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Why charmonium?

It 1s one of the simplest
bound states of QCD.

(like positronium or
Hydrogen in QED)
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Theoretical Ideas on J/Ap and \':

Baryon-AntiBaryon bound states
(PRL34, 36 (1975))

Spin-1 meson alternative to GIM
(PRL34, 37 (1975))

Three charm quarks (partners to u, d, s)
(PRL34, 41 (1975))

Lighter Z
(PRL34, 56 (1975))

Charmonium
(PRL34, 43 (1975), PRL34, 46 (1975))
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BES III Detector in Beijing, China

(BEPC2 e*e~ collider)
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225 million J/ decays (+ more)
106 million Y(2S) decays (+ more)
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III. From Discovery to Precision

BES III Detector in Beijing, China

W'’ (13D1)

(BEPC2 e*e~ collider)

SC magnet

Muon Counter

TOF

Be beam pipe

Drift Chamber

CsI('I1) calorimeter

A i
30 L Select data samples (2008-present):
Bistkeo) ~500 pb-! at 4.009 GeV
0+ 1— 1+ 0+ D+ ~2.9 fb-1 at "
JPC 225 million J/ decays (+ more)
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106 million Y(2S) decays (+ more)
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III. From Discovery to Precision

A few BESIII charmonium results from 2012:

$"'(1°Dy)
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 1. Measurements of the mass and width of
Y'(2%51) the Nc(1S) using the decay P(2S) — yn(1S)
| [Dei2™o) PRL 108, 222002 (2012)
ho(11P1) TR X 2. First observation of the M1 transition
Xct 1 IP(ZS) s ‘YT]C(ZS)
PRL 109, 042003 (2012)
- Xco(13Po)
3. Study of P(2S) — 7h(1P),
he(1P) = yne(1S) via ne(1S) exclusive decays
PRD 86, 092009 (2012)
4. Two-photon widths of the yc02(1P) states
e and helicity analysis for ¥c2(1P) — vy
PRD 85, 112008 (2012)
RENED 5. Search for the hadronic transition
0-+ 1-- 1+- O++ 1++ D++ XCJ(IP) — TIC(IS)JT'_TE_
JPC arXiv:1208.4805
Charmonium and the Role of BESIII 26
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A few BESIII charmonium results from 2012:

1. Measurements of the mass and width of
the 1¢(1S) using the decay {(2S) — yn(1S)
PRL 108, 222002 (2012)

2. First observation of the M1 transition

P(2S) = yNe(25)
PRL 109, 042003 (2012)

3. Study of P(2S) — 7h(1P),
he(1P) = yne(1S) via ne(1S) exclusive decays
PRD 86, 092009 (2012)

4. Two-photon widths of the yc02(1P) states
and helicity analysis for ¥c2(1P) — vy
PRD 85, 112008 (2012)

5. Search for the hadronic transition
arXiv:1208.4805
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=X,
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1 of 6
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272752828529295 3 3053131532
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=> must take into account the distorted
line-shape (E’) and interference with
“non-resonant” decays

M =2984.3+0.6 +£0.6 MeV
['=320+12+1.0MeV

=> significant discrepancies with older
results (e.g. PRD 62, 072001 (2000))
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III. From Discovery to Precision
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A few BESIII charmonium results from 2012:

1. Measurements of the mass and width of
the Nc(1S) using the decay P(2S) — yn(1S)
PRL 108, 222002 (2012)

2. First observation of the M1 transition

Y(2S) — Ne(2S)
PRL 109, 042003 (2012)

3. Study of P(2S) — 7h(1P),
he(1P) = yne(1S) via ne(1S) exclusive decays
PRD 86, 092009 (2012)

4. Two-photon widths of the yc02(1P) states
and helicity analysis for ¥c2(1P) — vy
PRD 85, 112008 (2012)

5. Search for the hadronic transition
arXiv:1208.4805
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III. From Discovery to Precision
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Observation of P(2S) — yn(2S)
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A few BESIII charmonium results from 2012:

$"(1%Dy)
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 1. Measurements of the mass and width of
W(2°51) the Nc(1S) using the decay P(2S) — yn(1S)
i Ne'(2S0) yo PRL 108, 222002 (2012)
ho(11P1) TR Xa 7 2. First observation of the M1 transition
Xct 1 ’[P(ZS) s 'YT]C(ZS)
PRL 109, 042003 (2012)
| Xco(13Po)
i 3. Study of ¢(2S) — nh.(1P),
he(1P) — yn(1S) via n(1S) exclusive decays
PRD 86, 092009 (2012)
4. Two-photon widths of the yc02(1P) states
e and helicity analysis for ¥c2(1P) — vy
PRD 85, 112008 (2012)
- [ne(1'S0) 5. Search for the hadronic transition
0-+ 1-—- 1+- O++ 1++ D++ XcJ(IP) — nc(IS>ﬂ:+JT_
JPC arXiv:1208.4805
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III. From Discovery to Precision

