — Review on Spectroscopy 24



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) ]
""o 40_ | I | L LA NQ | ) . " : | , ' 2 . I o ) 5 . | " )
; i W T S T .
(=] B .
& 30 ' p 2 10 -
3 = ;0' ", ’"” mo"' ""’ H ” i - 8 - : :. -
E I MY - 8 | Pl .
le 20 36 38 4 42 44 46 48 5] R L 4 ]
i 51— o
10— > _— B “‘
: -}L'F. d %l : - T 1 \ \ | \ l
ALl - S e N &3 B s s

E 2 IT [ III[ . 1 T 1

8. 4.8 5 4 % 5
m(n+n Thy) (GeV/c?) m(z(m YIy) (GeV/c?)

* Discovery of the Y(4260) using ISR * Discovery of the Y(4360) using ISR
by BaBar in J/Apmtm by BaBar in {(28)mm-

Frank Nerling Physics in Collisions — Review on Spectroscopy 25



HF kkkkk LLI The Y states, e*e" production of E==I
JAprr, h e and Y(2S)nm

BESIII result, published

ete” —» Jymtn ete” —» Y(2S)mim
[PRL 118, 092001 (2017)] [Phys. Rev. D 96, 032004 (2017)]
100 ~ 12011
¥ 9 : BESIII 1
e O XNZ BESIL | 2 (90f BESIH B
'8_ 80 . cC i ‘ Belle -
= T =il 2 8of L -=BaBar-
g 60 - s $ - i
S - @
r 40 o
S Ia ‘ O
L 20
© : R
038 4 a2 44 46 200 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? EIESSII

Helmholtz Forschungsakademie Hessen fiir FAIR

ete” — JApmtm ete” — P2S)mm ete” — h mtm™

[BaBar, PRL 95, 142001 (2005)]

[BaBar, PRL 98, 212001 (2007)]

~ 40 T T T T T LA T T T i
R ML LS R 0 OO S 0 0 v [ : ' ' - e PRL110, 252002 (2013)
>k 10°F - S 80— —e— Belle: n*m J/y ,
o 13 % . PRL111, 242001 (2013)
s I 10} 5 | 2 f e PRL107, 041803 (2011)
8 30_— H 1025.':- . 7] "\; 10— | E 60j CLEO-c: t*wh, I[I
E I ‘ ITH’ i st 1 51 g | : f l
5 20 ‘ ‘ ‘ 36 38 4 42 44 46 48 5_| i) - 40— l" H
B 1 . T g [ I
- . 3 - L
N oqu}{HTJ i
C * t ] = i
ol Bt INLLT ] EOI S,
i 4 iy Al ke -
it gl ”Lf*ytl ------ 1 I
T R : - : L 39 40 4d 4.2 43 44 45 46 a7
9% 4 22 4.111 26 I I4|8 5 75 g 55 (GeV)
m(n /) (GeV/c?) m2(r*n)Iy) (GeV/Ic) Ecy
[PRL 118, 092001 (2017)] [Phys. Rev. D 96, 032004 (2017)] [Phys. Rev. Lett. 118 092002 (2017)]
100: :g 1205 R "‘éESl"_ 250;* -« BESIII R scan data sample
g aof = 10op BESII “+Belle ] 5 5y TUES datasemple BESII
-~ L o 8ok - BaBar = E ~Fit curve: Total
= - & " 1 £ 100 Fit curve: Y(4220)
S 60 3 : g
i B (7)) a
B i P 2 100
& - » = -
T 40 S S sof
K - O g r
2 | a8 O
© B C
- sof
0—3g =% — ‘4'2‘ =23 a8 39 40 41 '4‘2l(")'43' 44 45 46
¥ : ¥ § e
Vs (GeV)
Two structures now resolved: Y(4260) - Y(4220), Y(4360) - Y(4390)
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Helmholtz Forschungsakademie Hessen fiir FAIR

Further decays of Y(4260)

ete” — J/n
80 [Phys. Rev. D102, 031101 (2020)] * Simultaneous maximum-likelihood fit
oé BESTT i (Top: High stat. XYZ data, Bottom: Scan data)
70 — [
<) v(4040) assumed, Y(4220), Y(4390) ?
50 [ * Significance of Y(4390) = 6.0 o
“F ~Y(4390)
. 30 = "’\, 6.00
8 20F L : : -
g 10F- Parameters Solution 1 Solution 2 Solution 3
£ et M,(MeV/c?) 4039(fixed)
= Rl . S v, » ', (MeV) 80(fixed)
2 - I < Bry (eV) 1.5+0.3 1.4 +0.3 7.0 £ 0.6
o 1900 ¢, (rad) 3.3+0.3 3.1+0.3 45402
o M>(MeV/c?) 4218.6 + 3.8
= 100 4‘ I, (MeV) 82.0+5.7
- ‘ . |Hi. IS Br, (eV) 8.0+ 1.7 IENE
500 j i it ‘- $, (rad) 424 0.4 29403
L NI Ik
- \||II / ‘,l' W] M;(MeV/c?) 4382.0 + 13.3
of —=uth ||I” f11HTa] rJ i ST EISESEh e [3(MeV) 135.8 + 60.8
- " g T ¢ Bry (eV) 34422 S 10 1.7 4+ 1.1
N ¢5 (rad) 2.8 +0.4 3.3 +0.4 3.0 +0.4
SO e sssleemiseriisassiommiogilaigalog
38 39 4 41 42 43 44 45 46
/s (GeV)
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HFHF Further decays of Y(4260) == I

[Phys. Rev. D 103, 032006 (2021)]
(26.7%) iﬁg (15.8%) 70
W - RESTI O max [PD] 2 47.5 +13.1
&0 m [MeV/c“] 4236.3 + 8.9
28 3 3.2 28 238 3 3.2 28 3 32 50 s i r [MeV] 70.0 + 32.1
m(2(rw 7)) [GeVic?] m(rn2n°) [GeV/c?] m(2(rn)) [GeV/cY] )

