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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment

Highlights

Accelerator

Years

Institute

Production

BaBar

Y (4260) [29]
Y (4360) [108]

PEP-II

1999
2008

SLAC
(Menlo Park,
California,
USA)

ete™ annihilation
(ECI\'I ~ 10 GGV)Z

X(3872) []
Y(3940) [106]
X (3915) [166]

7.(4430) [30, 136, 137]

Z,(10610),

7,(10650) [160, 162, 163]
Y;,(10888) [151, 152]

Belle I1

Upcoming
continuation of
Belle

SuperKEKB

ete” = BB; B— KX
efe” =Y,
ete™ = 27,
ete (ysr) = Y
ete  (yisr) — 72
ete” = J/p+ X
vy — X

Y (4260) [142]
7t~ h. [177)

Cornell U.
(Ithaca,
New York
USA)

)

BESIII

Z.(3900) [22, 154]

Z.(4020) [156, 158]

Y (4230) [149]
X (3872) [52]

BEPCII

THEP
(Beijing,
China)

eTe™ annihilation
(ECM ~ 4 GeV):

ete” =Y
ete” =77

ete™ - ~vX

Y (4140) [126]
Y (4274) [132]

X (3872) [178, 179, 172]

X (3872) [171]
4140) [174]

Y (
X (5568) [175]

Tevatron

Fermilab
(Batavia,
Illinois,

USA)

pp collisions
(Ecm =~ 2 TeV):

pp — X + any
pp— B + any; B — KX

Xb(3P) [180]

X(3872) 28]
Y (4140),
Y (4274) [130]

Z.(4430) [138, 139]

X (3872) [109]
P,(4380),
P,(4450) [35]
Y (4140),

Y (4274) [125, 131]

COMPASS

photoproduction [181]

a1(1420) [182]

2002-2011

CERN
(Geneva,
Switzerland)

pp collisions
(ECM = 7., 87 13 TeV):

pp — X + any
pp — B + any; B — KX
pp — Ay + any; Ay — KP,

w/m beam on N target
(Pheam = 160, 200 GeV)

N — XN
YN — XN

Upcoming

GSI
(Darmstadt,
Germany)

D beam on p target
(Pbeam = 1.5-15 GeV):

pp— X
pp — X + any

GlueX

CLAS12

Beginning

(searches for light
quark hybrid mesons)

Jefferson Lab
(Newport News,
Virginia,

USA)

~ beam on p target
(Ebe(l,'m, <11 GeV)Z

yp — Xp
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Y (4260) [142]
7t~ he [177]

Cornell U.
(Ithaca,
New York,
USA)

BESIII
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Z,(4020) [156, 158]
Y (4230) [149]
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O
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(Beijing,
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pp collisions
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photoproduction [181]
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2002-2011

CERN
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pp collisions
(ECM = 7, 87 13 TeV):
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Germany)

D beam on p target
(Pbeam = 1.5-15 GeV):
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~v beam on p target
(Ebeam S 11 GeV):
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Y (4140) [126]
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Tevatron
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pp collisions
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Cornell U.
(Ithaca, ete™ annihilation
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USA)
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China)

X (3872) [52] Experiments

Y'(4140) [126] pp collisions
Y (4274) [132] Fermilab (Ecum =~ 2 TeV):
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X (3872) [28] collisions — o
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VA. Detectors

The BESIII Experiment (Beijing Spectrometer)
at BEPCII (Beijing Electron Positron Collider)
at ITHEP (Institute for High Energy Physics) 1n Beljlng, China

BESIII Detector (a standard high-energy physics experiment
(1) Tracking detector = charged particle momentum

(2) Time-of-Flight (TOF) = charged particle mass

(3) Calorimeter = photon energy and direction

Muon Detector

Time-of-Flight
Detector

Beam Pipe

Electromagnetic Calorimeter

Measure the four-vectors of final-state
particles (y, ei,,ui, T, Ki,p,p) and
detached vertices (K, A, ...)

e*e™ collisions at Ey; between 2.0 and 4.9 GeV



VA. Detectors

The BESIII Experiment (Beijing Spectrometer)
at BEPCII (Beijing Electron Positron Collider)
at ITHEP (Institute for High Energy Physics) 1n Beljlng, China

ete”™ = atn Jly with Jly — u*u
, Muon
Detector

Electromagnetic
Calorimeter

‘‘‘‘‘

Time-of-Flight
Detector

Measure the four-vectors of final-state
particles (y, e™, u=, #=, K=, p, p) and
detached vertices (K, A, ...)

e*e™ collisions at Ey; between 2.0 and 4.9 GeV



VA. Detectors

The BESIII EXperiment (Beijing Spectrometer)
at BEPCII (Beijing Electron Positron Collider)
at IHEP (Institute for High Energy Physics) 1n Beijing, China

ete”™ - gt Jly with Jlw — utu~

Muon
Detector
1 -
o, 60E PRL110,252001(2013) + Data
S 140:— — Fit
CCB 120F Jhy -+ Background Electromagnetic
: v 2 Calorimeter
§ 100 55 (I
o 80 = ~
CICD 40 E Time-of-Flight
Lﬁ 5 OE WSS Detector
0 A, e il T L
3 3.05 3.1 3.15 3.2
M(u*u') (GeV/CZ) Tracking
Detector
Measure the four-vectors of final-state XY View I

particles (y, e™, u=, n~, K=, p, p) and

detached vertices (K, A, ... .
etached vertices (R : e*e™ collisions at Ey; between 2.0 and 4.9 GeV
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VA. Detectors

The LHCb Experiment
at the LHC (Large Hadron Collider)
at CERN (European Council for Nuclear Research) 1n Geneva, Switzerland

Tracking system

Measure the four-vectors of final-state pp collisions between 7 and 14 TeV

particles (y, e™, u=, #=, K=, p, p) and
detached vertices (Kg, A, ...,D, A_,... B, Ay, ...)

11



VA. Detectors

The LHCb Experiment
at the LHC (Large Hadron Collider)
at CERN (European Council for Nuclear Research) 1n Geneva, Switzerland

pp collisions between 7 and 14 TeV

Measure the four-vectors of final-state
particles (y, e™, u=, n~, K=, p, p) and
detached vertices (Kg, A, ...,D, A_,... B, Ay, ...)
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VA. Detectors

The LHCb Experiment
at the LHC (Large Hadron Collider)
at CERN (European Council for Nuclear Research) 1n Geneva, Switzerland

BY = Jly¢K* with J/w — u*u~ and ¢p - KTK~

f>‘\ 5000 - I . . . . | : —
O ~ I _
= [ LHCb Data :
N 4000 —
~ - -1 — Total fit -
> - 91b :
§ 00 000 |8 Background ]
;8 = _
< B i
< ~ .
S 2000 -
1000 - =
arXiv:2103.01803 -

5250 5300 5350
[MeV]

mJ/z/J¢K+

pp collisions between 7 and 14 TeV

Measure the four-vectors of final-state
particles (y, e™, u=, n~, K=, p, p) and
detached vertices (Kg, A, ...,D, A_,... B, Ay, ...)

13



VA. Detectors

The GlueX Experiment (Gluon Excitations)
at CEBAF (Continuous Electron Beam Accelerator F acility)
at JLab (Jefferson Lab) In Newport News, Virginia

D

Upgrade magnets
and power

J supplies

20 cryomodules

Add 5
cryomodules

Measure the four-vectors of final-state
particles (y, e™, u=, #=, K=, p, p) and
detached vertices (K, /A, ...) and photon
beam polarization.