'’ (13D4) Precision Measurements of the
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Mass and Width of the hc(1P)
P’ (2354)
(218 200
= S yo © 180 +
2 160k
Xc2(13P2) é) 160 F
hc(11P1) XC1(13P1) — 140 ;
=120
- 2 100
| Xco(13Po) § 30 ?
Y 2 60)
40 |
20
C | | | | | | | | | | |
N 948 3.50 3.52 3.54 3.56
7’ recoil mass (GeV/c?)
J/P(13S1)
M =352531+0.11 £0.14 MeV
- [ne(11S0)
I =0.70£0.28 £0.22 MeV
O—+ 1— 1+- O++ 1++ D++
JPC
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III. From Discovery to Precision

A few BESIII charmonium results from 2012:

Ne’(2'So)

JIP(13S4)

Ne(17So)

Xc1(13P1)

— 7Y

1. Measurements of the mass and width of
the Nc(1S) using the decay P(2S) — yn(1S)
PRL 108, 222002 (2012)

> YY 2. First observation of the M1 transition

P(2S5) = yNe(25)
PRL 109, 042003 (2012)

3. Study of P(2S) — 7h(1P),
he(1P) = yne(1S) via ne(1S) exclusive decays
PRD 86, 092009 (2012)

4. Two-photon widths of the y.02(1P) states
and helicity analysis for %c2(1P) — vy
PRD 85, 112008 (2012)

5. Search for the hadronic transition

Ryan Mitchell

1+-

JPC

O++

1++

Charmonium and the Role of BESIII

D++
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III. From Discovery to Precision

3.8 — .
I . e < 1000 -
(()) ]
P’(28S1) fY Q) 800 - _:
e’ (21S0) \ § : :
3.6 |- v = eoo:— -
Xc2(18P2) |—> —~ — —
N he(11P1) I © 400~ ~
L Xe1(18P1) - _ ]
> S ol = :
0 \ Z 2000 o -
N Xco(13Po) [—> yy B Xl[;o ]
8 3.4 — O ] | | L | I | |
<§E 4
R _ F(XCQ — 77) & 0
I'(xeo — 77Y) 47010 015 020 025 030 035 0.40
3.2 [ E (y1) (GeV)
Quantity X <0 Y2 Results for R are consistent with
Bi x B2 x 10°  2.17£0.1740.12 2.814+0.1740.15 the lowest order (QED) prediction!
By x 10* 2.24+40.1940.1240.08 3.2140.1840.1740.13 (but many calculations of higher
%W (keV) 233i02%2(;1?3%2191%%31:3&3:8%:2&304 04 order corrections (OCD) deviate from

this value...??...)

Ryan Mitchell

7

Charmonium and the Role of BESIII

34




3.8

2Mp

3.6

3.4

MASS [GeV/c?]

3.2

3.0

III. From Discovery to Precision

A few BESIII charmonium results from 2012:

$"(1°Dy)
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 1. Measurements of the mass and width of
LECSC) Y the Nc(1S) using the decay P(2S) — yn(1S)
| [neers \\ PRL 108, 222002 (2012)
h(11P1) TR X 2. First observation of the M1 transition
\ / 1 P(2S) = Me(2S)
PRL 109, 042003 (2012)
| Xco(13Po)
3. Study of P(2S) — 7h(1P),
i he(1P) = yne(1S) via ne(1S) exclusive decays
PRD 86, 092009 (2012)
4. Two-photon widths of the yc02(1P) states
3 and helicity analysis for yc2(1P) —
Jp(138y) y it Y
»/// PRD 85, 112008 (2012)
- [ne(1'S0 5. Search for the hadronic transition
0-+ 1-—- 1+- O++ 1++ D++ XcJ(lP) — “c(IS)mn_
- arXiv:1208.4805
Charmonium and the Role of BESIII 35
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III. From Discovery to Precision

3.8
P’ (1°D1)
P21/ )
P’(23S1) V
ne’(21S0) B(%co(1P) — sttt n(1S)) <0.07%
3.6 |-
RS B(%c1(1P) — mwtrn(1S)) < 0.32%
N§ ) \ Xe1(1%P1) (compared to a prediction of 1.81 +0.26%
cﬁ / using a E1-M1 soft gluon emission model)
Xc0(19Po)
@ 34T B(ye2(1P) = mtrrme(18)) < 0.54%
=
T
N% N% —— Data (xc : signal region) N%
w e ! e
5 % Backgrond 2