(2.9%)

= ] (6.0%)

28 3 3.2 28 3 3.2 28 3 3.2
m(KsK') [GeV/c?) m(K'K ) [GeVie'] m(KsK ) [GeVic]
1% (4.0%) :: (0.6%)
+ 8of 0 H
% 60 —
% 40 0 [
§ A
, —@— Data (n.n*nn9
2'sm(z(K'K')a) [Gewcz]a'2 —'1 0 [ O Data ULQO (qcn*n‘no)
100 8oy (2.5%) Sl Y Fit
3o ol 20 f oo Y(4260), PDG
2%k sof — — - PRL 118, 092001 ﬂ201 7)
£ 40 20 _30 M . ] ) : : A ) : 1
20 10
. 4.2 4.4 4.6

28 3 3.2 28 3 32 28 3 3.2 28 3 32
m(2(rm)KK) [GeVic?] m(pp) [GeV/c?] m(pPrn) [GeV/ic?] m(ppr?) [GeV/c?]

/s [GeV]

ete” - patn Al

Vs [GeV] L [pb™'] Nobs K fve Yo &Bi [%) OBom [Pb] ULgo [pb] St/ Seet [0]

4.1780 3180.0  530+£246  [0.720,0.734]  1.056 2.0 104450 £29 17.9 22/19 _

4.222(3) 1291.7 72& 1;9 [8.7;2, g.;al] 1.356 2.8 46,1j§:£j:6,6 6;.(6) Z.lj:ﬁ => Clear evidence for

425 257 465+134  [0.786,0.824]  1.054 2 314726 + 6.7 46. S5/32 _
43583 539.8 242115  [0.802, 0.880]  1.051 21 2224114 4 62 39.2 2.2/1.9 Y(4220) — N nrr
4.4156 1073.6 379165  [0.780, 0.850]  1.053 22 18.1784 £ 45 30.6 2.3/2.1

45995 5669  79+102  [0.763,0.807]  1.055 2.0 747198 139 239 0.8/0.7
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45

40
35F
3.0F
25F
20F
15E

o PP *
0.5E

cgle'e — ppn) (pb)

Y

38 30 40 41 42 43 44 45 46
\s (GeV)

-

Y ]‘Y?Y .'“VYV Y rYY VYY Y Y"TY.’ V'r',! 'YrYY‘

(b)

L]
W

- ppw) (pb)
(&)

W b

+

ogle'e
N

PpPpw
38 30 40 4142 43 44 45 46
s (GeV)

arXiv:2102.04268

—

/s (GeV)

| K{K*n¥n

S (Pb)

;\i

A IPUPUPENE ENPUPEPE TPUPIPIP TPUPEPIP EPUPRPIPN IPUPPUN EPurrar
41 42 43 44 45 46

s (GeV)
arXiv:1810.09395

ﬁ ' :
10 = , } \f \ﬁ‘%‘v-s,é‘_\\é-é
. g

c¥(e'e = 2pp)) (1)

Decays of Y(4260) to light hadrons =1

12 = Continuum ¥?/NDF= 11.2/12
i ) g+
8| |
| J
6| ™
o
- PRD 99, 072005
4|
4 4.2 44 46
s (GeV)
2 (p -y ) w— TSI :
150 p vt § ,
— AR " /4
A/
100 ' , /*
' L _'..-/"‘,‘(.0 x ’
50+ “; ,,.5"'/
o?"‘?‘;%f,*',“’.o i PR RS St S )
4.0 4.2 44 46

is (GeV)

PRD 103, 052003

* More and more possible decay channels to light hadrons investigated

e Still no clear evidence
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HFHF The Y(4260) in B decays

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

[Phys. Rev. D 99, 071102 (2019)]

BT - Y (4260)K™ -
— J/pr T KT

Y (4260)

B° — Y (4260) K2
— J/yr Tt K2

Events/(4 MeV)

....
14

-0.1 -0.05 0 0.05 0.1 4

AE (GeV)

* 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/¢ntr )KT) < 1.4 x107°
> B(BY — Y (4260)(— J/yntn )K2) < 1.7 x 107°

A2 AZ 43 a4 45 46
M.l'v!l' [GGVJ'C )

D

<o

Belle I
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The Z(4430) and further (charged) Z. states
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HFHF Experimental review of the Z(4430) == N

[Belle, Phys. Rev. Lett., 100 (2008) 142001] ° F"-St Observed by Be”e |n 2008

USE s o e | T

> B — KTZ(4430)* — KTn5q)/
> relatively narrow state, 6.5 o

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

=> Minimal quark content [ccud] = manifestly exotic

Events/0.01 GeV

* BaBar searched for it, however, does not
confirm

38 4.05 4.3 4.55 4.8
M(r"y') (GeV)

* Decay to J/y/n seen in B decays by Belle

45 - [Belle, Phys. Rev. D 88 (2013) 074026]
E o , and not seen by

BaBar

Toy MC experiments

* LHCb confirms and showed resonant behavior
in argand plot

gb * Spin-parity constrained by Belle: JF=1*:
00 40 20020 4°A(_62°,n Le)’o confirmed by LHCb
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HFHF Experimental review of the Z(4430) == N

[Belle, Phys. Rev. Lett., 100 (2008) 142001] ° Fil’St Observed by Be”e in 2008
Nl | > B — KTZ(4430)* —» KTty
[ - > relatively narrow state, 6.5
> » first charmonium-like state with a non-zero
8 2of electric charge
3 => Minimal quark content [ccud] = manifestly exotic
* BaBar searched for it, however, does not
confirm
3.8 . . Nll(n*q;‘.)'(G?V)' 4{.55l | | 4.8
L LHCb 5 B * Decay to J/y/n seen in B decays by Belle
i ; 1 , and not seen by
bl T ] BaBar
£ -02r . * LHCb confirms and showed resonant behavior
oal 1 in argand plot
| s p opw & pw g o L : : : . |IP =
Wt e * Spin-parity constrained by Belle: J"=1*:

Re A” confirmed by LHCb

Frank Nerling Physics in Collisions — Review on Spectroscopy 34




HFHE  Two Z. triplets established at BESIll IEZ =1L

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

[PRL 115 (2015) 112003]

[PRL 110 (2013) 252001] o [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
e o s 4230 MeV o : e
b L — Total fit < 100 % <50 —~ 0
S F -+ Background fit e w E 100 4| S g
8 i § 2w 3
: 80:_ {1 B 2 60 3 § i
@ 40[ | WA d 40 E ! | 7o $ 20
g0k “ 5 >
& 20f R 4 ~U ‘ 20 : L 1:
0 3.6 38 4.0 2 e QA IR R C R Plal gt
ST M(r'Jy) (GeV/e) ESSReAn S 5T N iy
ete™ = m—nmtJ/y ete™ — nPnlJ/yp ete™ - m mthe ete™ — nPnlh,
Charged Neutral Charged Neutral
] | J
Y Y
Z.(3900)+07? Z.,(4020)+07?

* Two isospin triplets of charmonium-like exotic states established
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HFHF  Two Z_ triplets established at BESIIl K= == It

[PRL 115 (2015) 112003]

- [PRL 110 (2013) 252001] e [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
E 1oof o % W 4230 MeV gm : A . ‘
S g - g w 2 e 3u 2
0 = a + [ sicebend g 60 g 80 é : § o
c 3% {1 = . 3 S
% % 405- . 1T d ‘ y & 40 =08 39 Mt.:((}llr‘) g 15
'-g Lﬁ “F 5 + 0 - - 20 L 1:
L 07757 a8 39 40 ' N 0 - e P95 400 405 410 415 a3 izs 3
Max (/) (GeV/c?) M(m'Jly) (GeV/c) M, , (GeV/c) ME (GeV/e)
ete™ = n—ntJ/yp ete™ — nPnOU/yp ete™ = n—mthe ete™ — m97Oh,
PRL 112 (2014) 022001
[ (2014) ] [PRL 112 (2013) 132001]
= O~ e o [PRL 115 (2015) 182002]
© [PRL 115 (2015) 222002] & [ - oo~ — total fit e g R I
= = S 60| - Z,(4025) 2 [
0 330:” L g::;al Fit % - C‘HSSP i g r
c gsoi ... Signal 3 40' g 201
Q oo M Incl. Bkg = H s
Q‘ gm: %20' 10-
@ B f & i
15 o 402 404 406 _ 408 ok

05

4 4.08 B :
M(DD*) (GeV/c?) RM(n°%)(GeV/c*

RM(r) (GeV/c?)

ete™ — n— (D*D*)*

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

* Two isospin triplets of charmonium-like exotic states established
* Different decay (hidden vs. open charm) of same state observed?
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HFHF  Two Z_ triplets established at BESIIl K= == It

[PRL 115 (2015) 112003]

[PRL 110 (2013) 252001] e [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
g s — g 4230 MeV iornd : s
b — Toulf i 2 gso o ¥
£ 3w g " 2 .
o s 60:— + [ siceband % 80 § g 2
5 240;{“ g: § X %’z
g L% 20: J .?! 20 M, (Gewc’) ‘: 1:
I 07757 a8 39 40 040 fos 400 405 410- ‘ 415. 420 S 39 3 4 .
Mpa(m2JAy) (GeV/c?) M(n J/‘l’)(GeV/c) il tGevidy ME®__(GeV/ed)
ete™ — n- I/ ete™ — nPnOU/yp ete™ — mmthe ete™ — m97Oh,
PRL 112 (2014) 022001
[ (2014) ] [PRL 112 (2013) 132001]
= O are g [PRL 115 (2015) 182002]
= [PRL 115 (2015) 222002] G | - o= —totlit G T T
- _ %80_ — - Z,(4025) §
0 an i gﬁ;ﬁa. Fit = - :IHSSP Ea 5
c 560 .- Signal 3 40l g
& = miiio =l # ’
o 40 S 20}
@) 5, &
415 0 4.02 4.04 4.06 4.08 -
MDD (Gevicd RM() (GeVi/c?) M) Gavict
/ N\ (05
Z.(3900)* Z.(3900)° Z.(3900)
harged Neutral
J
Y
Z.,(4020)+07?
es established

\_
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HFHF First Z_, candidates Z(3985) reported I= = N

[BESIIL Phys. Rev. Lett. 126 (2021) 102001] oo * Search for strange partner of Z.(3900)

40 otal fi Tall i
< /s = 4.681 GeV - ;:3'9;;) > Cfnjalnlnngs quarf |n*ope_n charm decay
3 i B€STI S D (2600D° »e'em - K" (DsD*/D:D)
< a0 E g mm | e e > Narrow threshold enhancement (5.3c)
= RN o S5 > M = (3982.5718 £ 2.1)MeV/c?,
= I' = (12.8753 + 3.0)MeV
§ 10} * Manifestly exotic charged hidden-charm
Ho ]\ e d tetraquark candidate with strangeness

il 0 _ :
0 S——— ARG, » With a non-zero electric charge

» Thus, minimal quark content => [ccsu]

G replace a d-quark
6@ P by an s-quark
Z.(3900) Z.(3985)
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HFHF First Z_, candidates Z(3985) reported I= = N