Nuclear Inst. and Methods in Physics Research, A 987 (2021) 164807

The GLueX beamline and detector

New Hall D complex
(and beam line)

Forward Calorimeter
Time of Flight

Barrel Calorimeter

Start Counter

Target

Photon Beam

Tagging

Magnet Forward Drift

Chamber
Electron

Beam Central Drift

Chamber

Solenoid

Radiator

yp photoproduction with Ey .., ~ 9 GeV

14



VA.

The GlueX Experiment (Gluon Excitations)
at CEBAF (Continuous Electron Beam Accelerator F acility)
at JLab (Jefferson Lab) In Newport News, Virginia

350 (a)
300
250
200
150
100

50

—— Diamond: PARA
—— Diamond: PERP
— Aluminum

Photon Flux (arb. units)

E

o
3

HHHIII|IIII|IIII|II|||||L||| | |||||||||||||||||||||II|IIII|III
= aN
S 3
—l—
——
o
-
Loy
el
-
il
s
i
Sl

S ) . o PARA E
5 04 § ¥ . = PERP E
3 03 t =
o gt E
% 02 =

0.1 3

0 ¢ E

95 10 105 11 115
Photon Beam Energy (GeV)

N
()]
o]
o]
()]
©

Measure the four-vectors of final-state
particles (y, e™, u=, #=, K=, p, p) and
detached vertices (K, /A, ...) and photon
beam polarization.

Detectors

Nuclear Inst. and Methods in Physics Research, A 987 (2021) 164807

The GLueX beamline and detector

Forward Calorimeter
Time of Flight
Barrel Calorimeter

Start Counter

Target

Photon Beam

Tagging

Magnet Forward Drift

Chamber
Electron

Beam Central Drift

Chamber

Radiator Solenoid

yp photoproduction with Ey .., ~ 9 GeV
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VA.

The GlueX Experiment (Gluon Excitations)
at CEBAF (Continuous Electron Beam Accelerator F acility)
at JLab (Jefferson Lab) In Newport News, Virginia

yp = Jlyp with Jly — ete”

200 -1 10ofNumber of J/y = 469 22
- Fmean = 3.096 £ 0.001 GeV
180 -1 205D = 0.013 £0.001 GeV
160 _ “EPRL123.072001(2019)
> 140 |- wf
o - n
= 120 it 2°F
Q -
-9 100 [ 1 1 |-.-| 1 L | L L | L 1 | 1 1 1
C : .95 3 3.05 3.1 3.15 3.2
g’ 80 Bt i e — R — -
) 5 5 |
60 - I e | T T SRR SRRSO RURRRUUURRN-SUNY | RURURRRRSURRR
40 } .................... ] l i .........................
20 E_. ........................ ........................ ..... I 3 Y T TS OTUURRORRRUORE SN |
O : I 1 1 1 1 ‘ 1 1 1 1 ! 1 1 | 1 1 1 l
1 1.5 2 2.5

M(e'e), GeV

Measure the four-vectors of final-state
particles (y, e™, u=, #=, K=, p, p) and
detached vertices (K, /A, ...) and photon
beam polarization.

Detectors

Nuclear Inst. and Methods in Physics Research, A 987 (2021) 164807

The GLueX beamline and detector

Forward Calorimeter
Time of Flight
Barrel Calorimeter

Start Counter

Target

Photon Beam

Tagging

Magnet Forward Drift

Chamber
Electron

Beam Centl’a| Dl’lf't

Chamber

Radiator Solenoid

yp photoproduction with Ey .., ~ 9 GeV

16



Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment

Highlights

Accelerator

Years

Institute

Production

BaBar

Y (4260) [29]
Y (4360) [108]

PEP-II

1999
2008

SLAC
(Menlo Park,
California,
USA)

X(3872) [4]
Y(3940) [106]

X (3915) [166]
Z.(4430) [30, 136, 137
7,(10610),
7,(10650) [160, 162, 163]
Y;,(10888) [151, 152]

Belle I1

Upcoming
continuation of
Belle

SuperKEKB

ete™ annihilation

(Ecm =~ 10 GeV):

ete” = BB; B— KX
efe” =Y,
ete™ = 27,
ete (msr) =YV
ete  (yisr) — 72
ete” = J/p+ X
¥y — X

Progress in Particle and Nuclear Physics 93 (2017) 143-194

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Y (4260) [142]
7t~ he [177]

Cornell U.
(Ithaca,
New York,
USA)

BESIII

Z.(3900) [22, 154]
Z,(4020) [156, 158]
Y (4230) [149]

X (3872) [52]

O
Y (4274) [132]
X (3872) [178, 179, 172]

X(3872) [171]
Y (4140) [174]
X (5568) [175]

BEPCII

Tevatron

THEP
(Beijing,
China)

Fermilab
(Batavia,
Illinois,

USA)

eTe™ annihilation

(ECM ~ 4 GeV):

pp collisions
(Ecm =~ 2 TeV):

pp — X + any
pp — B + any; B — KX

xb(3P) [180]

X(3872) 28]
Y (4140),
Y (4274) [130]

COMPASS

Z.(4430) [138, 139]
X (3872) [109]
P,(4380),
P,(4450) [35]

photoproduction [181]
a1(1420) [182]

2002-2011

CERN
(Geneva,
Switzerland)

pp collisions
(ECM = 7, 87 13 TeV):

pp — X + any

pp — B + any; B — KX
pp — Ay + any; Ay, — KP,

<pbeam ~ 160, 200 GGV)

N — XN
YN — XN

Upcoming

GSI
(Darmstadt,
Germany)

D beam on p target
(Pbeam = 1.5-15 GeV):

pp— X
pp — X + any

GlueX

CLAS12

Beginning
(searches for light
quark hybrid mesons)

Jefferson Lab
(Newport News,
Virginia,
USA)

~v beam on p target
(Ebeam S 11 GeV):

yp — Xp

Review
Heavy-quark QCD exotica
Richard F. Lebed **, Ryan E. Mitchell ®, Eric S. Swanson®

LECTURE V. Current and Future
Experiments

VA. Detectors
VB. Hadron Colliders
VC. ete™ Colliders

* B Factories

* 7/c Factories
VD. Fixed Targets
VE. New Possibilities
VE. Outlook
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Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC
B.(2S) and B*(2S)
X(3842) (or y;(3842))
X(2900)
TcEcE
). states
P pentaquarks

(4) the future of the LHC

VB. Hadron Colliders

Production mechanisms at hadron colliders:

pp (or pp) — X + anything (prompt)
pp (or pp) — B (/\,) + anything (non-prompt)

High rates mean triggers play an important role:

The CMS trigger system

2011 Run L =1.1fb™
CMS \s=7TeV

Jhp

low mass displaced u*w’
Il low p_double muon
high P, double muon

y4

Events per 10 MeV
)

[
1 10 102
Dimuon mass [GeV]
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Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC
B.(2S) and B*(2S)
X(3842) (or y;(3842))
X(2900)
TcEcE
). states
P pentaquarks

(4) the future of the LHC

Design and performance of the LHCb trigger and full
real-time reconstruction in Run 2 of the LHC

VB. Hadron Colliders

Production mechanisms at hadron colliders:

pp (or pp) — X + anything (prompt)
pp (or pp) — B (/\,) + anything (non-prompt)

High rates mean triggers play an important role:

LHCDb Trigger Run 2
Bunch crossing rate

¥ 40MHz
L0 Hardware trigger

N
J

high pr /ET signatures
v | MHz

~

e

The LHCDb collaboration

Software trigger

[ High Level Trigger 1 ]

partial event reconstruction

y 110KHz

Alignment &

Calibration

110kHz
[ High Level Trigger 2 ]

full event reconstruction

¥ 12.5kHz
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VB. Hadron Colliders

Highlights from Hadron Colliders PRL 102, 242002 (2009) PHYSICAL REVIEW LETTERS 19 JUNE 2009
(1) hadron production
(2) the Tevatron and the LHC Evidence for a Narrow Near-Threshold Structure in the J/ s p Mass Spectrum
< p+ +
(3) breakthroughs at the LHC in B* — J/§ K" Decays
BC(ZS ) and B Zk (25) (CDF Collaboration)
X(3842) (or y;(3842))
5
X(2900) O : CDE
TcEcE Yo 43 3 .
Q. states The first study of B — K¢J/y N JF
P, pentaquarks was at the Tevatron... S |
(4) the future of the LHC ; 3.5
X 3t
E |
‘E 25
296 18 20 22 24
o 40 m3(JIye) (GevZic?)
35
% 30
= o
7F
8 2 ~y
whd ~— -
T 10 ® 4F
8 & 2 3 I
© S 2 11l
I I L Teeé 1 8 1E I D
£22 5.24 5.26 5.28 5.3 5.32 5.34 * R ”” .
11 12 13 14 15

-t

LTS (GeV/c?) AM (GeV/c?)
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VB. Hadron Colliders

Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC

Observation of new resonances
decaying to J/Ap KT and J/ip¢

arXiv:2103.01803v1 [hep-ex] 2 Mar 2021

BC(ZS ) and Bék (2S ) LHCD collaboration®
X(3842) (or y;(3842))
X(2900) o ey, ' ]
SasE 4 LHCb
L ze O f Ao ahe . op!
- F SA E
Q. states The first study of B — K¢J/y o o B
P, pentaquarks was at the Tevatron... NN .
K Sl o 9
4) the future of the LHC . 35 -ti-.-'-‘-j et TN i
) ... but the statistics at the LHC R 1 e = e ik 16
. - P e - AL ]
are now overwhelming. 3 e il i - LR A
: ’ AR Y e
25 o o = 2
[ ] \ ] ] R o
18 20 22
m3,,, [GeV’]
s\ 5000 T T T ]
s | 1 ] S E o Ela ' ' E
= - LHCb Data . ﬁ 700 —— X(4630) [ ]
Q 4000 9 fb-! — Total fit 1 S 600 X@00 ¢ :
- C N S F— xamno
g 00 000 [y Background ] 8o00F— xR
g5 F ] S 400 X610 |
g - ] = - — X@274) |
S 2000 . O 300 — xess) |
N ] 200F— X@150) E
1000 [~ — F == Z,,(4000)
- E 100 == Z,4220)F

5250 5300

5350

K [MeV]
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VB. Hadron Colliders

Highlights from Hadron Colliders .
. Observation of new resonances
(1) hadron production

(2) the Tevatron and the LHC decaying to J, / YK t and J / (o
(3) breakthroughs at the LHC arXiv:2103.01803v1 [hep-ex] 2 Mar 2021
BC(ZS ) and Bék (25) LHCb collaboration'
X(3842) (or y;(3842))
X(2900)
TcEcE
Q. states The first study of B — K¢J/y
P_ pentaquarks was at the Tevatron...

(4) the future of the LHC

... but the statistics at the LHC
are now overwhelming.

L. o

% ] 270() —— X(4630) |
=7 = oo — x|
o 6 < F xeno
= 3500 — xNR

A S 5400 F — X(4140) |
..q.‘! ) - "
= 4 2 F— xamf
2 3 O300F — xaess) F
-g 2 200F— X@150) E
= :

o1

| I |1 1 F == Z,,(4000)F
;Jﬁifiﬁhﬁ uuuuuu 115 O sy

0711 12 13 1.4 15
AM (GeV/c?)




VB.

Highlights from Hadron Colliders

(1) hadron production

(2) the Tevatron and the LHC

(3) breakthroughs at the LHC
B.(2S) and B*(2S)
X(3842) (or y;(3842))
X(2900)
TcEcE

). states

P pentaquarks

(4) the future of the LHC

Mass [MeV/c?]

Hadron Colliders

http://lhcb-public . web.cern.ch

|

11000 T
3P
msool oGP 159 new hadrons at the LHC .;bzgﬁ;
bl
T B.(25)" Totet
7000 OBC(25)+ .BEEZS))"' @ <<t
: o n6152)°  84(@320) -
. ) 5 (5970)+ . —b(6227) . /\b(6146) . Eﬁ(6227)0
i Zpm Ap(5920)° Zp i ' N =,(6100) ~
0000 ./\b(5912)° = = ‘31(5840)“’ 2,(6097)"  AL(6070)° B((6114)°
55(6097)~ B(6063)°
20007 X(4700) X(4685)
b P.(4450)*  ®X(4500) P.(4457)" @X(4630)
® b3 X(4274) Pc(4440)" Z.5(4220)*
oo | @ cElad o 1% pa3g0) P3I2T @7 000y
o cc o
. Cq -CccC
® <9qq . 0
B b D,3000)*° _ . 8%%%%8)0 =(2939)°
3000 - D;(3000)°@ D,,(2860) A(2860)° | Qc(3066)° X1(2900)
cqq D,(2760)*g o e Q430501 - (2023)° ®x,(2900)
. D;(2740) D;(2760) ¢ = .
cC J o 3 ®p.
W cCqqq D/(2580)° D0(2590)
1 1 1 1 1 1 1 1 1 1 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Date
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Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC
B.(2S5) and B*(2S)
X(3842) (or y;(3842))
X(2900)
TcEcE
). states
P pentaquarks

(4) the future of the LHC

B*+(25)
25 !

VB. Hadron Colliders

PHYSICAL REVIEW LETTERS 122, 132001 (2019)

Editors' Suggestion Featured in Physics

Observation of Two Excited B States and Measurement
of the B/ (2S) Mass in pp Collisions at \/s=13 TeV

A. M. Sirunyan et al.”
(CMS Collaboration)

. +. . [ ]
Find B, — J/yn™: Add two more pions:
2000 M. .} s g (L:—S14 b i [F)'?ta it
 L=143f" 3 . — Fitresult 60 - 3 fb it resu
[ {s=13Tev § § B! — Jiy 7" signal - Vs=13TeV Signal
: ‘ B! - Jy K" - By(Jy KY mtm
> 1500 i L Byt X > 50 Comb. backg.
(0] : ' L
= ; 3 Comb. backg. (0] C
0 b % i E N B
5 1000 - BC ZS c S
4 £ 30 —
m C c -
500 e r
w 20—
6.0 6.1 6.2 63 64 6.5 10 H |
M(Jhy =) (GeV) : }
O [T 11 L1 | L1 | PR [T T T T

6.7 6.8 6.9

7.0

M(B' w*n”) - M(B?) + my. (GeV)

7.1
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VB. Hadron Colliders

Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC
B (2S) and B¥(2S) new charmonium state

X(3842) (or y;(3842))

X(2900)
TcEcE

Q2 states The LHCb collaboration
P pentaquarks

(4) the future of the LHC

Near-threshold DD spectroscopy and observation of a

Find D° - K=z and D* — K*z~, plot M(D°D").
Find D" - K ztztand D~ - Ktz 7™, plot M(D*TD").