M | |
Lo 1Y)

47028 s 29 295 3 305 3772757387285 29 295 3 305 31 31 7275 28 285 29 295 3 305 31 3.5
M(K Kn)(GeV/c) M(K Km)(GeV/c") M(K K)(GeV/c)

Ryan Mitchell Charmonium and the Role of BESIII



IV. A New Era of Discovery

3
4.4 — | n(41So) Y(4°S1)
Y (4360)
Xc2(33P2)
Y (4260) | Ne(3'P1) Xc1(33P1)
4.2 Xco(33Po)
P(23D1)
N 33S
© 4.0 |- [ne(3'So) V)
% (23P2)
X(3915)? Xc2(23P2
S, he(2P1) X(3872)?
A = c0(23P
o 38 TN Xc0(23Po)
% PMp [ T
P’(2354)
(218
36 | D220
Xc2(1°P2)
(1P X[
3.4 L Xeo(1°Po)
3.2
JIP(19S7)
3.0 ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

Charmonium and the Role of BESIII

I. An Introduction to Charmonium

II. The Original Era of Discovery:

establishing the quark model states

III. From Discovery to Precision:
the quark model states at BESIII

IV. A New Era of Discovery:
beyond the quark model and the role of BESIII

111

HYBRID CHARMONIUM?
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IV. A New Era of Discovery

State m (MeV) I MeV) JPC Process (mode) Experiment (#0) Year  Status
X(3872)  3871.52+£020 13406 17727 B K@tan J/y) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
(<2.2) pp—> (wtw=J/¥)+--- CDF [88-90] (np), D@ [91] (5.2)
B — K(wJ Belle [92] (4.3), BABAR [93] (4.0
B — KED*O/Z()’) Belle E94? ;5] ()6.4), BA;AR][éé] ()4.9) EPJ C71,1534 (2011)
B— K(yJ/y) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K(yy(25)) BABAR [98] (3.5), Belle [99] (0.4)
X(3915)  3915.6+£3.1  28£10  0/2"F B — K(wJ /) Belle [100] (8.1), BABAR [101] (19) 2004 OK
ete™ = ete (wJ/Y) Belle [102] (7.7)
X(3940) 3942713 37+47 27+ ete™ — J/Y(DD¥) Belle [103] (6.0) 2007 NC!
ete” = T/ (..) Belle [54] (5.0)
G(3900) 3943 +21 52£11 17 ete™ — y(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
Y (4008) 400817 226+97 17 ete” > y@Tn~J/¥)  Belle[104] (7.4) 2007 NC!
Z1(4050)* 4051733 82131 ? B — Kty (1P)) Belle [105] (5.0) 2008 NC!
Y (4140) 4143.4 £3.0 15tY 97+ B — K(¢J/¥) CDF [106, 107] (5.0) 2009 NC!
X(4160) 4156132 139715 o ete”™ — J/y(DD¥) Belle [103] (5.5) 2007 NC!
Z5(4250)" 424811 177320 9 B— K" xc1(1P)) Belle [105] (5.0) 2008 NC!
* Y(4260)  4263+5 108+14 17 ete” —> y(rTnTJ/¥)  BABAR[108,109] (8.0) 2005 OK
CLEO [110] (5.4)
Belle [104] (15)
ete™ - (wta~J/v¥) CLEO [111](11)
ete = (770J /) CLEO [111] (5.1)
Y(4274)  4274.4732 3232 27+ B— K(pJ/¥) CDF [107] (3.1) 2010 NC!
X(4350) 43506739 13.31155 0,27 ete” — ete (9J/Y) Belle [112] (3.2) 2009 NC!
* Y(4360)  4353+11 96+£42 17 ete” =yt~ (2S))  BABAR[113] (np), Belle [114] (8.0) 2007 OK
Z(4430)T 444373 10713 2 B — K (¢ (25)) Belle [115, 116] (6.4) 2007 NC!
X (4630) 463417 92+3) 1—~ ete™ — y(AFAD) Belle [25] (8.2) 2007 NC!
Y(4660) 4664 + 12 48+15 17— ete” = y(rtr Y (2S)) Belle [114] (5.8) 2007 NC!
Y,(10888)  10888.4+3.0 307153 17~ ete” — (ntn T (nS))  Belle [37,117] (3.2) 2010 NC!