[BESIIL Phys. Rev. Lett. 126 (2021) 102001] oo * Search for strange partner of Z.(3900)
40 » Total fit iNni i
< s = 4.681 GeV ey > Conjalnlng s quark in ope_n charm decay
SN 3¢<TI oo D" (26001D" >ete” - KT (D,D*/D*D)
g 0VF o BT o | i > Narrow threshold enhancement (5.3c)
< 55 : > M (3982. 5+;g +2.1)MeV/c?,
= = (12.8152 £ 3.0)MeV
§ 10} * Manifestly exotic charged hidden-charm
Ho ]\ e tetraquark candidate with strangeness
Y B A s — //'V/A]g - _ '
0 4 4.05 41 415 » With a n.or.1 zero electric charge o
RM(K*) (GeV/cd) » Thus, minimal quark content => [ccsu]
Missing Mass Technique: T S S S
200 F— Z;;»>D0* |5 =4.681 GeV -
L 180F-.... Z.;—D*,D° —+ Data E
% 160 kep pe ' Fitresut i
= 10F_ .. K*D*,D° I WS Data -
o 120 + E
A 100 -
Z 80 l t l 3
—_— § 60 —;
m 40 E
20

195 2 2.05 2.1

RM(K*D)+M(D))-m(D)) (GeV/c?)
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HFHF First Z_, candidates Z(3985) reported I= = N

E 700 E—— X (4630) —f

Foes LHCb .
S 600 X (4500) = _cc
~ E — X(4700) ] 3
3 500 F— xNR e =4
S 400~ xeuo 3 3
g F — x(4274) : =
o 300 F —  X(4685) = 8_
200 f— X4150) = @

F == Z.,(4000) .

100 - - Z,(4220) tl E
3 700 E - ko 3 v
S 600F KV LHCb * o
= - KT . o
@ 500 :—+ K2 B c
g B+ K2 3 @
S 400 F . =
'2 F == Background . o
S 300 == Total fit E %
200 E_+Data9 fb! _E :
: . A
100 - d g
0 S = 8:: - . i h I B , = =t ] -

1.5 2 42 44 4.6 48 36 3.8 4 42
Myxe [GeV] My [GeV] Mk [GeV]

* LHCb reports two Z., candidates in B — ¢(J/wK™)
> Z.(4000), JP = 1*, hidden charm final state (15c)
> Z.(4220), JP = 1* or 1-, hidden charm final state, broader (5.90)

[LHCb, PRL 127, 082001 (2021)]
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HFHF First Z_, candidates Z(3985) reported I= = N

E 700 E—— X(4630) —f

o LHCb :
S 600 L X400 E _cc
= E — X@700) ] S
3 500 F— xNR e =4
S 400 £ X@140) E o
'% E — X(4274) : =
O 300 F— xuess) = 8.
200 — X@150) - 8

F o Z,5(4000) H

100 - - Z,(4220) tl E
3 700 -+ ko 3 v
S 600F KT LHCb o
=, g K ] S
g 200F+ k2 E =
= ¥ K2 E 7]
S 400 . =
'2 F == Background . o
S 300 F 4 rotal it £ o
200 E_+Data9 fb! _E :
: E A
100 = . c
C . H | T | -}

L5 2 4.2 44 4.6 48 36
- [GeV] My, [GeV]

* LHCb reports two Z., candidates in B — ¢(J/wK™)
> Z.(4000), JP = 1*, hidden charm final state (15c)
> Z.(4220), JP = 1* or 1-, hidden charm final state, broader (5.90)

[LHCb, PRL 127, 082001 (2021)]
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HFHF First Z_. candidates Z(3985) reported I= == 1L

JFP Contribution Significance (o) M, MeV) I, MeV) FF (%)
23 2'P; K(17) 4.5 (4.5) 1861 &+ 107,° 149 + 413! c
2P, K'(1%) 4.5 (4.5) 1911 S 37= " 276 5011 38
1P, K (1400) 9.2 (11) 1403 174 15 + 353, g.
2" 1'D, K,(1770) 7.9 (8.0) 1773 186 o
1°D, K,(1820) 5.8 (5.8) 1816 276 . =
1- 1°D, K*(1680) 4.7 (13) 1717 — Sm— 9
235, K*(1410) 7.7 (15) 1414 Updated model extended by: | @
2" 2P, K3(1980) 1.6 (7.4) 1988 £223)1 » 2 Z, states, J/yK resonances
0 2'S, K(1460) 12 (13) 1483 | « 2 J/y¢ resonances
7 X(4150) 4.8 8.7) 4146 + 18i1: * 4 J/y¢ resonances already 3
- -+ . . .
1 X(4630) 55 (-7 4626161, previously included confirmed | <.
0* X(4500) 20 (20) 4474 +3+3 TTE0 3 SO0 %
X(4700) 17 (18) 4694 + 413¢ 878" 8.9+ 1212 =
NR /s 4.8 (5.7) 28 + 8717 o
Q.
I+ X (4140) 13 (16) 4118 £ 11737 162 +217% 17 &350 @
X(4274) 18 (18) 4294 + 47} 53+5+5 2.840570" ’?
X(4685) g 15 (15) | 4684 i 126 + 1515] T2 1.0 ¢ 3
1+ Z..,(4000) 15 (16) 4003 + 61, 131 £ 15426 94421434 ~
Z.,(4220) 5.9 (8.4) 4216 + 24733 238 450 10 +41)°

* LHCb reports two Z., candidates in B — ¢(J/wK™)
> Z.(4000), JP = 1*, hidden charm final state (15c) = 10x broader than BESIIII cand.

> | => Same state observed in different decays [der (5:90)
(open/hidden charm) at two experiments?

