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IVA. Exotic Meson Identification

A variety of color-singlet meson states are allowed, in principle:

MESONS BARYONS

W@ 5 ©
conventional meson hybrid meson glueball @ @

conventional baryon

@O @ 00
StoRoReto olok 20

tetraquark meson molecule baryonium pentaquark

All non-gg mesons and all non-ggg baryons are “exotic”

(note: sometimes “exotic” is reserved for non-qgq J*C, like 0==, 0%, 17+, 2%, ... ).



IVA. Exotic Meson Identification

. o . Charmonium
Exotic mesons can be distinguished from |
. . Z(4430
conventional mesons 1n at least four 4 1 nczm s Lu@s)
. Y (4360
ways: (4359) Xe2(3%P2)
Y(4260) | N(3'P1) Xc1(33P1)
42 Xco(33Po)
P(23D1)
1. unusual properties —
prop % 424020 fig,) 1 ¥E*S)
e.g. X(3872) S
o Z(3900) 1 X-2(2°P2)
b (D | [ 23P
2. overpopulation @ Or wwoy o eE
e.g. Y(4260), Y(4360) = ’ P'(23S4)
ap | NS
b [ 13P
3. exotic flavor he(11P+) g
e.g. 2.(3900), Z.(4020) 34l Yool 15P0)
4. exotic JF¢
e g T (1600) 3.2 - predicted, discovered
. . 1
JP(1%81) predicted, undiscovered
3.0 - Ne(1'So) unpredicted, discovered
major caveat: an exotic hadron must also

1+- O++ 1++ D++
JPC

be a hadron (as opposed to a scattering 0+ 1
artifact, for example)
This talk: charmonium, bottomonium, light quark mesons.
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Heavy-quark QCD exotica
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A. Glossary of Exotic States

A.1. X(3823) (or 2(1D))

The X (3823) was discovered by the Belle Collaboration in 2013 in the reaction B — KX with X — yx. [124].
The BESIII Collaboration later found a peak consistent with the X (3823) produced in ete™ — 777~ X, again with
X — yXe1 [164]. The X (3823) is likely the ¢5(1D) state of charmonium. See Sec. 2.6 for more detail.

A.2. X(3872)

Accidentally discovered by the Belle Collaboration in 2003 in the reaction B — KX with X — 7tx~J/¢ [4], the
X (3872) was both the first of the XYZ states to be discovered and is the one that has been most studied. Nevertheless,
like most of the XYZ states, there is no interpretation that is universally agreed upon. It has been produced in decays
of the B meson [4, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 140], in hadronic collisions [27,
28, 171, 172, 173, 178], and perhaps in radiative decays of the Y (4260) [52]. Besides 77~ J/4, it has also been seen to
decay to wJ/v [122], D*D [115, 116, 117], vJ /% [118, 119, 120, 121], and v3)(2S) [118, 120]. Its unusual features include
a mass that is currently indistinguishable from the D*°DP threshold (the current mass difference is 0.014-0.18 MeV) and
a narrow width (< 1.2 MeV). It is has no isospin partners and has JF¢ = 1*+. See Sec. 2.3 for more discussion of its

experimental properties.

A.3. Z.(3900)

The Z.(3900) was simultaneously discovered in 2013 by the BESIII and Belle Collaborations in the process ete™ —
7T ZF with ZF — 7% J /1. For the BESIII observation [22], the center-of-mass energy was fixed to 4.26 GeV. Belle [23]
used initial-state radiation to cover the energy region from 4.15 to 4.45 GeV, corresponding to the region of the Y (4260).
It is not yet clear whether the production of the Z.(3900) is associated with the Y (4260). The Z.(3900) has since been
seen in decays to 70.J /% [31, 32] (Z9) and in D*D (both charged and neutral) [33, 154, 155]. It has only been produced
in the reaction ete™ — 7Z.. See Sec. 2.5.4 for more experimental details.

A.4. X(3915) (or xc0(2P))

The X (3915) was first seen by the Belle Collaboration in 2010 in the process vy — X with X — wJ/v¢ [166]. It was
later confirmed by the BaBar Collaboration [167]. It appears as a clear peak with little background. Its JF¢ is likely
07, so there is some possibility that it is the x.o(2P) state of charmonium, although this assignment is controversial.
See Sec. 2.6 for more discussion.
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Charmonium
. . . I
The basics of exotic charmonium Z(4430) T
§ e . 4.5 Tnef@18g) ="
(or “‘charmoniumlike” states): Y (4360
m—— Xc2(3°P2)
c2 2
Y(4260) | N<(3P1) Xo1(33P4)
)(Cl(3872) 4.2 Xc0(3%Po)
{(2°D1)
aka X(3872)
% 4(2(4020) Jis,) | WS
>
w(4230) and y(4360) S mEw 5 Xe2(2P2)
aka Y(4260) and Y (4360) X(3872)
0 38| Xc0(23Po)
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Z.(3900) and Z.(4020) T Y(2%1)
3.6 | =0
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Z.mesons in B decays (1) Xer(1°P1)
3.4 | Xco(1%Po)
Original names (still commonly used):
3.2 - predicted, discovered
Y: mesons made directly in e*e” Ll predicted, undiscovered
Z: “charmonium’” with / ;é O 3.0 |- Ne(1So) unpredicted, discovered
X: everything else
O—+ 1-—- 1+- 0++ 1++ 2++
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Charmonium
I
Z(4430)
PDG names: 48T Tro(@15g) LEES)
Y (4360)
Xc2(33P2)
Y(4260) | N<(3P1) Xo1(33P4)
JPC _ 4.2 Xc0(33Po)
((2°D1)
Minimal quark content % 424020 |is,) W(3°S1)
ud, ut — dd, du (I =1 >
_’ B ? ( B ) ©) Z(3900) he(21P1) X2(22P2)
dd + uu and/or ss (I = 0) = c X(3872)
c N 38 Xco(23Po)
- @ vy e
E D
. - (23
I =1 with cc o (2S0) W(2SH)
[ =1 with bb 3.6 - :
Xc2(13P2)
hc(11P1) Xc1(13P1)
3.4 Xc0(13Po)
Original names (still commonly used):
3.2 - predicted, discovered
. . — / 3 0 .
Y: mesons made directly in e™e iR predicted, undiscovered
7. “‘charmonium” with / ?é 0. 3.0 |- Ne(11S0) unpredicted, discovered

X: everything else
O—+ 1-—- 1+- 0++ 1++ 2++

JrPC
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properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) JPC — 1++

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass 18 e_xtremely
close to DYDC threshold

(7) width 1s extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

MASS [GeV/c?]

Charmonium
I
Z(4430)
4.4 — LIJ(4381)
Ne(4'So)
\—0 Y(4360)
Xc2(33P2)
Y(4260) | N<(3P1) Xo1(3%P1)
4.2 — Xc0(33Po)
Y(2°D+)
4 [ Z(4020) ig,) | V(8*S)
Xc2(23P2)
Z
3.8 Xc0(23Po)
P’’(13D1)
2Mp [ T
P'(2384)
¢'(21S
3.6 | &0
Xc2(13P2)
he(11P1) Xe1(13P1) —
3.4 Xco(13Po)
3.2 predicted, discovered
JAP(13S4) predicted, undiscovered
3.0 i -
Ne(11So) unpredicted, discovered
O—+ 1-—- 1+- 0++ 1++ 2++

10
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properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(ztn~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) JPC — 1++

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass 18 e_xtremely
close to DYDC threshold

(7) width 1s extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

VOLUME 91, NUMBER 26

Exotic Charmonium: X(3872)

B decays at Belle, BaBar, LHCD, etc.