Ryan Mitchell
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IV. A New Era of Discovery

3
4.4 No(41So) Y(4°SH)
Y(4360)
Xc2(33P2)
Y (4260) | N(3'P1) Xe1(3%P1)
4.2 Xc0(3%Po)
P(2°D+)
N 338
© 4.0 |- [ne(3'So) V)
% (23P2)
X(3915)? Xc2(23P2
S, he(2P1) X(3872)?
0p) co(23P
o 38 e Xc0(23Po)
% 2Mp [
P(23S1)
¢'(21S
36 Ne'(2'So)
Xe2(13Pz2)
(1P X[
3.4 Xeo(1°Po)
3.2
J/IP(13S+)
3.0 ne(11S0)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

Initial State Radiation (ISR)

at Belle and BaBar

Charmonium and the Role of BESIII

YISR
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IV. A New Era of Discovery

44 nC(41So) lI"(4381)
Y (4360)
Xc2(33P2)
Y (4260) | N(3'P1) Xe1(3%P1)
4.2 Xc0(33Po)
P(23D1)
338
4.0 L [ne@isy |1
X(3915)? Xc2(23P2)
he(21P1) X(3872)?
3.8 XCO(23PO)
P’’(13D1)
2Mp [ e
P’(23S1)
J(21S
36 | S0
Xc2(13P2)
n(17P) e ——
3.4 Xeo(1°Po)
3.2
JIp(13S1)
3.0 ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

events/(2.5 MeV/cz)

p—
()
(@)

~
N

)
-

25

ete~(yisr) — 70 at BaBar

Charmonium and the Role of BESIII

3 3.1 3.2 3.3
2
M, (GeV/c)
PRD 70, 072004 (2004)
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IV. A New Era of Discovery

4.4 nC(41So) LI"(4381)
Y (4360)
Xc2(33P2)
Y (4260) | N(3'P1) Xe1(3%P1)
42 — Xco(SSPo)
P(2°D1)
— 3
40 | [ndeisy P
%
X(3915)? Xc2(23P2)
) ho(2'P1) X@872)
A = c0(23P
b 3.8 e Xc0(23Po)
% 2Mp [ T e e
P’(2354)
/(218
3.6 | DeE=0
Xc2(13P2)
(1P X[
3.4 |- Xeo(1°Po)
3.2
JIP(13S1)
3.0 ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

ete~(Yisr) — sttt )/ at BaBar

1()4 LI I I L L B,
P(2S)
103 )
10°F | ’
**f * : +*++,+
OF M **fﬁfﬁt”*

f

i

fi iffii

1 1 1

3638 4 42444648 5
Mass(trre-J/p) (GeV)

PRL 95, 142001 (2005)

Charmonium and the Role of BESIII

41



IV. A New Era of Discovery

4.4 nC(41So) LI"(4381)
Y (4360)
Xc2(33P2)
Y(4260) | N(3'P1) Xe1(3%P1)
4.2 Xco(33Po)
WD) ete~(Yisr) — mtrrrJ/p at BaBar
N 33S
O 4.0 | [N(3'So) ) ~ 40 - F————————
= 2T o T |
o X(3915)? s Xc2(2°P2) o L 3 i
= «(2'P1) X(3872)? > [ Y(4260) 10 i
0 38| Xc0(23Po) SR 1) n
(0p) g’’(13D1) ~ B A" by ]
< DMl [T “ B Y 10 **ﬁ#ﬁff h thy “1 #fﬁfi tht botid ]
= 758 =T I PO TR
o (2S0) W(22S1) 2 20l 1 136738 4 42 44 46 48 5
3.6 = | i
Xe2(13Pz2) . ! i
he(11P4) Xo1(13P1) Al i ! 1 L[ ! l 7 . ]
1OI—T'ITT!H"' T{. | T ‘ | ° . T “ —I
3.4 | Xco(13Po) "T 'T .............. ; oe| | )
® | i ae &
i B i i R
. | L ! T I IR N I
9.8 4 4.2 4.4 4.6 4.8 5
3.2 - m(ntl/y) (GeV/c?)
JIP(13S1)
PRL 95, 142001 (2005)
3.0 - ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC
Ryan Mitchell Charmonium and the Role of BESIII 42
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IV. A New Era of Discovery

4.4 nC(41So) LI"(4381)
Y (4360)
Xc2(33P2)
Y (4260) | N(3'P1) Xe1(3%P1)
42 — Xco(SSPo)
P(23D)
338
4.0 L [ne@isy |1
X(3915)? Xc2(23P2)
he(21P1) X(3872)?
3.8 - XCO(23PO)
P’’'(13D1)
2Mp [ e
P’ (23S4)
J(21S
36 | S0
Xc2(13P2)
n(17P) e ——
3.4 Xco(13Po)
3.2
JIP(13S+)
3.0 ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

Events / (0.020 GeV/c?)

ete~(‘yisr) — mrtJ/ at BaBar

(a)

Y (4260)

»»»»»
I

_.:._I.i_llll|IIII|IIII|IIII|IIII|IIII|IIII_

L

Charmonium and the Role of BESIII

m(Jyn ) (GeV/c?)