4000_ TTT T m T T T T T T || T T T | T T T T | T T T T ]
- *0 N0 = ]
R Z)(cl(3872) - D "D |—— DD LHCb .
S 3500 DtD- —
—~ | -
E - W(3770) | . 2000
- . 1200 ' — ' ] . o ' = E=IX(3812)  ----- bkg .
2 30001 | ys(3842) | o= B A N N L HOb ]
g ] Z 15000 -
¢ - X-(3930) - Z soof | e EN A -
= n c2 . 2 SoE By A ) = =T S TS -
:_C‘E 2 5 OO — | — E 600 /mm MW M'wwhﬁ i Mw’é’ﬂmwwmﬂmwﬁmwﬂm iy %\“W:V e g 1000 &Wﬁm‘WﬂWﬁM‘% A WM." R——"
e, L - < o 3 = C ]
E - | 71 2 1 & e -
2000 1 Cw E : :
- X - | i | i P - e S R -
: : ;i 6005— DD~ —f glOOOf— DD~ -
1500 ] Z 500E- ! #ﬁlm“ = % SOO@WMWI \ "W ]
- - S LooE m bbb ] 3 S 4 E
: 1T T N T aof A Sy E
10001 S | ERE- R TR
- 200 3 = Y00 1
E “ 100 /\ E © 200 A‘ =
500:_ 372 37 36 378 38 382 3 3.[;;6\// 2]_ T TR T RV R I ra—
= Mpb evre Mmpp [GeV/e?]
O_ ] ] %
3.7 . 4.1 4.2
_ 2
Mmpp [Ge\// c }
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VB. Hadron Colliders

(ag, b, m,, o) = (0.5461, 0.1425 GeV?, 1.4794 GeV, 1.0946 GeV)

Highlights from Hadron Colliders
(1) hadron production

(2) the Tevatron and the LHC
(3) breakthroughs at the LHC

B.(2S) and B*(2S)
X(3842) (or y5(3842))
X(2900)

]L&f

). states

P pentaquarks

(4) the future of the LHC

s

4000¢ -
41(3872) = DD° | —— popp

3500
w(3770)

LHCb

1200

Near-threshold DD spe
new charmonium state

The LHCb collaboration

Find D°
Find D*

Multiplet

State

Expt.

Input (NR)

Theor.
NR GI

IS

2S

3S

4S

1P

T/ p(1°Sy)
nc(llsO)

Y (2°S,)
772(2150)

$(3°S))
nc(?’l SO)

Y(4°S))
nc(4ISO)

x2(1°P,)
x1(1°Py)
Xo(1°Py)
hc(llpl)

X2(2°P,)
X1(2°Py)
X0(2°Py)
hc(zlpl)

3096.87 = 0.04

2979.2 £ 1.3

3685.96 = 0.09

36377 £4.4
4040 = 10

4415 £ 6

3556.18 £ 0.13
3510.51 £0.12

34153 £ 0.4
see text

77

3097
2979

3686
3638

4040

4415

3556
3511
3415

3090 3098
2982 2975

3672 3676
3630 3623

4072 4100
4043 4064

4406 4450
4384 4425

3556 3550
3505 3510
3424 3445
3516 3517

3972 3979
3925 3953
3852 3916
3934 3956

| ,,,,,,,,, D™D

400F-
300

3769.9 = 2.5 3785 3819

2 E

= ] —

23000 y3(3842) A Teenrr

g 2.2(3930) R X2(3°Py) 4317 4337

< 2500 | — 7 oo /,,*WMWWW x1(3°P)) 4271 4317

E | 1 S Yo(33Py) 4202 4292

S 2000 4 S| h.(3'P,) 4279 4318
1500 = i DD 3(1°D3) 3806 3849

] : i ¥,(1°D,) 3800 3838

y(1°D,)

Candidates/ (0.5 MeV/c?)

w“,"

1000 200; { 77c2(11D2) 3799 3837
500 A ¥3(2°Dy) 4167 4217
% $,(2°D,) 4158 4208

0 A4 24 $(23D)) 4159 =+ 20 4142 4194
3.7 4.1 4.2 7:(2'D,) 4158 4208

_ 2
mpp |GeV/c?] +1F, 2F, 1G
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Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC

B.(2S) and B*(2S)
X(3842) (or y;(3842))
X(2900)

TcEcE

). states

P pentaquarks

(4) the future of the LHC

mAD*D") [GeV?/c4]

m2(D"K™*) [GeV?/ ¢4

VB. Hadron Colliders

PHYSICAL REVIEW D 102, 112003 (2020)

Amplitude analysis of the B* - DD~ K™ decay

(LHCb Collaboration)

Candidates / (17.3 MeV/c?)

Candidates / (17.3 MeV/c?)

80

)(60(3930)
+%,,(3930)

LHCD

(a)

m(D*K™) [GeV/c?]

Candidates / (17.3 MeV/c?)

 m(DK*) [GeV/cY]

............... w(3770) — D* D
B % ,,(3930) > D* D~ (NEW)
--------------- % ,(3930) — D* D
— ——— y(4040) — D* D"
— — .- y(4160) - D* D"

w(4415) — D* D

X,(2900) — pk* (NEW)
.............................. X ,(2900) - D'K* (NEW)
--------------- Nonresonant
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VB. Hadron Colliders

Highlights from Hadron Colliders
(1) hadron pr oduction Science Bulletin 65 (2020) 1983-1993
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC

B.(2S) and B*(2S)
X(3842) (or y;(3842))
X(2900)

Contents lists available at ScienceDirect

Science
Bulletin|

Science Bulletin

www.scibull.com

! journal homepage: www.elsevier.com/locate/scib

ctct Article
¢ states Observation of structure in the J/iy-pair mass spectrum
P pentaquarks LHCb collaboration '
(4) the future of the LHC
(\/l'\ 220 T T T T T T T T T T T T T
L —F— pata
> i(g)g LHCb 'Emalf‘n
2 esonance
Try to fit M(J/ywJ /y): Z 160 —o
7.0 s
8 120 —— - DPS+NRSPS
T o T
~ —I— Data
E Total fit
Select J/wJ - = A ors
— —— NRSPS Seeasdis
P 8200 7000 8000 900(
§ M di-J/ y (MeV/c?)
._é
250 S
P E B A S
< R T L ata
200 §’ ?L) 5 “~f's:v..:,r;:g:;}g‘:;::ﬁ;., S8 % 200 LHCH _I__ IT)O;I N
= 2 R R S 180 — Resonanee
= = e O R S SR PRt w 160 — - Interference
150 S/ 8000 9000 &) %InlcrfcrcnccBW
-~ DPS
§ Mdi-J/l// (MeV/Cz) § . —— NRSPS
100 S = 100 ‘
S kS
= g
O o
50 3
I o
R Need a state at 6900 MeV? s : L "
M), (MeV/c?) Mgy, MeV/c?)
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VB. Hadron Colliders