PHYSICAL REVIEW LETTERS

week ending
31 DECEMBER 2003
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(Belle Collaboration)
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properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) JPC — 1++

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass 1s extremely
close to DD threshold

(7) width is extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

Belle found BT — K*X"but not BT — KX,

which you would expectif I = 1.

PHYSICAL REVIEW D 84, 052004 (2011)

Bounds on the width, mass difference and other properties of X(3872) — @@~ J/ s decays

Events/ 0.02 GeV

40
35
30
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15

10

(The Belle Collaboration)

04 045 05 055 0.6 065 07 075 08
M(nr) (GeV)
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properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) ]PC — 11+

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass 18 e_xtremely
close to DYDC threshold

(7) width 1s extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

PHYSICAL REVIEW D 92, 011102(R) (2015)

Quantum numbers of the X(3872) state and orbital angular momentum

Candidates per 1 MeV

in its p°J /y decay

R. Aaij et al.”
(LHCDb Collaboration)
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l ) “ l‘ 2 M L -'l“ 2 2 ] “ﬁ~. 2

740 760 780 800 820
A M = M(r*mJAy) - M(J/y) [MeV]

Perform an amplitude analysis using the
decay chain:

B+ = X(3872)K+
X(3872) — p Iy
pV = ata
Jhy — ptpu”
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properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) ]PC — 11+

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass 18 e_xtremely
close to DYDC threshold

(7) width 1s extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

PHYSICAL REVIEW D 92, 011102(R) (2015)

Quantum numbers of the X(3872) state and orbital angular momentum
in its p°J /y decay

R. Aaij et al.”
(LHCDb Collaboration)

Angular distribution:

Z ’ Z A/1J/y/’/1p Déﬁj/w—ﬂ (0’ QX’ O)*

Ay ==1,+1 Ay;,.A,=—1,0,+1 8

D}IP’O(Ang’p’ Qp’ O)* D/llj/l//’A/lﬂ <A¢X’J/V/’ HJ/*/” O)* |2

Perform an amplitude analysis using the
decay chain:

B+ = X(3872)K+
X(3872) — p Iy
pV = ata
Jhy — ptpu”
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properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) ]PC — 11+

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass 18 e_xtremely
close to DYDC threshold

(7) width 1s extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure
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Candidates / 0.2
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N
o
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PHYSICAL REVIEW D 92, 011102(R) (2015)

Quantum numbers of the X(3872) state and orbital angular momentum
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in its p°J /y decay

R. Aaij et al.”
(LHCDb Collaboration)
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PHYSICAL REVIEW LETTERS 122, 202001 (2019)

properties of the
2.1(3872) aka X(3872): Observation of the Decay X (3872) — n%,,(1P)
p :

(BESIII Collaboration)

(1) discovered at Belle in 2003

in B - K(z"n~Jly) RO
(2) isoscalar but decays to pJ/y 70;— (a) 415<E_ <4.30 GeV
—> large 1sospin violation 60 $

PC _ 1++ L 50
3)J =1 >
(4) produced in eTe™ — yX 3 sob
in a narrow range of ¢ e~ energies g N

L —

(5) a variety of decays have 10
been discovered

(6) mass 1s extremely

(b) 4.00<E_ <4.15,4.30 <E_ <4.60 GeV
— k
close to D°D™ threshold

b 5

(7) width is extremely narrow g 45_
. . . w F

(8) inconsistent with s 3H
quark model expectations g -

2 4, 4+ + 4.4, 4! 4 <+
for the y,.,(2P) 5 |
i
(9) production may og....|....|....|....|....
hold clues to it’s internal structure 3.75 3.80 3.85 3.90 3.95 4.00
Mt Jd/y) [GeV/c?]
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PHYSICAL REVIEW LETTERS 124, 242001 (2020)

properties of the
}7 1(3 872) aka X(3 872) Study of Open-Charm Decays and Radiative Transitions of the X(3872)
C [ ]

(BESIII Collaboration)

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

o )
T

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) JPC — 1++

6)

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

N .
* K 1 ii g l
“‘ L L I L

Events / (3 MeV/c?)
_ .

(5) a variety of decays have 3.9 . 3.9

been discovered M(D D ) (G eV/cZ)

(6) mass 1s extremely

close to DO D*O threshold TABLEI. Relative branching ratios and UL on branching ratios

compared with X(3872) —» z"z~J/y [18,27], where systematic
uncertainties have been taken into account.

(7) width 1s extremely narrow

Mode Ratio UL
(8) inconsistent with vy 0.79 + 0.28 .
quark model expectations ' —0.03 +0.22 <042
yDD°® 0.54 +£0.48 < 1.58
for the y,,(2P) 2000 D0 ~0.13 + 0.47 <1.16
DODY + c.c. 11.77 £ 3.09 ‘o
(9) production may yD* D~ 0.001348 < 0.99
ol |y 1.6794 +£ 0.2 [18] o

. 0
hold clues to it’s internal structure 2y 0.88f8_-23373 +0.10 [27]
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PHYSICAL REVIEW LETTERS 122, 202001 (2019)

properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) JPC — 1++

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass 1s extremely
close to DD threshold

(7) width is extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

Events / 5 MeV/c?

Observation of the Decay X(3872) — n(1P)

(BESIII Collaboration)
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PHYSICAL REVIEW LETTERS 122, 232002 (2019)

Study of e*e~ — ywJ/yw and Observation of X(3872) — wJ/y

(BESII Collaboration)
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IVB.

properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) JPC — 1++

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass is e_xtremely
close to DD threshold

(7) width is extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

Exotic Charmonium: X(3872)

PHYSICAL REVIEW D 102, 092005 (2020)

Study of the lineshape of the y.,(3872) state

R. Aaij et al.”
(LHCb Collaboration)
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IVB. Exotic Charmonium: X(3872)

properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) ]PC — 1++

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass is e_xtremely
close to D°D™ threshold

(7) width is extremely narrow

(8) inconsistent with

quark model expectations
for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

PHYSICAL REVIEW D 102, 092005 (2020)

Study of the lineshape of the y.,(3872) state

R. Aaij et al.”
(LHCb Collaboration)
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IVB. Exotic Charmonium: X(3872)

properties of the PHYSICAL REVIEW D 72, 054026 (2005)
X1(3872) aka X(3872): Higher charmonia
(1) discovered at Belle in 2003 T. Barnes,"”* S. Godfrey,”" and E. S. Swanson’*
in B - K(z"n~Jly)
(2) isoscalar but decays to pJ/y Multiplet ~ State Expt. Input (NR) | Theor.
—> large 1sospin violation NR Gl
1S J/w(13S)) | 3096.87 = 0.04 3097 | 3090 3098
(3) JPC — 1++ n.(1'Sg) | 29792+13 2979 | 2982 2975
28 W(238,) | 3685.96 £ 0.09 3686 | 3672 3676
. - ! 218 3637.7 = 4.4 3638 3630 3623
(4) produced in eTe™ — yX 7:(2S0)
) 4+ 2 , 3S P(33S)) 4040 = 10 4040 | 4072 4100
in a narrow range of e"e~ energies 7.(3'Sy) 4043 4064
. 48 Y(43S,) 4415+ 6 4415 4406 4450
(5) a variety of decays have 7:(4'Sp) 4384 4425
Y1(1’P,) | 351051 £0.12 3511 | 3505 3510
, Yo(13Py) | 34153 +0.4 3415 | 3424 3445
(6) mass is extremely h(1'P)) see text 3516 3517
— K
close to D’D™ threshold 2P X2(2°Py) 3972 3979
¥1(23P)) 3925 3953
. : (23P,) 3852 3916
(7) width is extremely narrow 1P 2034 305¢