5 52

PRD 86, 051102(R) (2012)
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IV. A New Era of Discovery

3
4.4 — | n(41So) Y(4°SH)
Y(4360)
Xc2(33P2)
Y (4260) | N(3'P1) Xe1(3%P1)
42 — XcO(SSPO)
P(23D1)
N 33S
© 4.0 |- [ne(3'So) V)
% (23P2)
X(3915)? Xc2(23P2
&) he(2!P1) X(3872)
A = c0(29P
o 38 e Xc0(23Po)
% 2Mp [
P(23S1)
¢'(21S
26 L Ne'(2'So)
Xc2(13P2)
(1P X[
3.4 [ Xeo(1°Po)
3.2
J/IP(13S+)
3.0 ne(11S0)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

Charmonium and the Role of BESIII

v

Events / 50MeV/c?

10

ete~(Yisr) — sttt (2S) at BaBar

Y (4360)? -

\ l

Il

----- T

5
mQ2(rt)]/y) (GeV/c )

PRL 98, 212001 (2007)
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IV. A New Era of Discovery

4.4 nC(41So) LIJ(4SS1)
Y(4360)
Xc2(33P2)
Y(4260) | N(3'P1) Xe1(3%P1)
4.2 Xco(33Po)
P(23D1)
— 3
40 | [ndeisy P
2
X(3915)? Xc2(23P2)
S, ho(21P+) X(3872)
A = c0(23P
b 3.8 TN Xc0(23Po)
% 2Mp [ T e e
P’ (2854)
/(21
3.6 | DeE=0
Xc2(13P2)
(1P X[
3.4 [ Xc0(1%Po)
3.2
JIp(13Sy)
3.0 ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell
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v

Events /50 MeV/ic”

ete~(‘yisr) — st P(2S) at BaBar and Belle

2:._ I | I 1 I 1 1 1 I 1 1 I I I | 1 | 1 1 1 I 1 | | I I 1 I 1 ]
oF W(2S) = Jynw -
16— * BABAR =
M: 112 events (520 by 3
12 E- __ Belle -
- : 110 events (673 th'y -
10— o U » —]
| e B L ]
B e . =
6= " A —
— o .o —
i =
3-_ ” E:' :E:' / _ :E:' :E:' e ..::
"}i_'ll 1 [} i |ull i:: i ::I | |TI l:: i :". : : : i [ :.I
4 4.6 4.8 5 5.2 5.4

m(W(28)t ) GeV/c)

arXiv:1211.6271 and CHARM 2012
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IV. A New Era of Discovery

4.4 Nc(41So) P(43S1)
Y(4360)
Xc2(33P2)
Y (4260) | N(3'P1) Xe1(3%P1)
42 — XcO(SSPO)
P(23D1)
— 3
40 | [ndeisy P
% (23P2)
X(3915)? Xc2(23P2
S, he(2P1) X(3872)?
A = c0(29P
b 3.8 e Xc0(23Po)
% PMp [ T
P’(23S1)
¢'(21S
26 L Nc'(2'So)
Xc2(13P2)
(1P X[
3.4 Xco(13Po)
3.2
J/IP(13S+)
30T sy
O+ 1-—- 1+ O++ 1++ D++
JPC
Ryan Mitchell

Upper Limits on B(Y — DD) / B(Y — mmy)
(from CLEO, BaBar, and Belle)

T Y (4260) Y (4360)
DD 4.0 [16], 7.6 [27]
DD* 45 [16], 34 [28]
D*D* 11 [16], 40 [28]
DD*rx 15 [16], 9 [22] 8 [22]
D*D*r 8.2 [16]
DD, 1.3 [16], 0.7 [29]
D D¥~ 0.8 [16], 44 [29]
D!t D}~ 9.5 [16]
EPJ C71, 1534 (2011)

B(y'"' — DD)/B(y" — mmp) ~ 500

Charmonium and the Role of BESIII
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IV. A New Era of Discovery