Highlights from Hadron Colliders
(1) hadron production

week ending

(2) the Tevatron and the LHC PRL 118, 182001 (2017) PHYSICAL REVIEW LETTERS 5 MAY 2017
(3) breakthroughs at the LHC S
B.(2S) and B*(2S) Observation of Five New Narrow 2° States Decaying to = K~
C C
X(3842) (or y5(3842)) R. Aaij ef al.”
X(2900) (LHCb Collaboration)
TcEcE
€2, states
P_ pentaquarks Combine the E with a K~:
(4) the future of the LHC
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 o
400 —
i LHCb ]
: =t —-t. - .
Find 57 — pK™n™: = i ]
é) 300 - 7
80000 —— ~ i _
I :/ : : 800_
= 60000 | % 200 v = o0l
= s R s |
S 4 i % I % 400}
g 0000 S 100k i
% _ i S 200
S 20000 I ]
[ 0 300031003200 3300 3400
3000 3100 3200 3300 m(ZK®) [MeV]
0 ="5440 2460 2450 2500 m(Z.K ) [MeV]

m(pK %) [MeV]
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Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC

B.(2S) and B*(2S)
X(3842) (or y;(3842))
X(2900)

TcEcE

€2, states

P pentaquarks

(4) the future of the LHC

Candidates / (1 MeV)

Find Y — pK~ 7™

80000 ——
60000
40000

20000

1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
2440 2460 2480 2500
m(pK %) [MeV]

VB. Hadron Colliders

From Mikhail Mikhasenko at CHARM?2021 (June 1, 2021):
Start with Q; — (EfK ")z~

Combined spin test [LHCb-PAPER-2021-012, in preparation]

_Preliminary Excluded by 3.60

% —&— Data i o NET LN LA AL A B L L B
= " y — Total fit 1 = 400k - -
2 LHCb 9 fb ==+ Non-£, background = -
~ 3/2 3/2m4%m9?bm@mmd_ N B
- S~ -
oI5 ] & 300
E 1/2 2 -
3 L
i 5/2 5
= 1 =
< 10 [ <
@) @)

200f

100 ¢

l—l
~
N
W
[y e = = e L B L BB AL

. o e L

G000 100 120 140 0180 200 220 3000 3050 3100 3150
m(ECK7) = m_. — m, [MeV] m(Z7 K) [MeV]

Adapted from Fig. 2 of arXiv:[1703.04639]
One plausible assignments

Bﬂ: o
—
-
———

(=)

to be revisited!

W
O
= ~ |
> 600} +EK o
:-9 -------- s * * '+ =Kt i
o) ) Q } f
S % ool L1
8 400 }
o g 7 KD
i = '
i © 200
B P P AN SN B I
O 3000 3100 3200 3300 3400
3000 3100 3200 3300 m(EIK7) [MeV]

m(ZK ") [MeV]
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Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC

VB. Hadron Colliders

PHYSICAL REVIEW LETTERS 122, 222001 (2019)

Editors' Suggestion Featured in Physics

Observation of a Narrow Pentaquark State, P,(4312)%,

B.(2S) and B*(2S) and of the Two-Peak Structure of the P.(4450)*
X(3842) (or y;5(3842)) R. Aaij et al.”
X(2900) (LHCb Collaboration)
TcEcE
). states
P pentaquarks : .
@ the future of the LHC Observe structure in M(J/yp):
stb° stD*°
Dalitz plot for A} — pK~J/y- ]
3. F — total it |
26 12 s 1900 __ packground
LHCb — N - :
> o 800 i
2 3 g o f ' ‘
L g B [ il
& 3 S c - n
> 22 Y © 600 | o |
) . A < et - {14 digd 1
Q B . = | :
WS 20 e S 4oow f : 5
. 3 § i P P,(4440)" £ P (4457)
i g - P(4312)
18 S 200 |- :
- | § : '
16 - B e -
2 25 3 35 4 45 5 55 6 6.5 0 = el

mZ, [GeV?]

4200 4250 4300 4350 4400 4450 4500 4550 4600
m o [MeV]
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VB.

Highlights from Hadron Colliders
(1) hadron production
(2) the Tevatron and the LHC
(3) breakthroughs at the LHC
B.(2S) and B*(2S)
X(3842) (or y;(3842))
X(2900)

TcEcE =
Q) states &)
P pentaquarks

(4) the future of the LHC

) LHC/HL-LHC Plan

Hadron Colliders

we are here

!

LHC ‘

HiLum] ’
LARGE HADRON COLLIDER

LS1

splice consolidation
button collimators

7Tev 8TeV

R2E project

EYETS - EYETS
13 TeV 13-14 TeV
Diodes Consolidation
cryolimit LIU Installation inner triplet
interaction
regions Civil Eng. P1-P5 radiation limit

14 TeV

energy

HL-LHC
installation

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 II“II@
5to 7.5 x nominal Lumi

experiment
beam pipes

75% nominal Lumi

HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY

ATLAS - CMS
upgrade phase 1

nominal Lumi 2 x nominal Lumi

ALICE - LHCb

) 2 x nominal Lumi
r

upgrade

//4

integrated JRASUURI M
luminosity IO

ATLAS - CMS
HL upgrade

HL-LHC C

PROTOTYPES

/

CONSTRUCTION

IVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

https://hilumilhc .web.cern.ch

| INSTALLATION & COMM.”” PHYSICS
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Production

Experiment

Accelerator

Y (4260) [29]
Y (4360) [108]

Years

Institute

(Menlo Park,
California,

USA)

X(3872) [4]
Y(3940) [106]

X (3915) [166]
Z.(4430) [30, 136, 137
7,(10610),
7,(10650) [160, 162, 163]
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.
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VC. ete™ Colliders: 7/c Factories

Highlights from tau-charm Factories

(1) production mechanisms
(2) J/y decays
(3) future 7/c factories?
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for flavor physics

(i1) large data set at 4.18 GeV

— eTe” —» DD,
for flavor physics

(i11) large data set at 3.77 GeV

= ete” = y(3770) - DD
for flavor physics

rZ.,KZ., ...

(iv) 500M w(2S) decays
(soon to be 2.5B)

—> charmonium transitions

(v) 10B J/y decays

—> light quark spectroscopy
—> glueball searches, etc.

(vi) data below the J/y

—> light quark spectroscopy
— nucleon form factors, etc.
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VC. ete™ Colliders: 7/c Factories

Highlights from tau-charm Factories
(1) production mechanisms
(2) J/y decays
(3) future 7/c factories?

k endi
PRL 95, 262001 (2005) PHYSICAL REVIEW LETTERS 31 DECEMBER 2005

Observation of a Resonance X(1835) in J/¢ — yw 7 n’

(BES Collaboration)

120

0 0)
o

N
o

C\IA
2
>
)
=
o
Al
<
(0p)
|_
Z
LLI
=
LLI

o

2.0
M(t'nn’) (GeV/c?)

58M J/y decays
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week ending

PHYSICAL REVIEW LETTERS 18 FEBRUARY 2011

PRL 106, 072002 (2011)

VC. ete™ Cc

Confirmation of the X(1835) and Observation of the Resonances X(2120)

Highlights from tau-charm Factories
(1) production mechanisms

(2) J/y decays

(3) future 7/c factories?

PRL 95, 262001 (2005) PHYSICAL REVIEW LETTERS

31 DECEMBER]

and X(2370) in J/ ¢ — ya a n’

(BESIII Collaboration)

week endin

Observation of a Resonance X(1835) in J/ — ymw @ '

(BES Collaboration)

120

0 0)
o

N
o

EVENTS/(20MeV/c?)

o

M(t'nn’) (GeV/c?)

58M J/y decays

1.4 2.0 2.6

Events/(0.02GeV/c?)