(8) inconsistent with
quark model expectations

M State Mode Iy, (MeV
for the y.,(2P) eson ate  Mode Ty, (MeV)

x2(3972)  2°P, DD 42
(9) production may ]S ]])) 377

hold clues to it’s internal structure total 80
¥1(3925)  23P,  DD* 165



IVB. Exotic Charmonium: X(3872)

properties of the
X.1(3872) aka X(3872):

(1) discovered at Belle in 2003
in B - K(z"n~Jly)

(2) isoscalar but decays to pJ/y
—> large isospin violation

(3) JPC — 1++

(4) produced in eTe™ — yX
in a narrow range of eTe ™~ energies

(5) a variety of decays have
been discovered

(6) mass 1s extremely
close to DD threshold

(7) width is extremely narrow

(8) inconsistent with
quark model expectations

for the y,.,(2P)

(9) production may
hold clues to it’s internal structure

cl
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PHYSICAL REVIEW LETTERS 126, 092001 (2021)

Observation of Multiplicity Dependent Prompt y.,(3872)
and y(2S) Production in pp Collisions

O y2s)

(e]
—_
o

.:
—
[\

-
—_

0.08

0.06

0.04

0.02

e}

T1Trynrryprrryrreryragryrrrypnririd
< [T T[T T[T [TIr[ITT]

Candidates/(1 MeV/c 2)

R. Aaij ef al.”
(LHCb Collaboration)

10000

8000

6000

4000

2000

T T%I

1Y

LHCb pp \s=8TeV,p_>5GeV/c ]

ndidates/(1 MeV/c 2)

‘‘‘‘‘

!
60 3880

900
2
Vwrtn [MeV/c?]
’
#lh s
s R
i P it gt
DIVIITEN, M o
PR
A

|| I I
11 1 | - | 11 1 11 1 111

3700 3800 3900
[MeV/c?]

KO
.“%,.:2,
r — 8 V R
p p §= Te ‘o’:o’o
8RR
o,

<+ Prompt 4 b decays

Comover Interaction Model, Esposito et al.

. Molecule Compact §§§§ Molecule

= |

(coalescence) tetraquark (geometric)

—H—

e L

8 IEEIIII|III|III|III|IIIIIII|

50 100 150

VELO
Ntracks

0

22



IVB. Exotic Charmonium: Y(4260) + other Y

(aka Y(4260) and Y(4360)):

. Z(4430) DS
(1) not seen in R 4.5 T Tn(4'So)
Y (4360) 5
. — — Xc2 2
(2) seeninete” — xta Jly Y(@260) | h<3'P1) X1(3%P1)
. . . 4.2 — Xc0(33Po)
(3)seeninete” = nta Y (2S) W(2°Dy)
B + —_
(4)seenine’e” — wy, S 4 lZ@020)]s,) Y(33S1)
>
. + — q)
(5)seenineTe” — nJly 3 2(3900) oy Xc2(2%P2)
= X(3872)
(6) masses and widths are highly N 38 I T Xc0(23Po)
reaction-dependent <§f Y R e S —
P’(23S4)
(218
36 L Ne'(2'So)
Xc2(1°P2)
he(17P+) Xc1(13P1) - -
3.4 | Xco(1°Po)
3.2 - predicted, discovered
J/P(13S4) predicted, undiscovered
3.0 |- Nc(11So) unpredicted, discovered
O—+ 1-—- 1+- 0++ 1++ 2++



IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360) Charmonium
(aka Y(4260) and Y(4360)):

|
Z(4430)
(1) not seen in R 4.4 Tne(4'S0)

P(43S1)
Y(4360)
(2) seeninete” — xta Jly Y(@260) | h<3'P1) X1(3%P1)

. B B 4.2 |- Xc0(3Po)
(3)seeninete” = nta Y (2S) ((2°D:) —

Xc2(33P2)

(4) seenineTe” — wy,,

4 [ Z(4020) ig,) | V(8*S)

Xc2(23P2)

(5)seeninete” — nJly

(6) masses and widths are highly
reaction-dependent

3.8 Xc0(23Po)

2Mp[ T e

MASS [GeV/c?]
N
2
8
5
T

Physics Letters B 660 (2008) 315-319 36 Nc'(2'So)

Determination of the 1 (3770), ¥ (4040), ¢ (4160) Xc2(13P2)
and ¥ (4415) resonance parameters he(11P+) xc1(13P1)

BES Collaboration
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IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360)
(aka Y(4260) and Y(4360)):

(1) not seen in R
(2)seeninete” = ntn Jly
(3)seeninete” = nta Y (2S)
(4) seenineTe” — wy,,
(5)seeninete” — nJly

(6) masses and widths are highly
reaction-dependent

Physics Letters B 660 (2008) 315-319

Determination of the 1 (3770), ¥ (4040), ¢ (4160)
and 1/ (4415) resonance parameters

BES Collaboration

+’/d.0.f=1.08

IV NV NYR NN NI NN N R
39 40 41 42 43 44 45 46 47

Ecm(GeV)

PHYSICAL REVIEW D 72, 054026 (2005)

Higher charmonia

T. Barnes,l’l< S. Godﬁrey,z’T and E. S. Swanson™*

Multiplet ~ State Expt. Input (NR) | Theor.
NR GI
1S J/¢(13SI) 3096.87 = 0.04 3097 3090 3098
n.(1'Sy) | 29792 =13 2979 | 2982 2975
2S ¢’(23SI) 3685.96 = 0.09 3686 3672 3676
77'6(2180) 3637.7 = 4.4 3638 3630 3623
38 #(33S,) 4040 + 10 4040 | 4072 4100
7.(3'Sy) 4043 4064
4S5 ¢(43SI) 4415 £ 6 4415 4406 4450
n.(41S,) 4384 4425
1P )(2(13P2) 3556.18 = 0.13 3556 3556 3550
)(1(13P1) 3510.51 =0.12 3511 3505 3510
Yo(I’P)) | 3415304 3415 | 3424 3445
h.(1'P)) see text 3516 3517
2P Y2 (23P,) 3972 3979
¥1(23P,) 3925 3953
Yo(23Py) 3852 3916
h.(2'Py) 3934 3956
3p ¥,(33P,) 4317 4337
¥, (3P)) 4271 4317
Yo(33Py) 4202 4292
h.(3'Py) 4279 4318
1D ¥3(1°D;) 3806 3849
¢2(13D2) 3800 3838
¢(13D1) 3769.9 = 2.5 3770 3785 3819
Ne(1'Dy) 3799 3837
2D U3(23D3) 4167 4217
U, (23D,) 4158 4208
¢(23D1) 4159 =20 4159 4142 4194
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IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360) |
(aka Y(4260) and Y(4360))' PRL 95, 142001 (2005) PHYSICAL REVIEW LETTERS 30 Sg;’l?]];l\e/:l%d}g;{gZOOS

Observation of a Broad Structure in the 77" 77~ J /4y Mass Spectrum around 4.26 GeV/c?