[LHCb, PRL 127, 082001 (2021)]
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The X(3872)
and further X states
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HFHF Experimental review of the X(3872) E=== 1L

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

I * First observed by Belle in 2003
> X (3872) — J/ypm T~

X(3872) — J/p ] = (<0.07 £ 0.12) MeV/c2 (LHCb 2020)

o U ’”’"J' S * \Width measurement:
0.40 0.80 1.20 > Tx@erz< 1.2 MeV (2011, Belle)

M(m* mI'T) - M(I'T) (GeV) > Ty@srz) = 1.39 MeV (2020, LHCb)

300 - |
- - > very narrow state with JP¢ = 1+
A y' — J/P T ]
200 - _ * Belle & BaBar report signal in
- ] > X (3872) — D°D*0
100 |- N * Mass m[X(3872)] — m[D*°] — m[D°)

Analogy to deuteron:
For clarification:

D* . .
=> Precision measurement with
sub-MeV resolution needed!
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HFHF Experimental review of the X(3872) E=== 1L

[CDF, Phys. Rev. Lett., 103 (2009) 152001]

2200 |

——— molecule

cusp

2000 |

1800 F

1600 |

Candidates per 1.25 MeV/c?

bALT e
1400 F5 \ -
3.85 3.86 3.87 3.88 3.89 005 00 os_ 16 is

Jymn Mass (GeV/c?) * Width measurement:

> Tyagra< 1.2 MeV (2011, Belle)
> rx(3872) = 1.39 MeV (2020, LHCb)

Analogy to deuteron:
For clarification:

D* . .
=> Precision measurement with
sub-MeV resolution needed!
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HFHF Experimental review of the X(3872) E=== 1L

[CDF, Phys. Rev. Lett., 103 (2009) 152001]

Q¥ B %50;| IIIIII 'l. L i rln<|><'ac,:ulel;

S 2200 | . ’f\\ i cus‘p °

® i o | 5] meson

S 2 40+ | HE

w 2000 | ; ¥

Al

- E 30¢ '

5 1800 F o

= ; 20/ i i

2 1600 F 4t | iy S

g - 4 7 L e 10| //

2 1400 P4 /i

O 0Zim e e e
3.85 3.86 3.87 3.88 3.89 R T TR

Jymn Mass (GeV/c?) * Width measurement:

> Tyagra< 1.2 MeV (2011, Belle)
> rx(3872) = 1.39 MeV (2020, LHCb)

Analogy to deuteron:
For clarification:

D* . .
=> Precision measurement with
sub-MeV resolution needed!
Eank Nerling 1 Collisions — Review on Spectroscopy 46
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eeeeeeeeeeeeeeeeeeeeeeeee —-3Sensitivity for resonance energy scans

(comprehensive MC simulation study) Pands

Sensitivity: Sensitivity:
400 Breit-Wigner absolute decay width Molecule Flatte-like line shape
> [ < [
=. 350 [ MC study -+ HR mode = [ MC study -»- HR mode
Sa300f o -= HL mode g 1-2:' = HL mode
wn " i — L * - E, =-7.0 MeV.
b :_ =' 600 “ ‘\ ” 1 ._ ".' N 40
9; 250 | :=.‘ i > ol e JL
E o } g 081 . N 2
~ 200_ Y N\ e | -9 e e
| 1 ‘ & [ \ e L A
100 & el ™. 0.4+ g #o
i s, ."'-....ql_"t"- .,."_‘::“." : \‘\ e, _“,
50 f e e 0.2 il S S
r T e | LT, -» :
L | | PR 0 LT | 0 L | P [T | | | P |

0 100 120 140 160 0 20 40 60 80 100 120 140 160
5. [nb] 4 [nb]

0'...1.. MR R
0 20 40 60 8

e Sub-MeV resolution well feasible for * Sub-MeV resolution well feasible for
» absolute Breit-Wigner decay width » molecule Flatte-like line shape

[PANDA, Eur. Phys. J. A 55 (2019) 42]
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HFHF LHCDb lineshapes (incl. resolution) K= == 1K

Original lineshapes Lineshapes with resolution

x10° 2000

Bi‘eitl—\?\}iglllerl
— Flatté A
6000

5000
4000
3000
2000
1000

Tnel. resolution and bla‘c:kglroluﬁd
-------- Breit-Wigner .
— Flatté LHCD

N PP R
3.84 3.80 3.88 3.9
M jpprt+n- [GGV]

7.3 Comparison between Breit—Wigner and Flatté lineshapes

-_—e e e = = = = - ' Figure 4 shows the comparison between the Breit-Wigner and the Flatté lineshapes.
While in both cases the signal peaks at the same mass, the Flatté model results in a
Mode [MeV] Mean [MeV] FWHM [MeV] signifcantly narrower lineshape. Howegeratter foldine suith the resolution function and

3871.60 00 +005  3g7] G6+007+011 0.22+006+025 adding the background, the observablg¢ distributions are indistinguishable.

* Due to detector resolution both models cannot be distinguished
» 1.39 MeV (BW) vs. 0.22 MeV (Flatté) => factor of ~5 [Phys.Rev.D 102 (2020) 9, 092005]
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HFHE  pANDA lineshapes (indl. resolution) TE == I

Lineshapes with resolution (P1) Lineshapes with resolution
'g‘ o [ ] = — ! : 8000 Elal & T T T ¢ T .0 oL G ] 1.1
S 4 5F == Breit-Wigner , E Incl. resolution and background 3
Sqpp — STl PANDA 7000F e .
E oo — Flatté oo Breit-Wigner LHCH :
W 4¢ 2 o’ 3
© 6000 — Flatté -
5000 -
4000 -
3000F -
2000 =
1000 =
; ! ! 1 0 S Y U E
3h68 3870 3872 3874 384 386 388 39
Ecms [MeV] ‘772,‘]/11",.”+ﬂ-— [GeV]
Uiy, as72) = 3871.695 £ 0.067 £ 0.068 % 0.010 MeV 7.3 Comparison between Breit—Wigner and Flatté lineshapes
A by le I T
—F B = Ledalie =il I\LCV ————— Figure 4 shows the comparison between the Breit-Wigner and the Flatté lineshapes.
- While in both cases the signal peaks at the same mass, the Flatté model results in a
Mode [RIEV] Mean [:\IQV] FWHM [.\IGV] Signifca‘ntly narrower lineshape‘ Howexer_after Fn]r]ino; sith the resaolntion function and
3871.60 00 +005  3g7] GEHOOTHOIL (99 +0.06+025 adding the background, the observabl¢ distributions are indistinguishable.