IIII|TIIII|II

225M J/y decays

2.8
Mt n’)(GeV/c?)

44



week ending

PRL 106, 072002 (2011) PHYSICAL REVIEW LETTERS 18 FEBRUARY 2011

VC. ete™ Cc

Highlights from tau-charm Factories
(1) production mechanisms

Confirmation of the X(1835) and Observation of the Resonances X(2120)
and X(2370)in J/ o — ya a '

(BESIII Collaboration)

(2) J/y decays 500 ]
(3) future 7/c factories? ]
400 —

PRL 95, 262001 (2005) PHYSICAL REVIEW LETTERS 31 DECEMBER

Observation of a Resonance X(1835) in J/¢ — yw 7 n’

200

(BES Collaboration)

300 F

Events/(0.02GeV/c?)

lllluTlllllll

~~~
Al

., 120 100
S

&
CED 80 2.8
Q\ PRL 117, 042002 (2016) PHYSICAL REVIEW LETTERS 23 TOLY 2086
S~
U) Observation of an Anomalous Line Sha 't 7

pe of the /772~ Mass Spectrum near the pp Mass
— 40 225M J/y decays Threshold in J/y o yifx* 7~
m T I LIELEL I LI | T
a —+ Data
— PHSP MC

o
[
a
o
S

B Background

1.4 2.0 2.6 pp threshold

M(t'nn’) (GeV/c?)

58M J/y decays

Events / (20 MeV/c?)

With 10B J/y the distribution is even more interesting. .
—> Qualitatively different phenomena emerge with 14 16 18 2 22 24 26 28 3
increasing statistics! Minnr] (Gev/e)

1B J/y decays



VC. ete™ Colliders: 7/c Factories

Highlights from tau-charm Factories
(1) production mechanisms
(2) J/y decays
(3) future 7/c factories?

Super charm-tau factory in Russia

Two possibilities exist for a tau-charm

factor with 50X the luminosity of BESIII.

(Also, BESIII plans a 3X luminosity upgrade in

Vitaly Vorobyev, BINP
summer 2024.)

for the SCT Team

Russia /V 10t International Workshop on Charm Physics, Mexico, June 1%t, 2021

China

\

Experimental Program
for Super Tau-Charm Facility

Xiaorong Zhou (On behalf of STCF working group)
State Key Laboratory of Particle Detection and Electronics
University of Science and Technology of China

10th International Workshop on Charm Physics (CHARM 2020)
2021.5.31-2021.6.4 (online)
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment

Highlights

Accelerator

Years

Institute

Production

BaBar

Y (4260) [29)]
Y (4360) [108]

PEP-II

1999
2008

SLAC
(Menlo Park,
California,
USA)

X(3872) [4]
Y/(3940) [106]

X (3915) [166]
Z.(4430) [30, 136, 137
7,(10610),
7,(10650) [160, 162, 163]
Y;,(10888) [151, 152]

Belle I1

Upcoming
continuation of
Belle

SuperKEKB

ete™ annihilation

(Ecm =~ 10 GeV):

ete” = BB; B— KX
ete" =Y,
ete™ = 27,
ete (msr) =YV
ete  (yisr) — 72
ete” = J/p+ X
¥y — X

Progress in Particle and Nuclear Physics 93 (2017) 143-194

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Y (4260) [142]
7t~ he [177]

Cornell U.
(Ithaca,
New York,
USA)

BESIII

Z.(3900) [22, 154]
Z,(4020) [156, 158]
Y (4230) [149)]
X (3872) [52]

BEPCII

THEP
(Beijing,
China)

eTe™ annihilation

(ECM ~ 4 GeV):

Y (4140) [126]
Y (4274) [132]
X (3872) [178, 179, 172]

X(3872) [171]
Y (4140) [174]
X (5568) [175]

Tevatron

Fermilab
(Batavia,
Illinois,

USA)

pp collisions
(Ecm =~ 2 TeV):

pp — X + any
pp — B + any; B — KX

xb(3P) [180]

X(3872) 28]
Y (4140),
Y (4274) [130]

COMPASS

CLAS12

Z.(4430) [138, 139]
X (3872) [109]
P,(4380),
P,(4450) [35]

Y (4140),

photoproduction [181]
a1(1420) [182]

Upcoming

Beginning
(searches for light
quark hybrid mesons)

2002-2011

CERN
(Geneva,
Switzerland)

GSI
(Darmstadt,
Germany)

Jefferson Lab
(Newport News,
Virginia,
USA)

pp collisions
(Bcm =17, 8, 13 TeV):

pp — X + any
pp — B + any; B — KX
pp — Ay + any; Ay — KP,

p/m beam on N target
(Pbeam = 160, 200 GeV)

(Ebeam S 11 GGV)Z

yp — Xp

Review
Heavy-quark QCD exotica
Richard F. Lebed **, Ryan E. Mitchell®, Eric S. Swanson ¢

LECTURE V. Current and Future
Experiments

VA. Detectors
VB. Hadron Colliders
VC. ete™ Colliders

* B Factories

* 7/c Factories
VD. Fixed Targets
VE. New Possibilities
VE. Outlook
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Highlights from Fixed Targets
(1) production mechanisms
(2) COMPASS (pion beam) #

(3) GlueX (photon beam)
(4) photoproduction of charmonium

COMPASS (at CERN):

VD. Fixed Targets

GlueX (at JLab):

7~ beam with momentum 191 GeV/c y beam with energy ~ 9 GeV

T X 4 hadrons / % X Z hadrons
NN

exchange

exchange

nucleon

nucleon

complementary production mechanisms

48



VD. Fixed Targets

Highlights from Fixed Targets
(1) production mechanisms

(2) COMPASS (pion beam) Best evidence for the exotic ;(1600) (in my opinion) . ..
(3) GlueX (photon beam)

(4) photoproduction of charmonium

Physics Letters B 740 (2015) 303-311 Physics Letters B 740 (2015) 303-311

Odd and even partial waves of nr~ and n’w~ in7~p — n"7~p Odd and even partial waves of n7t~ and p’7~ in7wp — n"7~p
at 191 GeV/c at 191 GeV/c

COMPASS Collaboration COMPASS Collaboration

%103

.
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(a) P-wave, L =1 (a) P-wave, L =1
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VD. Fixed Targets

Highlights from Fixed Targets GlueX can build on these results!

(1) production mechanisms
(2) COMPASS (pion beam)
(3) GlueX (photon beam) Yp — N~ ATT
(4) photoproduction of charmonium

Early results from GLue)CW

Justin Stevens 5 WILLIAM & MARY

CHARTERED 1693

T p—Hrep
Physics Letters B 740 (2015) 303-311

0dd and even partial waves of nm~ April 2021 APS Meeting
and 7~ in7 p—nVrp
at 191 GeV/c |

COMPASS Collaboration | T
— — Acceptance (Itl<1.0 GeV?)

Itl<1.0 GeV?

2
V)
o
o
o

Counts/10 MeV

(="
0 V)
o o
o o
(%) @oueldaooy

inary

L, T T T T | T T T T

L R R AN RN LR R LA |
I  Acceptance [%]

L

1 1.5 2 2.5 3 3.5 4 4.5 8
m(nm ™) [GeV/c?]

Entries / 4 MeV /c

o

@ m(nm™)

cos Vg
1 1 1

[cloloNe) cloRoNe)

HOORNON RO

1 1.5 2 2.5 3 3.5 4 4.5
m(nm ") [GeV/c?]
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VD. Fixed Targets

Highlights from Fixed Targets GlueX can build on these results! Many more final states are accessible.

(1) production mechanisms
(2) COMPASS (pion beam)
(3) GlueX (photon beam) Yp — N ATT
(4) photoproduction of charmonium