3
4.4 No(41So) Y(4°SH)
Y (4360)
Xc2(33P2)
Y (4260) | N(3'P1) Xe1(3%P1)
42 XcO(SSPO)
P(2°D+)
N 33S
© 4.0 |- [ne(3'So) V)
% (23P,)
X(3915)? Xc2(2°P2
S, he(2P1) X(3872)?
0p) co(23P
b 3.8 e Xc0(23Po)
% PMp [ T
P(23S1)
(218
36 Ne'(2'So)
Xe2(13Pz2)
(1P X[
3.4 Xeo(1°Po)
3.2
J/IP(13S+)
3.0 no(11S0)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

Theoretical Ideas on Y(4260). Y(4360):

DD* bound states (Y (4360) = DDs*)
(NPAS15, 53 (2009))

J/pto bound state (with KK — 7t)
(PRDS80, 094012 (2009))

Tetraquarks (or two diquarks)
(PRD72, 031502(R) (2005))

Hadrocharmonium
(PLB666, 344 (2008))

Hybrid Charmonium
(PLB628, 215 (2005), PRD78, 094504 (2008))

Charmonium and the Role of BESIII
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II. The Original Era of Discovery

y"'(19D1)
P'(2384)
Ne’(2'So)
Xc2(13P2)
ne(17P+) Xc1(13P1)
| Xco(13Po)
J/P(13S1)
- [ne(11S0)
O—+ 1— 1+- O++ 1++ D++
JPC

Ryan Mitchell

Theoretical Ideas on J/Ap and \':

Baryon-AntiBaryon bound states
(PRL34, 36 (1975))

Spin-1 meson alternative to GIM
(PRL34, 37 (1975))

Three charm quarks (partners to u, d, s)
(PRL34, 41 (1975))

Lighter Z
(PRL34, 56 (1975))

Charmonium
(PRL34, 43 (1975), PRL34, 46 (1975))

Charmonium and the Role of BESIII
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IV. A New Era of Discovery

3
4.4 No(41So) Y(4°SH)
Y (4360)
Xc2(33P2)
Y (4260) | N(3'P1) Xe1(3%P1)
42 XcO(SSPO)
P(2°D+)
N 33S
© 4.0 |- [ne(3'So) V)
% (23P,)
X(3915)? Xc2(2°P2
S, he(2P1) X(3872)?
0p) co(23P
b 3.8 e Xc0(23Po)
% PMp [ T
P(23S1)
(218
36 Ne'(2'So)
Xe2(13Pz2)
(1P X[
3.4 Xeo(1°Po)
3.2
J/IP(13S+)
3.0 no(11S0)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

Theoretical Ideas on Y(4260). Y(4360):

DD* bound states (Y (4360) = DDs*)
(NPAS15, 53 (2009))

J/pto bound state (with KK — 7t)
(PRDS80, 094012 (2009))

Tetraquarks (or two diquarks)
(PRD72, 031502(R) (2005))

Hadrocharmonium
(PLB666, 344 (2008))

Hybrid Charmonium
(PLB628, 215 (2005), PRD78, 094504 (2008))
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IV. A New Era of Discovery

@S A more fundamental approach,
4.4 (418 ! .
N a0 Lattice QCD:
he(31P4) (33P4) Xe2lF2)
Y(4260) | Nelo Xc1(33P1
o e F = -
V2o, S = =
o 338 — =1
§ 4.0 |- [ne@isy) | 1ESY | =m —
o ZE ——
X(3915)? Xc2(2°P>2) i S R —
(.2. ( ) hc(z1 P1) X(3872)? [—] i
P — co(23P P ——
b 3.8 e Xc0(23Po) oy
% 2Mp [T T T
LlJ’(23S1) et
/(21 .
3.6 | LI(&50 T
(o 13P E—
he(11P1) NER Xc2(13P2)
34 L Xco(13Po) Hadron Spectrum Collaboration
p— JHEP 1207, 126 (2012)
32 | b= I~ o0 1% b+ i [ o
JIP(13Sy)
3.0 Mha11so) I I I
O+ 1-—- 1+ O++ 1++ D++
JPC HYBRID CHARMONIUM?

Ryan Mitchell
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IV. A New Era of Discovery

- Find more decays of the
4.4 — | n(41So) Y(4°S1)
: Y(4360) Y(4260) and Y(4360)
1 Xc2(33P2)
Y(4260) | "3TP1) Xe1(3°P+) Can we show S =07?
4.2 Xco(33Po)
P(23D1)
40 | [ndeisy P
% (25P2)
X(3915)? Xc2 2
S, 2 Ie(27F1) X(3872)?
A = c0(23P
o 38 e Xc0(23Po)
% 2Mp [
P'(2384)
¢'(21S
3.6 | &S
(1P
he(11P1) NER Xc2(1°P2)
34 1 Xeo(1°Po) I I I
3.2
JIp(1%S,) HYBRID CHARMONIUM
3.0 ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC
Ryan Mitchell Charmonium and the Role of BESIII 51