* Thanks to the beam resolution both models can be distinguished at PANDA

» 1.39 MeV (BW) vs. 0.22 MeV (Flatté) => factor of ~5 [Phys.Rev.D 102 (2020) 9, 092005]
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HFHFE  sensitivity: Distinguish line shapes === I

E“EI_I da

How much better are we than than "indistinguishable™?
|dea: Consider so-called odds := correct identifications per wrong one

Flatte — BW ,
g EEE
PANDA HL mode B EEANL

L MC study P1 mode -MCegtidy- " — e s o -

mdlstlngwshable | HR mode

»
O
S

P [%]

(&)
o

Eie s il NG s st evestesisveiaiena i s e N o TR s W - WP E e s e vee fusasesnaviniffe e e pe s Re s s Sas RS e v

20 _ .................. .................. .................. .................. __________________ __________________ L— H—

LHCH T

10“ """""""" """""""""" """"""""" e """"""""" """"""""" ....... . LI P1 mode

e = l ....... |nd|st|ngaU|stjabIe ........... — HR mode

0555 _7_'5":'_7' I e R B 9785 -8 75 -7 65 -6 55 -5

! E, [MeV] E; [MeV]

E;=-7.2 MeV
odds = (1 = Pmis) / Pmis

A 8

[K.G6tzen and F.Nerling, for the PANDA Collab., QWG2021]
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HFHFE  sensitivity: Distinguish line shapes === I

Erah da

How much better are we than than "indistinguishable™?
|dea: Consider so-called odds := correct identifications per wrong one

Flatté > BW
PANDA | HLmode

L MC study | P1 mode

mdlstlngwshable _HR mode.

(©))
O

P [%]

(&)
o

SN O T O N N \ S

00 .................. .................. .................. L

. | P1 mode
3 |nd|st|ngwsfjable HR mode

il

1ol

0585 8 —75'—7 65 -6 55 -5 "9 85 -8 75 -7 65 6 55 5

| E, [MeV] E. [MeV]
At least ~10x better than odds = (1 = Ps) / Ppye
|nd|st|ngwshable (full range)

[K.Gotzen and F.Nerling, for the P ——rrre———
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Prompt production of the X(3872) K== 1K

Alternatively: Ratio of cross sections x BRs for X(3872) vs. ordinary charmonium

cl

(3872) B(Z (3872)—) J/ l//ﬂ'*?l")
B(y(2S)—» J/yrtr)

O-Z cl

Oy s)

in prompt production provides handle to sort out models ...

014~ LHCb BE ]
C op (5=8TeV Siox  ~+Prompt b decays .
012 = p..>5GeV/c & & =
e s Comover Interaction Model, Esposito ez al.
0.1 5 Molecule Compact ‘gggg Molecule —
= [ﬂ (coalescence) tetraquark *(geometric) -
0.08 — —
0.06 |- & .%: =
0.04 | ‘#’ -
0.02 -
oL I T R [T S N [T T T

0 50 100 150 200

Multiplicity

=> Compact tetraquark preferred, others not yet excluded ... (model dependency)

|[LHCD, PKL 126, 092001 (ZUZ1)
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mmmmmmmmmmmmmmmmmmmmmmmmm 1" First observation of c"¢™ — v X (3872KE = 1L

BESIII: First observation of eTe™ — v X (3872) — yn 7~ J/

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

" [BESII +- Data )
& | — Total fit |
§ X(3872) --=- Background
o 10 6.30 .
= s
2 L N
§ 5 1 }L ——
U

o 138t i i:i l i v|vv 11 T ¢| ll I

3.8 3.85 3.9 3.95

M+ J/y) (GeV/cd)

e m = (3871.9 £ 0.7 £ 0.2) MeV/c?
o I' <2.4MeV (90% CL)
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First observation of c "¢~ — 7 X (3872IE S 1K

BESIII: First observation of e"e™ — v X (3872) — yn 7~ J/p

ete” —> vX(3872) = yntn=J/p ?

[Phys. Rev. Lett. 112 (2014) 092001] = 08 CTross section
' 5 X . [ J 5 ) : [ ' ' " . Q_ R
STBeSTT + Data ~ — ~+-Data
) - = -4 BESIII 2014
i X(3872) _ - 0.6f — Fit
% 10k 6.3 --- Background +l:’ i
= s 90 §'O 4
(a9 ] i
2 | S
s = ] Ql i
* i g 2%
] @ i
Ao Al | > .
o EXT LTI TRTEY JHINIREIRNIAG < Qo —l— —Le— =3
3.8 3.85 3.9 3.95 o 4 4.2 4.4 4.6
M(r* /) (GeV/cd) I's (GeV)

e m = (3871.9 £ 0.7 £ 0.2) MeV/c?
o I' <2.4MeV (90% CL)

* Shape consistent with production
via a Y(4260) state

[Subm. to Phys. Rev. Lett., arXiv:1903.04695 [hep-ex]]
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HFHF If X(3872) is a molecule ... == I
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* Radiative decay observed Y (4260) — v X (3872)

» de-excitation via gamma emission
» quark flavour conserved, spin flip

4 A

Y (4260) X(3872)

/

\_
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HFHF If X(3872) is a molecule ... == I

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

* Radiative decay observed Y (4260) — v X (3872)