(1) not seen in R
(BABAR Collaboration)
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(6) masses and widths are highly i e el i AL
reaction-dependent R ) Gevie)

Physics Letters B 660 (2008) 315-319

Determination of the 1 (3770), ¥ (4040), ¢ (4160)
and 1/ (4415) resonance parameters

BES Collaboration
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IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360)
(aka Y(4260) and Y(4360)):

(1) not seen in R
(2)seeninete” = T J/y
(3)seeninete” = nta Y (2S)
(4) seenineTe” — wy,,
(5)seeninete” — nJly

(6) masses and widths are highly
reaction-dependent

Physics Letters B 660 (2008) 315-319

Determination of the 1 (3770), ¥ (4040), ¢ (4160)
and 1/ (4415) resonance parameters

BES Collaboration
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PRL 95, 142001 (2005)

PHYSICAL REVIEW LETTERS

week ending
30 SEPTEMBER 2005

Observation of a Broad Structure in the 77" 77~ J /4y Mass Spectrum around 4.26 GeV/c?

Events / 20 MeV/c?
2 3

\e}
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PRL 118, 092001 (2017)

(BABAR Collaboration)
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PHYSICAL REVIEW LETTERS

week ending
3 MARCH 2017

Precise Measurement of the ete” — 27~ J/y Cross Section

c(e'e—ntnd/y) (pb)

at Center-of-Mass Energies from 3.77 to 4.60 GeV
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(BESIII Collaboration)
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IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360)
(aka Y(4260) and Y(4360)):

week ending

PHYSICAL REVIEW LETTERS 25 MAY 2007

PRL 98, 212001 (2007)

Evidence of a Broad Structure at an Invariant Mass of 4.32 GeV/c?

(1) not seen in R in the Reaction e* e~ — 7" 7w~ 4(2S) Measured at BABAR

(BABAR Collaboration)

(2)seeninete” = ntn Jly

(3)seeninete” = Ty (2S)
(4) seenineTe” — wy,,
(5)seeninete” — nJly

(6) masses and widths are highly
reaction-dependent

Physics Letters B 660 (2008) 315-319

Determination of the 1 (3770), ¥ (4040), ¢ (4160)
and 1/ (4415) resonance parameters

BES Collaboration
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IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360)
(aka Y(4260) and Y(4360)):

(1) not seen in R
(2)seeninete” = ntn Jly
(3)seeninete” = Ty (2S)
(4) seenineTe” — wy,,
(5)seeninete” — nJly

(6) masses and widths are highly
reaction-dependent

Physics Letters B 660 (2008) 315-319

Determination of the 1 (3770), ¥ (4040), ¢ (4160)
and 1/ (4415) resonance parameters

BES Collaboration
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PRL 98, 212001 (2007)

PHYSICAL REVIEW LETTERS

week ending
25 MAY 2007

Evidence of a Broad Structure at an Invariant Mass of 4.32 GeV/c?
in the Reaction e e~ — 7+ 77~ 4(2S) Measured at BABAR

(BABAR Collaboration)

—
(=]

Events / 50MeV/c?

Measurement of e*e~ — z* 7~ y(3686) from 4.008 to 4.600 GeV and
observation of a charged structure in the 7y (3686) mass spectrum

Cross Section (pb)
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|

55
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PHYSICAL REVIEW D 96, 032004 (2017)

(BESIII Collaboration)
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IVB. Exotic Charmonium: Y(4260) + other Y

?rlgp?(tjle;g())g thedwé ét2336%))§md p(E360) PRL 114, 092003 (2015) PHYSICAL REVIEW LETTERS 6 MARCH 2015
aka an :

Study of ee~ — wy,.; at Center of Mass Energies from 4.21 to 4.42 GeV

1 BESIII Collaborati
(1) not seen in R ( ollaboration)

100 [
. + — + - C
(2)seenine’e” — a ' Jly 80 - 4 Data
. = 60 C — Resonance
(3) Seen 1n e+e_ — 71'+7Z'_l//(25) o 5 -.-. Phase Space
B 40
° + —_ §< -
(4) seenine e — wy, [ S S N SO R
(o)) - )
. _ +q_) I — | ]
(5)seeninete” = nJly v Of ?
20 -
(6) masses and widths are highly O e
reaction-dependent 415 42 425 43 435 44 445 45
\s (GeV)

Physics Letters B 660 (2008) 315-319

Determination of the 1 (3770), ¥ (4040), ¢ (4160)
and 1/ (4415) resonance parameters

BES Collaboration
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IVB. Exotic Charmonium: Y(4260) + other Y

?rlgp?(tjle;g())g thedwl; ét2336%))§md V(360 PRL 114, 092003 (2015) PHYSICAL REVIEW LETTERS 6 MARCH 2015
aka an :

Study of ee~ — wy,.; at Center of Mass Energies from 4.21 to 4.42 GeV

1 BESIII Collaborati
(1) not seen in R ( ollaboration)

100 [
. + — + - -
(2)seeninee” = nx Jly 80 4 Data
. S 60 - — Resonance
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. _ +q_) I — | ]
(5)seeninete” = nJly v Of ?
20 -
(6) masses and widths are highly a0 e
reaction-dependent 415 42 425 43 435 44 445 45
\s (GeV)
Physics Letters B 660 (2008) 315-319
Determination of the 1 (3770), ¥ (4040), ¢ (4160) PHYSICAL REVIEW D 99, 091103(R) (2019)
and v (4415) resonance parameters Cross section measurements of e*e~ — wy,o from /s =4.178 to 4.278 GeV
BES Collaboration (BESIII Collaboration)
55
of 5 i Thi K
o 1/d.0.f=1.08 100 |- + 4 This wor
ol . [ —4— BESIII 201542016
35 | @
3.0 | -~
25 | ?o
2.0 T
15| Jlrm
1.0 : " %
0.5 " \,
0.0 [’
-0.5 [
-1.0 ; 1 1 1 | PR | 1 1 | | 1 1 1 l

42 43 44 45 46 47 48 49 50
Ecm(GeV)

37 38 39 40 4.1

31



IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360)

(aka Y(4260) and Y(4360)):
PHYSICAL REVIEW D 102, 031101(R) (2020)

(6) masses and widths are highly
reaction-dependent

(1) not seen n R Observation of the Y (4220) and Y (4390) in the process e*e™ — nJ/y
(2) seen 1n €+€_ - 7z'+7z'_ J / 1/g (BESIHI Collaboration)
80 ~
(3)seeninete™ — T W (2S5) 70 &
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seenme € — w — :
4 ' XCO 50 — :
(5) seen in eTe™ — nJ/ s0E-
nJry - ‘
30 - '

Physics Letters B 660 (2008) 315-319

Determination of the 1 (3770), ¥ (4040), ¢ (4160)
and 1/ (4415) resonance parameters

BES Collaboration

5.5

cB(e’e — nJiy) (pb)

5.0

aE [ x'/d.0.f=1.08
aof 50

35 |
3.0
25

‘ : ”“"
Al I AN
|||I ﬁ!lll" i | ‘ :\l“u !
|!“..|!I| ||I ! :ll b I

i " F 1 ; ] =T rE -- I I :
| T 1' T _r '_i
|I|: " 1 I [ r

2.0

15|
[ res -50 I I B B B I
T " 38 39 4 41 42 43 44 45 46

0.5 \ £ N

-0.5

_|IIII|IIII|IIII|IIII|III_||

_1'0i.1.|.|.|.|.|.|.|.|.|.|.|.|
37 38 39 40 41 42 43 44 45 46 47 48 49 50

Ecm(GeV)




IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360) PDG 2020 v States
(aka Y(4260) and Y(4360)):

S 160 —
() — R peaks
. = — ()
(1) not seen in R = T
< 140_— »(4230)
) + n © B @  ABLIKIM 19AI (BESIII) wy,,
- - | B ABLIKIM 19R (BESIIl) xDD*
(2) seénin e € — T J/l/j ; 120—| A ABLIKIM19V((BESIII))-/X(3872)
— V¥ ABLIKIM 17B (BESII) s/ =4
. _ _ — O  ABLIKIM 17G (BESIIl) xh, |
(3) Scen 1n e+e — T[+]Z' l//(ZS) 100 |—|__O0__ABLIKIM 17V (BESII) amy (25) -.-‘IT-
- 4360
+ — ® ABLIKIM(1 78 ()BESIII) - l
1 - B [ | 7V (BESIII) nmy (28)
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IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360) PHYSICAL REVIEW D 80, 072001 (2009)

(aka Y (4260) and Y(43 60)) Measurement of charm production cross sections in e "¢~ annihilation
at energies between 3.97 and 4.26 GeV

(1) not seen 1n R (CLEO Collaboration)

0970707-007

(2)seeninete” = ntn Jly . . . . . .

| ! | !
] 8 __ v DD __
(3)seeninete” = nta Y (2S) 6 |- =DD  —
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. 4+ — E 4 — ]
(4)seenine’e” — wy, T B
(5)seeninete” — nJly :
os - 7 _
. ° ' |
(6) masses and widths are highly SN ]
[d _Q -
reaction-dependent S i
o 04 |— —
Physics Letters B 660 (2008) 315-319 02— ]
Determination of the 1 (3770), ¥ (4040), ¢ (4160) i ]
and 1/ (4415) resonance parameters 08 |- = ]
BES Collaboration o 06 _— ¢ —_
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55 © 04 |- —
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40 I —_
35| g i i
3.0 i E 10 — —
2.5 E B T
20 f 6 8 I~ -
el p T 6 I ¥V Exclusive D-meson |
10 | +$ i ¥ ® Inclusive D-meson )
0.5 ‘ ,': e N \b/ 4 , -7, ¢ Hacliron (Founltmg — &
R S T 390 3.95 400 405 410 415 420 425

-0.5

Ecm(GeV)

_1'0;.I.I.I.l.l.l.l.l.l.l.
37 38 39 40 41 42 43 44 45 46 47

Ecm(GeV)




IVB. Exotic Charmonium: Y(4260) + other Y

properties of the y(4230) and y(4360)
(aka Y(4260) and Y(4360)):

Excited and exotic charmonium, D, and D meson

(1) not seen in R spectra for two light quark masses from lattice QCD
Gavin K.C. Cheung,® Cian O’Hara,’ Graham Moir,% Michael Peardon,’
(2) seen ln e+e_ N ]T+7T—J/l// Sinéad M. Ryan,’ Christopher E. Thomas® and David Tims’

(For the Hadron Spectrum Collaboration)

(3)seeninete” = nta Y (2S)
4)seeninete” - w 1500 - +
(4) %0 | N\ B o
.+ ]
(S)seenine’e” — nJ/y i j— =1
(6) masses and widths are highly N o \ .
reaction-dependent Y hybrid mesons?? I
B — i~ JPC —
\E/ 1000 (find the exotic J'*) 1 _
Physics Letters B 660 (2008) 315-319 o —_— . = T
Determination of the 1 (3770), ¥ (4040), ¢ (4160) Et L
and 1/ (4415) resonance parameters —
BES Collaboration | —
55 E —
50 | 5 500 - +
7% | v /d.0.f=1.08 —
4.0 I | L
3s | Ny Li - i — experiment
3.0 < ;2o . =
25| { hpde — lattice (=~ cC)
20 F 1 i — — lattice (= ccg)
1.5 . _ .
o | 0- — — lattice (= ccg, higher)
0.5 " l\. /'_{"' P 7_( 1\\":.‘ ‘;/ ‘\,‘ . - N
0.0 ' / ~ e e — 1+ 0ot 1— 2=+ 9=/ 3= 4+ 4——|0+t— 9t— o+t 1t-
05 P ) .
-1'03f7 . 3?8 . 3?9 ‘ 4?0 . 4?1 l 4?2 I 4?3 . 4?4 l 4AI5 . 4?6 l 477 . 4?8 ‘ 479 ‘ 5?0 JPC

Ecm(GeV)
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IVB. Exotic Charmonium: Z.(3900) and Z.(4020)

properties of the Charmonium
Z.(3900) and Z_(4020):

. _ Z(4430) DS
(1) 1sovector states so clearly not cc 44T Tno(4'So) V@350)
4360
: Xc2(3°P2)
(2) seen in Z,(3900) — =J/y Y(4260) | he(3'P1) Xo1(33P1) —
_ 4.2 |- Xco(3%Po)
(3) Secn 1n ZC(4020) — ﬂ'hc(lp) P(23D1)
(4) close to open-charm thresholds g 4 [2(@020) i,y | V3
>
5) interpretation depends on lineshapes o c2(29P
(5) interp p p S 2@ ] s Xc2(29P2)
N - c0(23P
g() 3.8 7 (12D Xc0(2°Po)
s 2Mp [ T
P’(23S4)
(218
36 | M=
c2(13P
he(17P+) Xc1(13P1) N
3.4 |- Xco(1°Po)
3.2 - predicted, discovered
J/P(13S1) predicted, undiscovered
3.0 - Nc(1So) unpredicted, discovered
O—+ 1-—- 1+- 0++ 1++ 2++



IVB. Exotic Charmonium: Z.(3900) and Z.(4020)

properties of the
Z.(3900) and Z_(4020):

(1) 1sovector states so clearly not cc
(2) seen in Z.(3900) — =J/y

(3) seen in Z.(4020) — zh (1P)
(4) close to open-charm thresholds

(5) interpretation depends on lineshapes

XY View

|83 Selected for a Viewpoint in Physics

PRL 110, 252001 (2013) PHYSICAL REVIEW LETTERS 21 JUNE 2013

week ending

£

Observation of a Charged Charmoniumlike Structure in ete™ — 7t 7~ J /¢ at \/s = 4.26 GeV

(BESIII Collaboration)

Events / 0.002 GeV/c?

-+ Data
— Fit
---- Background

PPy |
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Events / 0.01 GeV/c?
LN (@) (0]
o (@) o

N
o

M(utw) (GeV/c?)
—4- Data
— Total fit
---- Background fit
ZC(39OO) ‘ -.-- PHSP MC
+ [ Sideband
\

"R

P T T S N S S T i
3.8 3.9 4.0
M. (TEJy) (GeV/c?)
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IVB. Exotic Charmonium: Z.(3900) and Z.(4020)

week ending

properties of the

PRL 111, 242001 (2013) PHYSICAL REVIEW LETTERS 13 DECEMBER 2013
Z.(3900) and Z_.(4020): g
Observation of a Charged Charmoniumlike Structure Z.(4020) and Search for the Z.(3900)
. — . + -— — + —_—
(1) 1sovector states so clearly not cc inete” —» wtah,

(BESIII Collaboration)

(2) seen in Z,(3900) — =J/y

60

(3) seen in Z_(4020) — zh (1P)

50
(4) close to open-charm thresholds 40

(5) interpretation depends on lineshapes %

|IIII|IIII|IIII|IIII|I
[ ——_—

20

Events / ( 0.001 GeV/c?)