IV. A New Era of Discovery

3
4.4 — | n(41So) Y(4°S1)
Y (4360)
Xc2(33P2)
Y (4260) | Ne(3'P1) Xc1(33P1)
4.2 Xco(33Po)
P(23D1)
N 33S
© 4.0 |- [ne(3'So) V)
% (23P2)
X(3915)? Xc2(23P2
S, he(2P1) X(3872)?
A = c0(23P
o 38 e Xc0(23Po)
% PMp [ T
P’(2354)
(218
36 | D220
Xc2(1°P2)
(1P X[
3.4 L Xeo(1°Po)
3.2
JIP(19S7)
3.0 ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

Find more decays of the
Y (4260) and Y (4360).

Can we show S =07?

A quark model state with JPC = 1-- has:

even L (since P = (-1)-+1) and
odd S (since C = (-1)L+5),

SoJPC=1—-and S=0
= a non-quark model state

111

HYBRID CHARMONIUM
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IV. A New Era of Discovery

43
4.4 — | n(41So) Y(4°S1)
Y(4360)
Xc2(33P2)
Y(4260) | N(3'P1) Xe1(3%P1)
4.2 [\ Xco(32Po)
P(23D1)
33S
4.0 |- [nee'sg & 1)\
X(3915)? Xc2(23P2)
BT ho(2'P1) X(3872)?
3.8 -
8 /LIJ”(13D1)
2Mp|[ T e N
P’(2354)
(218
36 L Nc’(21So) w
Xc2(1°P2)
Xc1(13P4)
3.4 -
3.2 |
3
J(A%S) E1-Dominated Transitions
3.0 no(1'S0) M1-Dominated Transitions
O+ 1-—- 1+ O++ 1++ D++

Ryan Mitchell

JPC

Find more decays of the
Y (4260) and Y (4360).

Can we show S =07?

A quark model state with JPC = 1-- has:

even L (since P = (-1)+!) and
odd S (since C = (-1)L+5),

SoJPC=1—-and S=0
= a non-quark model state

IfS=0,
B(Y — y1o) > B(Y = ¥c0)
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I'V.

A New Era of Discoverv

Lattice QCD Calculations
4.4 | [o@isy) P(43S4) Sink level Suggested transition | «,E,(0) B/MeV ~ A/GeV~ 2 |I/keV Lexp/keV
Y(4360) 0 Yo — J/ Uy 0.127(2)  409(12)  1.14(5) 199(6 131(14)
Vi@ze07] h@P) 1 ' — XeoY 0.092(19) 164(55) 0 (fixed) ( 26(11) 30(2)
3 " — X0y 0.265(33) 324(77) 0.58(56) | 265(66)  199(26)
42 L [\ (33P
: oy Xoloqd 5 Yigb = Xeo¥ 0.003)  Linear Fit
[\ -
& 4.0 131S0) P(33S4) Sink level Suggested transition V(0) B/MeV A/GeV~2 | Ty /keV  Tep/keV
-~ . — (o 0
> 0 T/ —mn,y 1.893)  513(7) 0 (fixed) | 2.51(8) 1.85(29)
G |XE915)? (2P 1 W' — n.y 0.062(64) 530(110) 4(6) 0.95(16)
1.37(20)
g 38 |- m—— 3 ' — .y 0.27(15) 367(55)  —1.25(30) | 10(11
< ZMD/"’“D” 5 Yigh = 7Y 028(6)  250(200) 0 (fixed) @Tgb
P’(2354)
36 Nc’(21S0) w PRD 79, 094504 (2009)
[Xc2(1°P2)
Yo%) If S =0,
3.4 |- B(Y — yne) > B(Y — y)c0)
32
3
(%S E1-Dominated Transitions
3.0 no(1'S0) M1-Dominated Transitions
O+ 1-—- 1+ O++ 1++ D++
JPC
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IV. A New Era of Discovery

4.4 nC(41So) LI"(4381)
Y(4360)
Xc2(33P2)
Y(4260) | N(3'P1) Xe1(3%P1)
4.2 — A Xc0(33Po)
P(2°D+)
33S
4.0 L [ne@ise L=
X(8915)? Xc2(23P2)
ho(21P1) X(3872)?
3.8
PMp [ T T T T
3.6
Xe2(13Pz2)
Xe1(1%P4)
3.4 Xco(13Po)
T
3.2
v
3
S (IS) No Spin Flip Transitions
3.0 no(1S0) Spin Flip Transitions
O+ 1-—- 1+ O++ 1++ D++

Ryan Mitchell

JPC

Find more decays of the
Y (4260) and Y (4360).