Early results from GLUEXW. Preliminary angular analysis
shows the a,(1320) is produced

Justin Stevens 5 WILLIAM & MARY via 7~ exchange, as expected.

CHARTERED 1693

Tp—nNTp

Physics Letters B 740 (2015) 303-311

X

-

o
w

0dd and even partial waves of nm~ April 2021 APS Meeting
and 7~ in7 p—nVrp
at 191 GeV/c

L It<1.0 GeV?
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— — Acceptance (Itl<1.0 GeV?)
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VD. Fixed Targets

Highlights from Fixed Targets
(1) production mechanisms
(2) COMPASS (pion beam)
(3) GlueX (photon beam)
(4) photoproduction of charmonium

=

7
— 2 21 — 2
M, =|E, +m) - Ey] - [2Eymp + mp]

E, =9 GeV = M,,=4.3 GeV
GlueX (at JLab): E,=11GeV = M, =48 GeV

y beam with energy =~ 9 GeV

GlueX M, , is just right to study P, pentaquarks:

/ |%4 XZ hadrons / J/ v/ J/ 1/
AVAVAVAY AVAVAVAV, P,
exchange
p p
nucleon
“t-channel” “s-channel”
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VD. Fixed Targets

Highlights from Fixed Targets GlueX M, , is just right to study P, pentaquarks:

(1) production mechanisms
(2) COMPASS (pion beam) B NS 5
(3) GlueX (photon beam) Myp = l(Ey ) Eyl B leVmp * mp]
(4) photoproduction of charmonium

1
2

Ey =9 GeV = Myp = 4.3 GeV
Ey =11 GeV = Myp = 4.8 GeV

PHYSICAL REVIEW LETTERS 123, 072001 (2019)

First Measurement of Near-Threshold J/y Exclusive Photoproduction off the Proton

(GlueX Collaboration)
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| Fmean = 3.096 +0.001 GeV 10 Erommnnbonnn . S S NSNS s S R 3 oo
T 80=SD = 0.013 £0.001 GeV ' A ot
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180
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140
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100
80 (1 z z z z
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IIIIIIIIIIIII

R 7 9 S il —s— SLAC
: ] el A Cornell
O o i | = === Kharzeev et al. x 2.3
& : : . | —— JPAC P_(4440)
— — incoherent sum of:
20 i KL ER B oo . A R 29 exch. Brodsky et al
- z ; ; 10 —-/ e Brerireesens 0 R 3g exch. Brodsky et al

|
1 1.5 2 2.5 3 3.5 8 9 10 20
M(e'e), GeV

events/5 MeV

o(yp — J/yp), nb

B(P,—= Jlyp) <2 -5 % (model-dependent)



Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.
Highlights Accelerator Years Institute Production
Progress in Particle and Nuclear Physics 93 (2017) 143-194

SLAC

(Menlo Park,
California, eTe~ annihilation

USA) (Ecm =~ 10 GeV):

Experiment

Y (4260) [29] PEPII 1999

BaBar
Y(4360) [108} 2008 Contents lists available at ScienceDirect

X (3872) [4] . . .

Y (3940) [106] ete~ — BB B — KX Progress in Particle and Nuclear Physics

X (3915) [166] ete” =Y, A

Z(4430) [30, 136, 137] ete” =7 - journal homepage: www.elsevier.com/locate/ppn
€+37(’VISR) vy jour page: .elsevier.com/locate/ppnp

Z,(10610),
Z,(10650) [160, 162, 163] ete™ (isr) — T2 .
ete” — J/h+ X Review

Y;,(10888) [151, 152]
Upcoming vy — X _ :
Belle II continuation of SuperKEKB Heavy quark QCD exotica
Richard F. Lebed **, Ryan E. Mitchell ®, Eric S. Swanson®

Belle
Cornell U.
(Ithaca, ete™ annihilation

Y (4260) [142]
ntm~he [177] New York, (Ecm ~ 4 GeV):
USA)

Z.(3900) 22, 154 THEP :_ LECTURE V. Current and Future

BESIII Zr(;(()ig%o[)lf[’lﬁiglfa BEPCII (Beijing,
China)

X (3872) [52] Experiments

Y'(4140) [126] pp collisions
Y (4274) [132] Fermilab (Ecum =~ 2 TeV):

X (3872) [178, 179, 172] Tevatron (Batavia,
X (3872) [171] Illinos, op— X + any VA. Detectors
4140) [174] USA) pp— B+ any: B— KX

Y (
X (5568) [175]
VB. Hadron Colliders

xb(3P) [180]

X (3872) [28] collisions — o
Y (4140), (E(;Mpi 7,8,13 TeV): VC. e +€ Colliders
Y (4274) [130]
Z.(4430) [138, 139] pp — X + any
X (3872) [109 CERN — B 4+ any; B— KX b
(3572 (109 SERN | B B KX * B Factories

P.(4380),
P,(4450) [35] Switzerland)

Y (4140), .
B * 7/c Factories
w/m beam on N target

(Pbeam = 160, 200 GeV)

photoproduction [181] : 5
A0zt VD. Fixed Targets

COMPASS s (1420) [182]

beam on p target ° ego o
(Darcl;nsslmt (Poeam = 1.5-15 GeV): VE. New Possibilities (+ EIC !)
Germany) 7 pp— X

S — VFE. Outlook

Upcoming

Y O alLoe

GlueX Beginning oS

) . (Newport News, (Ebeam < 11 GeV):
(searches for light Virginia
CLAS12 quark hybrid mesons) USA) vp — Xp
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VE. New Possibilities (+EIC!)

SCIENCE REQUIREMENTS Posibe

On-energy

AND DETECTOR ¥
CONCEPTS FOR THE /
ELECTRON-ION COLLIDER A\

Storage Ring

Cooler Iniect
EIC Yellow Report et
% inac
lon //
Collider //// //
Ring 4 "
' »
¢ ossible
Polarized
* v ' Electron
fy Source
€ - ectrons // lons
Vector Meson ossible
> : Electrons
Electron Inject °

(RCS)

Pomeron

o (Polarized)
lon Source

P
pg. 206 (simulations pg.294)

Alternating Gradient
Sychrotron

Vs =M, =20— 140 GeV

https://www.bnl.gov/eic/
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o(y p = Xp) [nb]

VE. New Possibilities (+EIC!)

PHYSICAL REVIEW D 102, 114010 (2020)

XYZ spectroscopy at electron-hadron facilities: Exclusive processes

M. Albaladejo,"” A.N. Hiller Blin,"" A. Pilloni®,>>** D. Winney,"*
C. Feméndez—Raml’rez,7 V. Mathieu,8 and A. Szczepaniakl’s’6

(Joint Physics Analysis Center)

T T | |PA |(j T :_t 15 | T T T T T T | T IP14|(j 102 = | T T T T j

] i ] - PAC 7

J — | —Jly J i N J ]

0 E e : |

- 3 —— Y(4260) — 7.(3900)"

- . i 10 & — Z,(10610)"

10 = E 10~ —E - — 7,'10650) ]
E -~ i ":\ -
8 3T
'E E Tf oL
- SV - X o
- . = Ke- -
- b /:: 5 S5 5 i
- — P i i

- . I 107 E
102 — X387 i -

L1 | L1 1 | 11 1 | | N I | | 111 | 111 T 0 | 1 1 1 1 | 1 1 1 . | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 _l

4.5 5 5.5 6 6.5 7 4 6 8 10 5 10 15 20

w,, [GeV] W, [GeV] W, [GeV]

Note: Maximum W},p at GlueX is ~ 4.8 GeV.

Studying the XYZ at the EIC using photoproduction could work!
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VE. New Possibilities: PANDA

Charm (-onium) physics at PANDA

Frank Nerling
HFHF, GSI Darmstadt

on behalf of the PANDA Collaboration

10th Intern. Workshop on Charm Physics

