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EPCIL:_e*e- Collisions at Ecm between 2.0 and 4.6 GeV

0N System

BESIII D r
(1) Calorimeter: photon energy and direction

(2) Drift Chamber and Magnet: charged particle momentum
(3) Time-of-Flight (TOF): charged particle mass
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MASS [GeV/c?]

Charmonium as a Model System (aimost)

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG
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P(23D)
4 [2(4020) i) 1 43S0
Xc2(23P2)
Z
3.8 |- Xc0(2%Po)
Pp*’(13D4)
M p [ e
P’(23S1)
¢ (21'S
3.6 | e
Xc2(13P2)
he(1'P1) Xc1(13P1)
3.4 - Xeo(1°Po)
3.2 - predicted, discovered
JAP(13S1) predicted, undiscovered
3.0 i i
Nne(11So) unpredicted, discovered
o+ 1-—- 1+ O++ 1++ 2++
JPC

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

Experimentally accessible quantum numbers:
JPC
Derived quantum numbers:

n2$+1LJ

Relationships:

P= (—1)L+1 C — (_1)L+S



MASS [GeV/c?]

Charmonium as a Model System (aimost)

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG

Z(4430)
4 P(43Sy)
r]c(4180)
[ne(4'So) | Y (4360)
Xc2(33P2)
Y(4260) | e(3"P1) Xe1(33P1)
4.2 Xc0(33Po)
P(23D)
4 [2(4020) i) 1 43S0
Xc2(23P2)
Z
3.8 |- Xc0(2%Po)
§"(13D:)
M p [ e
P’(2854)
¢ (21S
3.6 | e
Xc2(13P2)
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34 1 Xeo1%Po)
3.2 - predicted, discovered
JAP(13S1) predicted, undiscovered
3.0 i '
Nne(11So) unpredicted, discovered
o+ 1-—- 1+ O++ 1++ 2++

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

l l

(@
)

Experimentally accessible quantum numbers:

JPC

JPC

0—+ 1+— 1=~ O—H-

JPC — o~ 3t- P 1++
Minimal quark content
ud, wtt — dd,du (I =1) T b p a
dd + ut (I =0) n,n h,h' w, O f, f!
and/or s3
C? Tc he ¢T Xc
bb m hy, T Xb
I — 1 W]th CE (HC) ZC Rc (Wc)
I =1 with bb (1) Zp (Rp) (W)

fThe J/4 remains the J/4.



MASS [GeV/c?]

Charmonium as a Model System (aimost)

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG

Z(4430) 3
4.4 N<(41So) Y(4351)
Y (4360)
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3.2 - predicted, discovered
JY(18S1) predicted, undiscovered
3.0 : .
Ne(17So) unpredicted, discovered
o+ 1-—- 1+ O++ 1++ 2++

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

l l

JPC

: | : /
Potential models:
Example from Barnes, Godfrey, Swanson:
4 ag RYX o >
V(CC)(r) +bhr+ =38 _(rS, - S
Om?

(Coulomb + Confinement + Contact)

1 72a;, b > dag
Vspin—dep ) |:< 3 2) I’ i|

ms|\r r
(Spin-Orbit +  Tensor)

PRD72, 054026 (2005)




MASS [GeV/c?]

Charmonium as a Model System (aimost)

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG

Potential models and Lattice QCD:

0.5  PRD85,091503(R) (2012)

S’
()
O, i
>
! Lattice data ——
/ NRp model

0 o1 02 03 04 05 06 07 08 09

Potential models:

Z(4430) 3
4.4 No(41S0) W(4°S1)
Y(4360)
Xc2(33P2)
Y(4260) | N(3'P1) Xe1(33P1)
4.2 Xco(33Po)
P(23D1)
4 [ 2(4020) fis,) | V&S
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Z(3900
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3.8 XcO(23P0)
Pp”'(13Dn)
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(218
36 | =S
Xc2(13P2)
he(11P1) Y (15P)
3.4 | Xeo(1°Po)
3.2 - predicted, discovered
JY(18S1) predicted, undiscovered
3.0 . .
Ne(17So) unpredicted, discovered
o+ 1-—- 1+ O++ 1++ 2++

JPC

Example from Barnes, Godfrey, Swanson:

Vo) =

PRD72, 054026 (2005)

27

4
] 2 8, (1S, - S.

r c
(Coulomb + Confinement + Contact)

1 72a; b > dag
Vspin—dep_ 2|:< 3 _2> 3 i|

mz|\ r r
(Spin-Orbit  +  Tensor)

+ br +




MASS [GeV/c?]