» de-excitation via gamma emission
» quark flavour conserved, spin flip

4 A

Y (4260) X(3872)

X
\_ /

* If X(3872) is a molecule (or a compact tetraquark)
=> Y(4260) is also a molecule (or a compact tetraquark)
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... and a couple of further,
newly discovered states ...
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BESIT First observation of X(6900) =1

LHCDb: First observation of a hidden doubly charmed tetraquark candidate

T..s: X(6900) > 50

[Science Bulletin 65 (2020) 1983]

—I— Data
s T0tal fit
m— Resonance

= Threshold BW1
w—= = Threshold BW2

‘ XX pps

NRSPS
N ‘ e = DPS+NRSPS
M ) . l
! lllri P . | l
o ) ) ¥ o] I
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¢ Av'o'0'0'0'0'o'o'o'o'o’o’o’o’o'o‘o’o'0'0'0' e Ta e TeT e
ORI AR R R R R R ey
X2 L. 2SRRRILRIKLRS QXRRRAIKS oo
BRITRR XXX XK I XTI X X KRR ot XX XX PP
OOt asetetetets a3 thetetetedel R ORI >
Patotetotetotetoted 2ok oletetets! XXX e A QSRR
RRIERRILRKS BRSSO RRRRRIIRLRAIKKS
038 ptetedede! 2K oot LIDIRS B00S02S0RKMIKKRKKKRKS
a3 QR RRIIIRRRIIIIRKRRIIIIIIKRRKS, 0% BN
§<S RIS SRRt O OX X
boose’ i SSRGS 2T
RECH SRR SRILLKAKKKKE,
RIIGERNS Padotes, Setele! LK QRRKRKKKE
SRS RN SRS
Z0%6% Sdedededs SRR e setetetetele! QOKAKRKKKL X
EREOORERRNNR —].. SRIRRRRRRELRRIRIILRIRIIIIKERRRY

200 7000 8000 9000

Model |
e m =69054+ 11+ 7MeV/c?

* I'=804£194 33 MeV
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BESII First observation of a T.. state =5 1K

LHCDb: First observation of a same signed doubly charmed tetraquark candidate

Tec™ > 220 [LHCb-Paper-2021-032 (2021) ]
&;703 L= L L S L
= ¢ LHCb 23 RE T+t — DDt
£ 60 1 B - cc
= - 91b § 25t I
S so- { =
= F > 10,  Minimal quark content => [ccud]
<L 40 Z*
- . 4 Data
30 T ™ * dmpw = mpw — (Mp-+ + mpo)
E + | ]Fl)‘og‘aIl)O threshold E
205— + D**D* threshold + + + _E mBW — 9273+ 61 + 5-I— keV/c
10; HﬁH ++ﬁ++ Hﬁ Mﬂ# | ﬁ ﬂ - Hﬂﬁ e Tpw = 410+ 165 + 43+ 18 kev
Op~ '_
N | ! -
3.87 3 88 3 89 3.9
MpOp0+ (GeV/c?]
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Again a Zoo of (exotic) hadrons ...

iBaryon
Meson
I Lepton
e
.. need some schem
s ification...
9 for classif o o [LHCB-FIGURE-2021-001]
- f (980) | 1 1 | !
- n_ (956)
(498) K (882)
K (494) o (782 55 new hadrons at LHCb
K* (494) p (770)
T (140) n (547)
n* (140) -
11 i B § 0 p
19I30 19135 19I40 19I45 19|50 19155 19|60 19I65 0,(6350) 50(6333)0
_ - Np(6152)° Q,(6340)Z (6227)° =,(6327)°
Zp(6227) i Ao(6146)° =3 =)
—rig B,(5970)*° = B
6000 - Ap(5920)° b ) E
./\D(5912)° zy . 'B)(5840)+‘0 Z,(6097)* No(6070)° B:(6114)°
3,(6097) " B.(6063)°
§ 5000 -
> X(4700) X(4685)
Z P.(4450)* X(4500) P.(4457)* @ x(2630)
w -
g - .X(4274) Pc(4440)+ Z.(4220)*
= ® b9 P.(4380)* P.(4312) Z..(4000)*
- o s
4000 1 @ célqq) X(3842) @ ° -
"+
@ cccc = ® Te
® < a
. Q.(3119)
® <999 D,13000)*° . i 0.(3090)° Zc(2939)°
3000 { W bag D,(3000)° @ D,(2860) N:(2860)* _FHQ-(3066) X1(2900) -
D,12760)* 0.(3050) B X,(2900)
caq J . ® 0 =.(2923)° :
" D(2740)° @ D5 (2760)° Q.(3000) =c © .
cC
W ccaqq D,(2580)° Ds0(2590)
T T 1 T T T 1 T T T
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Date of arXiv submission

[Polyakov, EPS-HEP-2021]
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HF eeeeeeeeeeeeeeeeeeee Summary and Prospectives =55 1K

* New era of charmonium-like exotic 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

» Charged Z. states are manifestly exotic states
= First complete isospin triplets established
®  First strange partner(s) reported

» The first of the XYZ states discovered, the X(3872), still not understood
m  Consistent picture in B decays and e*e- production
® [ ine shape to be measured precisely

» New exciting doubly charmed states discovered in prompt production ...

