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I. Charmonium: the Hydrogen atom of the strong force

gluons
charm (or gluonic field) anti-charm
quark 1 quark
) )
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Properties of the strong force:

Charmonium: the Hydrogen atom of the strong force

charm gluons anti-charm
color charges quark (or gluonic field) quark

oluons l l l

quark confinement

QLD / /

models
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I. Charmonium: the Hydrogen atom of the strong force

P*’(13D1)
P’(2351)
Nc'(2'So)
Xc2(13P2)
TR Xet(13P1)
- Xco(13Po)
notation 1:
n28+1LJ
TS notation 2:
JPC
[ ne(1'S0)
O+ 1— 1+ O++ 1++ D++

JPC

charm gluons anti-charm
quark (or gluonic field) quark

L
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I. Charmonium: the Hydrogen atom of the strong force

Potential models:

Example from Barnes, Godfrey, Swanson:

4 «a 2oy

V(()CC)(r) = —— 2+ br+
3 r p
(Coulomb + Confinement + Contact)

I [2a, b\- = A4«
Vspin—dep: 2|:< 3 )L'S_F 3 T:|

Sa(r)§c ) §E

P*’(13D1)
P’(2351)
Nc'(2'So)
Xc2(13P2)
TR Xet(13P1)
- Xco(13Po)
notation 1:
n28+1LJ
TS notation 2:
JPC
[ ne(1'S0)
O+ 1— 1+ O++ 1++ D++
JPC

ms|\ r 2r r
(Spin-Orbit  +  Tensor)
PRD?72, 054026 (2005)
charm gluons anti-charm
quark (or gluonic field) quark
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I. Charmonium: the Hydrogen atom of the strong force

Potential models and Lattice QCD:

| PRDSS, 091503(R) (2012)

V(r) [GeV]

Lattice data +——
NRp model

02 03 04 05 06 07 08 09

P*’(13D1)
P’(2351)
Nc'(2'So)
Xc2(13P2)
T2 Xet(13P1)
- Xco(13Po)
notation 1:
n28+1LJ
TS notation 2:
JPC
[ ne(1'S0)
O+ 1— 1+ O++ 1++ D++
JPC

r [fm]

anti-charm
quark

gluons
(or gluonic field)

L

charm
quark
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Side Note: bottomonium and other hadrons

_______________________ Y@4Sy) |
“bottomonium’™
Y(33S1)
No(2'Pr) |- — T (22Py) [Xe2(EP)
Y(13D+)
| (e@'S0) Y(23S+)
ho(11P+) xo1(15P+) Xb2(13P2)
Xbo(13Po)
notation 1:
n28+1LJ
notation 2:
Y(13S4)
| No(17So) JPC
O—+ 1-—- 1+- O++ 1++ 2++

JPC

bottom gluons anti-bottom
quark (or gluonic field) quark

R
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Side Note: bottomonium and other hadrons

____________________ Y(43s) |
“bottomonium”
Y (33S1)
No@P1) I 2Py X1 (@) Xo2(27P2)
Y(13D+)
Nb(21So) Y(2S)
ho(11P4) xo1(15P+) Xb2(13P2)
Xbo(13Po)
notation 1:
n28+1LJ
notation 2:
Y(13S+1)
No(11So) JPC
O—+ 1-—- 1+- O++ 1++ 2++
JPC

Other quark anti-quark combinations (mesons):
wi, dd (1) :
™, p,b1,ap, a1, as
wit, dd (2) :
n,w, h1, fo, f1, f2

' &, ha, fos f1: 15

us .
Kt K" K Ky KT K™
cd -

DY . D** . Df, D", Dit D3t
ub :

BY,B*", B, BT, B, B3t

Plus three-quark combinations (baryons):

p,n, A, >, =, 0, etc.
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JPC
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I. Charmonium: the Hydrogen atom of the strong force

Y'(19D1)
P'(28S4)
Ne’(2'So)
Xc2(13P2)
ho(11P1) Xo1(13P1)

B Xc0(13Po)
JP(13S1)

[ ne(1S0)

O+ 1— 1+ O++ 1++ D++

JPC

T/ 97

SPEAR (1972)
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the Hydrogen atom of the strong force

I. Charmonium

$"'(13Dy)

P’(23S1)

Ne’(2'So)