Can we show S =07?

A quark model state with JPC = 1-- has:

even L (since P = (-1)+!) and
odd S (since C = (-1)L+5),

SoJPC=1—-and S=0
= a non-quark model state

If S=0,
B(Y — vyne) > B(Y — vY%0)
IfS=0,

B(Y — mtmhe) = B(Y — wrm-J/p)?
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IV. A New Era of Discovery

- Find more decays of the
4.4 — | n(41So) Y(4°SH)
No4'S0) ST Y(4260) and Y (4360).
Xc2(33P2)
Y(4260) | Ne(3"P1) X1(8%P1) Can we show S =0?
4.2 - A Xc0(3°Po)
P(23D1)
\
— te— — -
T a0 | rEe e ete- — ott-(he,J/) at CLEO-c
% — 70 4250311-004a
X(3915)? Xc2(23P>2) g - =
S E1) he(2'P1) X@872)7 Q -
g 3.8 § 60 - @ o (e’e" > rn'w h) (scan data) Q
< 2Mp [ T T >) :_ -
= = o0 - A og(e’e” >t hy) (4170 data) T
= 40}
3.6 — - .-
ol 15P) It;’ - O op(e'e »rntw Jy) (13°1
Xe1(13P4) . 30 ¢ pb1!
34 L Xco(13Po) T 20 f_ ::i
[ B
4 - 1
T O il ~
K3 10F %I g
3.2 - o} O:"="
M 3.95 400 4.05 410 4.15 420 4.25 4.30
JIp(13S4) N .
No Spin Flip Transitions ete- Energy (GGV)
3.0 no(1S0) Spin Flip Transitions
0-+ 1-- 1+- O++ 1++ Dt PRL 107, 041803 (2011)

JPC
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IV. A New Era of Discovery

4.4 L[S0 LIJ((4SS1))
Y(4360 (—
Xc2(33P2)
Y (4260) : Xc1(3%P1)
42 — Xco(SSPo)
Y(23D1)
3
4.0 |- [no@1sg) 2=
X(3915)? Xc2(23P2)
ho(21P1) X(3872)?
3.8 - XCO(23PO)
P"'(13D)
2Mp [T T
P’ (2381)
/(218
3.6 | DeE=0
Xc2(13P2)
(1P X[
3.4 | Xco(13Po)
3.2
JIP(13S+)
3.0 ne(1150)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

Data-taking plan at BESIII:

collect = 500 pb-! at 4260 MeV
collect = 500 pb-! at 4360 MeV

to study Y(4260) and Y (4360)
decays.

Run “on-resonance’ to maximize statistics.
Use two points to study energy-dependence.

Data-taking is beginning NOW!

Charmonium and the Role of BESIII

57



IV. A New Era of Discovery

3
4.4 — | n(41So) Y(4°S1)
Y(4360)
Xc2(33P2)
Y(4260) | N(3'P1) Xe1(3%P1)
4.2 Xco(33Po)
P(23D1)
N 33S
© 4.0 |- [ne(3'So) V)
% (23P2)
X(3915)? Xc2(23P2
S, he(2P1) X(3872)?
A = c0(23P
o 38 e Xc0(23Po)
% PMp [ T
P’(2354)
¢'(21S
3.6 | (220
Xc2(1°P2)
(1P X[
34 1 Xeo(1°Po)
3.2
Jp(13Sy)
3.0 - no(1S0)
O+ 1-—- 1+ O++ 1++ D++
JPC

Ryan Mitchell

A few key analyses:

1. Measurement of
B(Y(4260) — vy¥c0)/
B(Y(4260) — ync)

to test lattice QCD
totestS=0vs.S =1

2. Measurement of
B(Y(4260) — mtthe(1P))/
B(Y(4260) — wtrm-J/\)
to help determine the quark spin-
alignment of the Y(4260)

3. Dalitz analyses of Y (4260) — strm-J/
and Y (4360) — wrm(2S)
to look for charged Z. states

4. Measurement of
B(Y(4360) — mttth(2P))/
B(Y(4360) — strm(25))?

to discover the ho(2P)?
totestS=0vs.S =1

(and searches for any other decay modes)
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Summary

$"'(13D)

Ne’(2'So)

he(11P4)

J/P(13S1)

Ne(17So)

Xc2(13P2)

Xe1(1°P1)

Xco(13Po)

Ryan Mitchell
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II. The Original Era of Discovery:

establishing the quark model states

III. From Discovery to Precision:
the quark model states at BESIII

IV. A New Era of Discovery:
beyond the quark model and the role of BESIII
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