May 318t - June*h 2021

probe a variety of pp — X

PC o — .
meson J* ~ using: pp — X + recoil

Anti-Proton ANnihilation in DArmstadt

* Meson spectroscopy
» Light mesons
» Open charm
» Charmonium
» Exotic states:
glue-balls, hybrids,
molecules / multi-quarks
* (Anti-) Baryon production
* Nucleon structure
* Charm in nuclei
e Strangeness physics
» hypernuclei,

» S =-2 nuclear system

p momentum [GeV/c]
2 4 6 8 10 12 15
T | | | | | ;
/\Z\ QQ DD NA\c Q(.K_ZC
122 DsDs ZcZe :
éE? =cc
qqdq ccqq
Hybrids nﬁ?g,s§g ccg
Hybrids+Recoil nng,ssg cCg
Glueball ggg,g9
Glueball+Recoil ggg
light gq cc
1T,p,w,f2,K,K* J/lp! Ne, XeJ
| | | | | |
1 2 3 4 5 6

mass [GeV/c?]
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment

Highlights

Accelerator

Years

Institute

Production

BaBar

Y (4260) [29]
Y (4360) [108]

PEP-II

1999
2008

SLAC
(Menlo Park,
California,
USA)

ete™ annihilation
(ECI\'I ~ 10 GGV)Z

X(3872) []
Y(3940) [106]
X (3915) [166]

7.(4430) [30, 136, 137]

Z,(10610),

7,(10650) [160, 162, 163]
Y;,(10888) [151, 152]

Belle I1

Upcoming
continuation of
Belle

SuperKEKB

ete” = BB; B— KX
efe” =Y,
ete™ = 27,
ete (ysr) = Y
ete  (yisr) — 72
ete” = J/p+ X
vy — X

Y (4260) [142]
7t~ h. [177)

Cornell U.
(Ithaca,
New York
USA)

)

BESIII

Z.(3900) [22, 154]

Z.(4020) [156, 158]

Y (4230) [149]
X (3872) [52]

BEPCII

THEP
(Beijing,
China)

eTe™ annihilation
(ECM ~ 4 GeV):

ete” =Y
ete” =77

ete™ - ~vX

Y (4140) [126]
Y (4274) [132]

X (3872) [178, 179, 172]

X (3872) [171]
4140) [174]

Y (
X (5568) [175]

Tevatron

Fermilab
(Batavia,
Illinois,

USA)

pp collisions
(Ecm =~ 2 TeV):

pp — X + any
pp— B + any; B — KX

Xb(3P) [180]

X(3872) 28]
Y (4140),
Y (4274) [130]

Z.(4430) [138, 139]

X (3872) [109]
P,(4380),
P,(4450) [35]
Y (4140),

Y (4274) [125, 131]

COMPASS

photoproduction [181]

a1(1420) [182]

2002-2011

CERN
(Geneva,
Switzerland)

pp collisions
(ECM = 7., 87 13 TeV):

pp — X + any
pp — B + any; B — KX
pp — Ay + any; Ay — KP,

w/m beam on N target
(Pheam = 160, 200 GeV)

N — XN
YN — XN

Upcoming

GSI
(Darmstadt,
Germany)

D beam on p target
(Pbeam = 1.5-15 GeV):

pp— X
pp — X + any

GlueX

CLAS12

Beginning

(searches for light
quark hybrid mesons)

Jefferson Lab
(Newport News,
Virginia,

USA)

~ beam on p target
(Ebe(l,'m, <11 GeV)Z

yp — Xp

Progress in Particle and Nuclear Physics 93 (2017) 143-194

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Review

Heavy-quark QCD exotica
Richard F. Lebed **, Ryan E. Mitchell®, Eric S. Swanson

LECTURE V. Current and Future
Experiments

VA. Detectors
VB. Hadron Colliders
VC. ete™ Colliders

* B Factories

* 7/c Factories
VD. Fixed Targets
VE. New Possibilities
VE. Outlook
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VE. Outlook

Notes on the outlook for experimental meson spectroscopy:

1. There 1s a vibrant field in all meson sectors.

2. Novel opportunities are emerging for contact between
theory, models, and experiment.

3. Statistical precision brings new surprises and challenges.

4. All experimental programs are continuing with major upgrades
and new possibilities are planned.
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VE. Outlook

Notes on the outlook for experimental meson spectroscopy:

2. Nowve
theq

3. Stati

4. All e
and

From Lecture 1:

ANTIQUARKS

excited
states

ground
state

QUARKS

S

KO

K™ family

(weak decays, no mixing)

K family

(weak decays, mixing)

70 family

(large electromagnetic decays)

Jy family

(strong decays, near or below open flavor threshold)

p family

(strong decays, above open flavor threshold)

Z.(3900) family

(exotic flavor quantum numbers)

ud, ui, dd, s5

ds, us cit, cd

cs db,ub

p(1700)

@(1650) || #(1680)

w(3770) Y(45)

K*(1680)

sb

D*(2700)

a,(1320)

£1270) || f£(1525)

Xeo(1P) Xpo(1P)

K3(1430) D3 (2460)

DEQST3)" |[Bx(5747)

a,(1260)
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VE. Outlook

Notes on the outlook for experimental meson spectroscopy:

1. There 1s a vibrant field in all meson sectors.

2. Novel opportunities are emerging for contact between
theory, models, and experiment.

3. Statistical precision brings new surprises and challenges.

4. All experimental programs are continuing with major upgrades
and new possibilities are planned.
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VE. Outlook

From Lecture 3:

The goal of experimental meson (hadron)
spectroscopy:

Uncover a broad set of physical phenomena
(including new meson states, their properties, decays patterns, etc.)

in order to build our understanding of the strong force.
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From Lecture 5:

PRL 95, 262001 (2005) PHYSICAL REVIEW LETTERS

VE.

week ending
31 DECEMBER 2005

Observation of a Resonance X(1835) in J/ — ymw* @ n’

(BES Collaboration)
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VE. Outlook

Notes on the outlook for experimental meson spectroscopy:

1. There 1s a vibrant field in all meson sectors.

2. Novel opportunities are emerging for contact between
theory, models, and experiment.

3. Statistical precision brings new surprises and challenges.

4. All experimental programs are continuing with major upgrades
and new possibilities are planned (esp. EIC, PANDA).
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Notes on the outlook for experimental meson spectroscopy:
1. There is a vibrant field in all meson sectors.

2. Novel opportunities are emerging for contact between
theory, models, and experiment.

3. Statistical precision brings new surprises and challenges.

4. All experimental programs are continuing with major upgrades
and new possibilities are planned (esp. EIC, PANDA).

Final thought:

By expanding the collection of known hadrons ( “stamp collecting” ),
we are steadily improving our understanding of the strong force and
how 1t works to construct hadrons.
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