11P4)

o

h

(13S1)

JIp

11S0)

o

N

3.8

o

2M

3.6

[z0/A®D] SSVYIN

3.2

3.0

Mark I Detector (1974)

D++

1++

O++

1+-

JPC

22
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I. Charmonium: the Hydrogen atom of the strong force
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I. Charmonium: the Hydrogen atom of the strong force

Y'(19D1)
P'(28S4)
Ne'(21So)
Xc2(13P2)
TR Xct(13P1)
n — Xe0(1°Po)
s T 70
v
Jp(13S4)
| [ne(1'S0)
O+ 1— 1+ O++ 1++ D++
JPC

Observation of ' — )/
(PRL 34, 1181 (1975))
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I. Charmonium: the Hydrogen atom of the strong force

Xc2(13P2)

JIP(13S4)
/ E1-Dominated Transitions
M1-Dominated Transitions
Nc(11So)
O—+ 1-—- 1+- O++ 1++ D++
JPC
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7000

6000

5000

4000

3000

2000

1000

T/ 97

L1 1

- T T T T T 11
PRILAS, 1150 (1980)

Me candidate
[

S50

100 200 - 500 1000

Ryan Mitchell (remitche@indiana.edu), Exploring Charmonium with the BESIIII Experiment, June 22,2017

27



3.8
2Mp
3.6
o
~
=
()
O,
w 3.4
0]
<
=
3.2
3.0

I. Charmonium: the Hydrogen atom of the strong force

P'(2°S1)

T/ 97

\ af
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I. Charmonium

II. “Charmonium”
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II. Charmonium: problems and mysteries
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hybrid charmonium
tetraquarks
meson molecules
hadrocharmonium
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Heavy-Quark QCD Exotica,
PPNP 93, 143 (2017)
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II. “Charmonium”

III. “Charmonium’ at BESIII
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Run at 4.26 GeV to produce the Y(4260)!

We did this in 2013...
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Notes from the Editors: Highlights of the Year

Published December 30, 2013 | Physics 6, 139 (2013) | DOI: 10.1103/Physics.6.139
Physics looks back at the standout stories of 2013.

As 2013 draws to a close, we look back on the research covered in
Physics that really made waves in and beyond the physics community.
In thinking about which stories to highlight, we considered a
combination of factors: popularity on the website, a clear element of
surprise or discovery, or signs that the work could lead to better
technology. On behalf of the Physics staff, we wish everyone an
excellent New Year.

— Matteo Rini and Jessica Thomas
Images from popular Physics stories in 2013.

Four-Quark Matter

Quarks come in twos and threes—or so nearly every experiment has told us. This summer, the BESIII Collaboration in China and
the Belle Collaboration in Japan reported they had sorted through the debris of high-energy electron-positron collisions and seen
a mysterious particle that appeared to contain four quarks. Though other explanations for the nature of the particle, dubbed
Z.(3900), are possible, the “tetraquark” interpretation may be gaining traction: BESII| has since seen a series of other particles
that appear to contain four quarks.
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Current status of the Z. states:

(Good) The Z(3900) and Z.(4020) have
clear analogues in the bottomonium system.

(Interesting) There are also Z. states seen
in B decays (e.g. the Z(4430)) that have not
yet been found in e*e~ annihilation.

(Confusing) The Z:(3900) and Z.(4020)
have not been found in B decays.
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Later in 2013, 2014, and 2016, we collected
data at many more energies...
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A few studies from IU graduate students:

Dan Bennett: What about ete= — K+K-J/?

Manuel Lara: What about ete= — yn.?
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A few studies from IU graduate students:

Dan Bennett: What about ete= — K+K-J/?

Manuel Lara: What about ete= — yn.?
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III. The BESIII Experiment
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III. The BESIII Experiment
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Next Plan: Do a fine scan (every ~10 MeV) of the
XYZ region with ~500 pb~! per point.

2017: 4190, 4200,4210, 4230, 4240, 4250, 4270, 4280
Next: 4290,4300,4310, ..... MeV

Do a more systematic analysis of
ete~ cross sections and substructure.
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* There 1s still much to understand about the charmonium system:

charm gluons anti-charm
quark (or gluonic field) quark

L

e It is an exciting chance to learn more about the strong force.

* Progress 1s being made, but the destination is not clear...
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