10
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40 (7! qlel T
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IVB. Exotic Charmonium: Z.(3900) and Z.(4020)

week ending

prOpel‘tleS of the PRL 111, 242001 (2013) PHYSICAL REVIEW LETTERS 13 DECEMBER 2013

Z.(3900) and Z_.(4020): Q
Observation of a Charged Charmoniumlike Structure Z.(4020) and Search for the Z.(3900)
inete” > 7w @ h,

(1) 1sovector states so clearly not cc
(BESIII Collaboration)

(2) seen in Z,(3900) — =J/y

60
(3) seen in Z.(4020) — zh (1P) 2 sk I 5
2 F € oy
(4) close to open-charm thresholds S wi l i
(5) interpretation depends on lineshapes S »F
‘é 20 [
3
10
g.S()I I I3.!52 3.|54 3.56 3.58I I I3.60
M,, (GeV/c?)
120 -
- < 50
100 — >
(\g - E 40
> C &30
f;:" % B 5 20f
M(D) + M(D*) ~ 3872 — 3879 MeV = af
% 0 fit ) . 88 3.9 40 41
M(D*) + M(D*) ~ 4014 — 4020 MeV = Men GV

. Legii 7 YE",‘;I‘;‘.Ihuml“hﬂ“hl
3.95 4.00 4.05 4.10 4.15 4.20 4.25
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IVB. Exotic Charmonium: Z.(3900) and Z.(4020)

properties of the
Z.(3900) and Z_.(4020):

(1) 1sovector states so clearly not cc
(2) seen in Z,(3900) — =J/y

(3) seen in Z.(4020) — zh (1P)
(4) close to open-charm thresholds

(5) interpretation depends on lineshapes

Eur. Phys. J. C (2018) 78:276 THE EUROPEAN (B CrossMark
htps://doi.org/10.1140/epjc/s 10052-018-5690-7 PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

The Z.(3900) peak does not come from the ‘‘triangle singularity”

Qin-Rong Gong!, Jing-Long Pang', Yu-Fei Wang', Han-Qing Zheng' >

120 BB S s S B S S B S S B B S B w1 — I I ! T T T T T T T T T T T T T T T T . . :
I ([ ] BESI“ J/wn+_ 100_‘ ° BES“I DOD*— _
100t triancle ': : triangle
: g .~{ ; 80 [ — g
o [ 1<l 1 0 =——-- other
< S 60r ,{' } {
9 G>J L ]
()]
pa Z 40

201}

My yre-1Gev

O I | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 0 3.88 3.90 3.92 3.94 3.96

MDO D*—/GeV
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IVB. Exotic Charmonium: Z.(3900) and Z.(4020)

properties of the
Z.(3900) and Z_(4020):

(1) 1sovector states so clearly not cc

(2) seen in Z,(3900) — =J/y

(3) seen in Z.(4020) — zh (1P)

(4) close to open-charm thresholds

(5) interpretation depends on lineshapes

1207

Physics Letters B 772 (2017) 200-209

Contents lists available at ScienceDirect
Physics Letters B

www.elsevier.com/locate/physletb

PHYSICS LETTERS B

Amplitude analysis and the nature of the Z.(3900)

A. Pilloni ®*, C. Fernandez-Ramirez”, A. Jackura ¢, V. Mathieu “¢, M. Mikhasenko€,

J. Nys!, A.P. Szczepaniak *-<4

JPAC Collaboration
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120

180E- E., = 4.23 GeV [ Ecw=4.26 GeV
160? 100:*
S 1401 3 so
81205 + s r
2 100F % 2 60F
@ E @
g 80- } + 15
£ 60 L 1 ] £ 40F
40E + 20~
208 1 T
e b b by b b b b T C
:965 3.70 3.75 3.80 3.85 3.90 3.95 4.00 4.05 4.10 0

9

(a)

Intensity (a.u.)

50F

40F

10

m(Jly ) (GeV)

m(Jiy ) (GeV)

30F

20F

(b) (c)
o Egyy = 4.26 GeV Egy = 4.23 GeV
a

3
C | : -
% i RNy
SR JL . JLH | B U s L‘L‘JH J( L . !

3.90 3.95 4.00 4.05 4.10 4.00 4.10

m(DD*) (GeV)

m(DD*) (GeV)

@ CrossMark

41



IVB. Exotic Charmonium: Z. from B decays

properties of the
Z.seen in B decays:

(1) different from those seen in eTe™ (?7)
(2) structure in B — KnJ/y
(3) structure in B —» K¢J/y

MASS [GeV/c?]

Charmonium
|
Z(4430) :
4.4 No(41S0) Y(4°SH)
Y (4360)
Xc2(33P2)
Y(4260) | N<(3P1) Xo1(3%P1)
4.2 — Xc0(33Po)
P(23D+)
4 [ Z(4020) ig,) | V(8*S)
Xc2(23P2)
3.8 Xc0(23Po)
Pp*’(13D1)
PMp |
P’(23S1)
(218
36 | DY
Xc2(13P2)
he(11P+) Xc1(13P1)
3.4 Xco(1°Po)
3.2 - predicted, discovered
J/P(13S1) predicted, undiscovered
3.0 - ; :
Ne(11So) unpredicted, discovered
O—+ 1-—- 1+- 0++ 1++ 2++
JPC

42



IVB. Exotic Charmonium: Z. from B decays

properties of the

Z.seen in B decays:
PHYSICAL REVIEW LETTERS 122, 152002 (2019)

(1) different from those seen in eTe™ (??)

(2) structure in B — KnJ/y Model-Independent Observation of Exotic Contributions to B — J/wK*x~ Decays
) R. Aaij et al.”
(3) structure in B — K¢pJ/y (LHCb Collaboration)

K 1 T T 1 ]
oo F om(K ) € [1085,1265] MeV -
. 4500 % 2000: ]
% : = - .
2 5, 2 1500 - LHCb -
4000 ~ i
(S = & 1000 [ _
= 5 T i )
~ - = . ’
g : ERE i
g & - ]
3500 i S - -
— 3500 4000 4500

1 1 1 | 1 1 L | 1 L L | L
80 1000 1200 1400

m(K+n~) [MeV] m(J/ym) [MeV]
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IVB. Exotic Charmonium: Z. from B decays

properties of the
Z.seen in B decays:

(1) different from those seen in eTe™ (??)

(2) structure in B — KnJ/y
(3) structure in B — K¢pJ/y

A¢K*’¢

O

O OO, O OO
OO e OO OO O e Qe o

==

LHCb

—e— total fit

— background
= 0"NR,,
== 1 X(4140)
== 1Y X(4274)

Candidates

-a— data — 1 NR¢K

K(1")
K'(1%)

vo o K(2)+K'(2) ]
- K*(1)

N 0% X(4500) —— K*(2%)
W 0" X(4700) —— K(0)

PHYSICAL REVIEW D 95, 012002 (2017)

S

Amplitude analysis of B™ — J/w¢pK™ decays

R. Aaij et al.”
(LHCb Collaboration)

120

100

80

60

40

Candidates/(10 MeV)

 rest frame
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705

i
iesm,)

0 [MeV]

m;,.,

B’ rest frame

Aq)w‘ K*

K rest frame

(good reference for amplitude analysis)
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IVB. Exotic Charmonium: Z. from B decays

properties of the
Z.seen in B decays:
Observation of new resonances

decaying to JAp KT and J/i¢

(1) different from those seen in eTe™ (??)