* Puzzling: Different states observed in B decays vs. e*e™ annihilation
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HF eeeeeeeeeeeeeeeeeeeee Summary and Prospectives =55 1K

* 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

* LHCDb successfully operating since 2011

» Unprecedented high statitics and energy
» Turns out to be a factory of new discoveries

* 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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* The B factories CLEO(-c)
* Belle has run a decade, m

* BESIII successfully operaf
» Machine upgrade allow

* LHCDb successfully operati

» Unprecedented high st

» Turns out to be a facto é % -

* Upcoming and future exper

Summary and Prospectives

» Comissioned, first phys
» Looking forward to new

.——-"-\ 5 -~

i

» World largest data sets

» PANDA/FAIR as comp
» Super tau-charm facto

/
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-

Outlook: Completion of the exotic multiplets
- High statistics and precision, in combination with different probes
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Back-up
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BESIT First observation of X(6900)

LHCDb: First observation of a hidden doubly charmed tetraquark candidate

T,.s: X(6900) > 50

Teozz - X(6900) > 50 [science Bulletin 65 (2020) 1983]

~ 220 . —— —~ 220 —
L —J— pata S —F— Dat
% 200 LHCb Total fit % 200 LHCb =— Total fit
< 180 Resonance s 180 . RESAEE
% 160 = tiidizw % 160 — - i
S/ 140 'I' B3 pps g 140 -I- _l_ %;ﬁsf BW
3 120 } } % psisass 8 120 | | — s
< <
S 100 J[ | S 100 H J[
= l 5 .. ]l][ ]
5 sogr Py Jf 5 SORA/ i f
< 60fF, 1T < 60 ; T
2] o\ 1 ' g 8 £ 1 e
=40 =40 =k = -
g 20 g 20" RGP
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Model | Model Il )
o m=6905:|:11:|:7MeV/02 o m:6886:|:11:|:11MeV/c
. —

e '=80+19 + 33 MeV I' =168 £+ 33 £+ 69 MeV
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HFHF What happened to the Y states? EISN

ete” — JAmrT ete” — Y(2S)mHn- ete” — hyhmn
100 r ~ 1207 B L ]
- 250— o scan data sample o) L -l-éESIII i
= B _+_ XYZ - F -II:E:E; Rdata galtnp]e » ‘9- 100:— l + Belle —:
a 80 __ Fit | = 200? — Fit curve: Total 5 80:— ‘ - BaBar—:
’5_ i . é 150 Fit curve: Y(4220) 13) r ]
= 60 ~° Fit Il € F - Fit curve: Y(4390) $ a
+|;- i é’ 100— %)
B i & F 7
40 - ] o
o P 3
© [ s O
© - E
- 50 M
e ST SV ST 39 40 a1 4‘2( )43 44 45 46 46
s (GeV) Is(GeV)
ete” — D'D* 1rt
[PRL 122, 102002 (2019)]
FECE T L6 O ¥ o b BT T b o o Tl ]_ 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?
2
~ <00 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 42 4.3 4.4 4.5 4.6 Jp/ hC / ¢(2S) TITT
Ey(GeV)
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ete” — J/Yn

Further decays of Y(4260)

[Phys. Rev. D 102, 031101 (2020)]

80
n0E BESII
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* Simultaneous maximume-likelihood fit
(Top: High stat. XYZ data, Bottom: Scan data)

* y(4040) assumed, Y(4220), Y(4390) ?
* Significance of Y(4390) = 6.0 o

* Y(4220) & Y(4390) mass and width
compilation vs. Y(4360) from PDG:
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[ & o, [15]

e - -4~ *D°D" [16]
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—
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HFHF Further decays of Y(4260) == I

+ — 9
ee — J/\lj n [Phys. Rev. D 101, 012008 (2020)]
XS [ —t— Data RS)
> - — Fit result > 4
g 2F...... Background| % 0 - . BES]]I
™ [ I Sideband ™ )
% 10 _ % 207 ’§
> i > Y ey
Lu o IIIIIHIIIIIIHH*L’L\J" * Lu O < .T
0.9 0.95 1 9
M(r*nm) (GeV/c?) M(yn') (GeV/cd) O i —— —
. : . . 42 a3 a4 a5 ae
* Simultaneous maximum-likelihood fit s

(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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HFHF The Y(4260) in B decays I
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Bt — 1/'(426())1(+ — J/?,b7r+7r_ffjL [Phys. Rev. D 99, 071102 (2019)]
% @ X(3872)3 © Y(4260) Y
+ .
1

Events/(11 MeV)
85338

BB 2

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

Events/(11 MeV)
N WLWbHAUN YO WO

15
10
5:
u> o  wmdttcsssssrsesad 00 T W OUUUTUUE JECOGRMAMMEGY W S ...,
Y 0 005 0.1 580 565 305 387 368 580 30 391 ) 3 i . y X ¥ I v Y R LR Y
AE (GeV) M yn (GeVIE?) AE (GeV) M,y (GEVICY)

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 B 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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HFH rrrrr First observation of X (3872) = yan° EEI

[Belle, Phys. Rev. D 99 111101 (2019)] [BESIIL, Phys. Rev. Lett., 122 (2019) 202001 ]

o
: 5 = Ne BESIT

. 14— L
RS ©  4F
S 12 § -
() (0] L
S 10 S "
7o) 0 o T
:’ 8 Y == o 1
2 " £ -
() 6_ °>-) 2— of¢ 41
> - ( C
W 4F C I

23— \ 1:— -+ 4]_{» -+

0: PP SR | -my.f\:.__LJ__L_AJ:_r_,-_-L e N

375 38 38 39 395 4 4.05 ] T |, S SR SE—

3.75 3.80 3.85 3.90 3.95 4.00

M(x_, ©°) (GeV/c?) i s
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) = xc1w°)/B(X(3872) — J/ymtn) < 0.97 (90% C.L.) comparable decay
* BESIII observes now X(3872) decay to y., 7’ (> 50) rate to Jiyp

> B(X(3872) = xca17°)/B(X(3872) — J/opm+7~) = 0.887933 1 0.10 => Disfavours y4(2P)
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HFH rrrrr First evidence for
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* Data set of 825 fb""
* Kinematic cuts applied
* No events in X(3915) band
* 3 events survived in X(3872) band
» 3.26 significance
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[Belle, PRL 126, 122001 (2021)
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