(2) structure in B — KzJ/y arXiv:2103.01803v1 [hep-ex] 2 Mar 2021
(3) structure in B — K¢pJ/y LHCD collaboration'
%700 z__ X(4I630)I T T T T T T T T
Z oob— s, LHCb
— — , | 16 = g_— X(4700)
(q\] - LN - 8500: - X NR
% 4 5 -_ g _:?E._ :_- . LHCb : 14 %400 E_— X (4140) t
B = : ) i = F— X(4274)
g B - .ﬂl" = i 9 fb ] O 300E— xess)
S A -E-: R -!1-_.:-%;_ s - . - 12 200E— X(@150)
= =pmi F o
B 1 T e A B ™0 100E . e
: £ e ;I:!?:' oA = ] ~ F ' '
35F i el aE A e -, |8 Z700F+ ko ;
[ g St S I - ] Z600f KT LHCb 3 LHCb I M LHCH
B S M ':h'-:l:-E' = ] Z500E 4 ko 3 +
3 - :; i-— J 'l--l:' ] 3 F ] ’
- - X i e | 4 S400F K% 5 + by
- Fog st i ety S300F et . 3
251 £, e 2 200 -+ Data 9 0" ] +
L L L S 1 o 100F E 1]
18 20 22 , N T—— o (g [ I e ,
2 L5 2 42 4.4 4.6 48 36 338 4 42
e [GeV~] m, . [GeV] my,, [GeV] m,, - [GeV]

CERN COURIER MAY/JUNE 2021

HADRON SPECTROSCOPY

LHCDb observes four

new tetraquarks
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IVB. Exotic Charmonium: Z. from B decays

properties of the
Z.seen in B decays:

(1) different from those seen in eTe™ (??)
(2) structure in B — KnJ/y
(3) structure in B — K¢pJ/y

Observation of new resonances
decaying to JAp KT and J/i¢
arXiv:2103.01803v1 [hep-ex] 2 Mar 2021
LHCb collaboration!

Contribution Significance [x o] My [MeV] Iy [MeV] FF [%]

All K (1) 254478
2P, K(11) 5 (4. 1861 +£10718 149 +41 72
PP, K'(1%) 5 (4. 1911 +£37F138 276 £ 50 519
18P, K,(1400) . 1403 174 15+£3%3

All K(27) 21404729
1'D,  Ky(1770) 7.9 (8.0 1773 186
1°D,  K»(1820) 8 (5. 1816 276

All K (1) 50 +4%
1°D;  K*(1680) . 1717 322 14+£21%
238, K*(1410) : 1414 232 38+511]

K(2%)
25Py,  K3(1980) 6 (7. 1988 £22F19% 318+ 827 23405407

K(07)
218y K(1460) 1483 336 1024+ 1.2%39

X(27)
X (4150) 8 (8. 4146 £18+33 13542813  20+05798

X(17)
X (4630) 4626+ 167,18 174427113 26405722

—— X(4630)
E — X(4500)

E — X(4700)
- — XNR

E — X(4140)
E — X(4274)
—  X(4685)

= X (4150)

E - Background
E == Total fit
F == Data 9 fb!

All X(0*) 20+£511

X (4500) 4474+3+3 7T+ 6419 5.6+0.7+24
X (4700) 4694 £ 4715 87 +8*1¢ 89+1271
NRj/ps 8 (5. 28 8117

All X (11) 263715
X (4140) 4118111157 162£21773 17+3+19
X (4274) 4294 + 43 53+5+5 2.840.579%
X (4685) 4684711 12641513 7241.0740

All Z (1) 254571
Z,5(4000) 40034674 131415426 94+21+34
Z.5(4220) 9 (8. 4216 24135 2334+ 52107 10£4+1

= Z,(4000)

HeHHHHHHHHHHH

15

2
e [GeV]

CERN COURIER MAY/JUNE 2021

HADRON SPECTROSCOPY

LHCDb observes four

new tetraquarks
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IVB. Exotic Charmonium

Charmonium
. . . I
The basics of exotic charmonium Z(4430) T
§ e . 4.5 Tnef@18g) ="
(or “‘charmoniumlike” states): Y (4360
m—— Xc2(3°P2)
c2 2
Y(4260) | N<(3P1) Xo1(33P4)
)(Cl(3872) 4.2 Xc0(3%Po)
{(2°D1)
aka X(3872)
% 4(2(4020) Jis,) | WS
>
w(4230) and y(4360) S mEw 5 Xe2(2P2)
aka Y(4260) and Y (4360) X(3872)
0 38| Xc0(23Po)
2 SOV E— i Ul |
E P 4
Z.(3900) and Z.(4020) T Y(2%1)
3.6 | =0
Xc2(13P2)
Z.mesons in B decays (1) Xer(1°P1)
3.4 | Xco(1%Po)
Original names (still commonly used):
3.2 - predicted, discovered
Y: mesons made directly in e*e” Ll predicted, undiscovered
Z: “charmonium’” with / ;é O 3.0 |- Ne(1So) unpredicted, discovered
X: everything else
O—+ 1-—- 1+- 0++ 1++ 2++

JrPC



IVC. Exotic Bottomonium

The basics of exotic charmonium
(or “‘charmoniumlike” states):

Aecl (3 872)
aka X(3872) no bottomonium X(3872)
w(4230) similar Y states (Y},)

aka Y (4230) (previously Y (4260))

similar Z states (Z;)

>
-
Z.(3900) and Z,(4020) m—-
>

Z.mesons in B decays no top mesons

Original names (still commonly used):

Y: mesons made directly in ete”
Z: ‘“charmonium” or “bottomonium” with I # 0.
X: everything else
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IVA. Exotic Meson Identification

. o . Charmonium
Exotic mesons can be distinguished from |
. . Z(4430
conventional mesons 1n at least four 4 1 nczm s Lu@s)
. Y (4360
ways: (4359) Xe2(3%P2)
Y(4260) | N(3'P1) Xc1(33P1)
42 Xco(33Po)
P(23D1)
1. unusual properties —
prop % 424020 fig,) 1 ¥E*S)
e.g. X(3872) S
o Z(3900) 1 X-2(2°P2)
b (D | [ 23P
2. overpopulation @ Or wwoy o eE
e.g. Y(4260), Y(4360) = ’ P'(23S4)
ap | NS
b [ 13P
3. exotic flavor he(11P+) g
e.g. 2.(3900), Z.(4020) 34l Yool 15P0)
4. exotic JF¢
e g T (1600) 3.2 - predicted, discovered
. . 1
JP(1%81) predicted, undiscovered
3.0 - Ne(1'So) unpredicted, discovered
major caveat: an exotic hadron must also

1+- O++ 1++ D++
JPC

be a hadron (as opposed to a scattering 0+ 1
artifact, for example)
This talk: charmonium, bottomonium, light quark mesons.
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IVD. Exotic Light Quark Mesons

Exotic mesons can be distinguished from
conventional mesons in at least four
ways:

1. unusual properties
e.g. X(3872)

2. overpopulation
e.g. Y(4260), Y(4360)

3. exotic flavor
e.g.Z.(3900), Z.(4020)

4. exotic JF€

e.g. m;(1600)

major caveat: an exotic hadron must also
be a hadron (as opposed to a scattering
artifact, for example)

Light Quark Mesons:

glueballs

* lightest is expected to have J©'¢ = 0

* traditionally expected in J/y
radiative decays

<J/1//
c 88

mesons with exotic J£¢

* expect hybrid mesons with
JPC —1-* (;,]1, 71.1)

* perhaps produce these with photoproduction

* (also expected in heavy quark systems)
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IVD. Exotic Light Quark Mesons

PHYSICAL REVIEW D 92, 052003 (2015)

Amplitude analysis of the 77" system produced in radiative J/y decays

(BESIII Collaboration)

. 1 19,5354 19,53
A.P. Szczepaniak, and P. Guo

(1 billion J/y decays)

%

PR 7, =¥ el
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[ Misreconstructed background |
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[ | IIIIII|
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IVD. Exotic Light Quark Mesons

PHYSICAL REVIEW D 92, 052003 (2015)

Amplitude analysis of the 77" system produced in radiative J/y decays
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IVD. Exotic Light Quark Mesons

PHYSICAL REVIEW D 92, 052003 (2015)

Amplitude analysis of the 7z°7° system produced in radiative J/y decays
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Amplitude analysis of the K¢K¢ system produced in radiative J/y decays

35000
30000
25000
20000
15000
10000

5000

Events / 15 MeV/c? Events / 15 MeV/c®

0" - 2E1 Phase Difference [rad]

(BESIII Collaboration)

= K.K 0++
= 0,
= A S8
E_ ‘2 O.
— ] .
= '’ %
= °® Q84 ..o“”. 38,8
— 3 s8003008, 5 s ...6' ¢ %ee
’:_ L .......&., 3 | Q OO;;; 08.'5.9.’: nnul.o.o.alg.as. -
1 15 2 25 3
2:
Mass(K K,) [GeV/cT]
3 | K.K. 2+
— L[]
= } S8
E é
——— L ]
— .
= d
= o 8 °
- 5 .20
= 5 (] ..oo. o9
= 8162 é 2 11770, 1799, °
M’M"’ ot 9“8... °(.,.. '...”'I-.O'ﬁ..0'.8‘9_.&3’“......‘.‘..’-.%%“
1 1.5 2 2.5 3

Mass(KK;) [GeV/c?]

o
[ ®. ? 00
8805

% OO’ °

9.006. 8% 5la85:48 F
.oo... : 8 o7 @ 117 [} q.qo 18i0°% Wil -5.
]

0% 9'00'6.;8 3 8 a...o i
phase

? 18 e Pl

o ®
LI ° ® o
¢ 0%0 Qe |e

++
KK 0

_ 0+t
Mass(KK,) [GeV/c?]

ol

53



IVD. Exotic Light Quark Mesons

Physics Letters B 816 (2021) 136227

Scalar isoscalar mesons and the scalar glueball from radiative J/y
decays

A.V. Sarantsev ", I. Denisenko ¢, U. Thoma?, E. Klempt #-*
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IVD. Exotic Light Quark Mesons
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Amplitude analysis
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IVD. Exotic Light Quark Mesons

Exotic mesons can be distinguished from
conventional mesons in at least four
ways:

1. unusual properties
e.g. X(3872)

2. overpopulation
e.g. Y(4260), Y(4360)

3. exotic flavor
e.g.Z.(3900), Z.(4020)

4. exotic JF€

e.g. m;(1600)

major caveat: an exotic hadron must also
be a hadron (as opposed to a scattering
artifact, for example)

Light Quark Mesons:

glueballs

* lightest is expected to have J©'¢ = 0

* traditionally expected in J/y
radiative decays

<J/1//
c 88

mesons with exotic J£¢

* expect hybrid mesons with
JPC —1-* (;,]1, 71.1)

* perhaps produce these with photoproduction

* (also expected in heavy quark systems)
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IVA. Exotic Meson Identification

Physics Letters B 740 (2015) 303-311

Odd and even partial waves of n7~ and n’'m~ inmw p — n”np
at 191 GeV/c

COMPASS Collaboration
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IVA. Exotic Meson Identification

PHYSICAL REVIEW LETTERS 122, 042002 (2019)

Determination of the Pole Position of the Lightest Hybrid Meson Candidate

A. Rodas,l’* A. Pilloni,z’”' M. Albaladejo,z’4 C. Ferna’lndez-Rarm’lrez,5 A. Jacl<u1ra,6’7 V. Mathieu,2
M. Mikhasenko,8 J. Nys,9 V. Pauk,lo B. Ketzelr,8 and A.P. Szczepaniak2’6’7

(Joint Physics Analysis Center)
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IVA. Exotic Meson Identification

PHYSICAL REVIEW LETTERS 122, 042002 (2019)

I A‘ Determination of the Pole Position of the Lightest Hybrid Meson Candidate

A. Rodas,"” A. Pilloni,>>" M. Albaladejo,>* C. Ferndndez-Ramirez,” A. Jackura,”’ V. Mathieu,’
M. Mikhasenko,8 J. Nys,9 V. Pauk,]0 B. Ketzer,8 and A.P. Szczepaniak2’6’7

(Joint Physics Analysis Center)
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IVA. Exotic Meson Identification

. o . Charmonium
Exotic mesons can be distinguished from |
. . Z(4430
conventional mesons 1n at least four 4 1 nczm s Lu@s)
. Y (4360
ways: (4359) Xe2(3%P2)
Y(4260) | N(3'P1) Xc1(33P1)
42 Xco(33Po)
P(23D1)
1. unusual properties —
prop % 424020 fig,) 1 ¥E*S)
e.g. X(3872) S
o Z(3900) 1 X-2(2°P2)
b (D | [ 23P
2. overpopulation @ Or wwoy o eE
e.g. Y(4260), Y(4360) = ’ P'(23S4)
ap | NS
b [ 13P
3. exotic flavor he(11P+) g
e.g. 2.(3900), Z.(4020) 34l Yool 15P0)
4. exotic JF¢
e g T (1600) 3.2 - predicted, discovered
. . 1
JP(1%81) predicted, undiscovered
3.0 - Ne(1'So) unpredicted, discovered
major caveat: an exotic hadron must also

1+- O++ 1++ D++
JPC

be a hadron (as opposed to a scattering 0+ 1
artifact, for example)
This talk: charmonium, bottomonium, light quark mesons.

60



HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

Prologue: Definitions and Philosophy LECTURE IV. Exotic Mesons

I. A Field Guide to Meson Families IVA. Exotic Meson Identification
II. Meson Quantum Numbers IVB. Exotic Charmonium

III. The Quark Model IVC. Exotic Bottomonium

IV. Exotic Mesons IVD. Exotic Light Quark Mesons

V. Current and Future Experiments

Ryan Mitchell
Senior Scientist
Indiana University

(remitche @indiana.edu)

61


mailto:remitche@indiana.edu

HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

.. . LECTURE IV. Exotic Mesons
Prologue: Definitions and Philosophy

. . o Exotic mesons (and baryons) can offer
I. A Field Guide to Meson Families

new insight into quark and gluon
II. Meson Quantum Numbers Interactions.

III. The Quark Model Many exotic meson candidates exist

: and many more are being discovered.
I1V. Exotic Mesons y g

The field is active, but there are

V. Current and Future Experiments .
currently very few firm conclusions.

Ryan Mitchell
Senior Scientist
Indiana University

(remitche @indiana.edu)
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