Charmonium as a Model System (aimost)

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG
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Charmonium at BESIII:

Potential models:

J/, 97,

JPC

Example from Barnes, Godfrey, Swanson:

4 ag 32770(

(CC)(r) = ———+4+ br+
37 2

(Coulomb + Confinement + Contact)

1 72a; b > dag
Vspin-dep = m2|\ P 2r r
c
(Spin-Orbit  +  Tensor)

PRD72, 054026 (2005)

=755 (1S, - S.

}
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MASS [GeV/c?]

Charmonium as a Model System (aimost)

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG
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Events/0.5 MeV

(2S5) — v + anything
[PRD 96, 032001 (2017)]
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Potential models:

2mag

Example from Barnes, Godfrey, Swanson:
4 «
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PRD72, 054026 (2005)
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MASS [GeV/c?]

The Broad Physics Reach of BESIII

Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG

Z(4430)
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r]c(4180)
[ne(4'So) | Y (4360)
Xc2(33P2)
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3.6 | e
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20009:

2010:
2011:

2012:

2013:

2014:

2015:
2016:
2017:
2018:

BESIII Data Sets (primary):

(ete~ collisions at Ecy between 2.0 and 4.6 GeV)

106M Y (2S)
225M T/
975 pb-1 at P(3770)
2.9 tb-1 at Y(3770) (total)
482 pb-1 at 4.01 GeV
0.45B Y(2S) (total)
1.3B JA (total)
1092 pb-! at 4.23 GeV
826 pb-! at 4.26 GeV
540 pb-1 at 4.36 GeV
~50 pb-1 at 3.81, 3.90, 4.09, 4.19, 4.21,
4.22, 4.245, 4.31, 4.39, 442 GeV
1029 pb-1 at 4.42 GeV
110 pb-! at 4.47 GeV
110 pb-! at 4.53 GeV
48 pb-1 at 4.575 GeV
567 pb-! at 4.6 GeV
0.8 tb-! R-scan from 3.85 to 4.59 GeV (104 points)
R-scan from 2-3 GeV + 2.175 GeV data
~3fb-! at 4.18 GeV (for Ds)
7 x 500 pb-! between 4.19 and 4.27 GeV
JA) (and tuning new RF cavity)

+ Initial State Radiation (ISR)

(data sets from BESII are much smaller (e.g. 58M J/ decays))
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Mysteries in the Meson System at BESIII

(1) The proton antiproton Question
What is the X(1835)?

(2) The pm Question

Why are there anomalous differences between J/1y and y(2S) decays?

(3) The Y Question

Why are there so many different peaks in exclusive e*te- cross sections?
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question

What are the electrically charged “charmoniumlike” peaks?
e.g. 2:3900), Z(4020), Z.(4055), etc.

13



240

160

(00)
o

Events/0.01 GeV/c?

(1) The proton antiproton Question

| J /b = vpp
'BESII, PRL 91, 022001 (2003)]

215 2,40 2.65
M(p p) (GeV/c?)

(using S8M J/y decays at BESII)
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(1) The proton antiproton Question

J/ — ~ypp
[PRL 108, 112003 (2012)]

2»50F T X — . . .
z (a) - 700 (a)°
% 2000 | - % 600 F;
> : > 500 F o,
| : 2 400 |
- | S :
< 1000 ff - s 300¢
5 | Z 200 f
2 500 f - ————— ] 5 :
H | ™ ] 2 100F ..
" e L S
O'Il' I S L O PO L o
2.0 2.5 3.0 0.0 0.1 0.2 0.3
M(pp)(GeV/c?) M -2m,(GeV/c?)
(using 225M J/Y decays)

Fit Components: X(1835), 0++ phase space, 1o(2100), £2(1910)
M = 1832117 (stat) 715 (syst)£19(model); I' < 76 MeV /c?; JPC = 0=+
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(1) The proton antiproton Question

J/ = ymtm
[BESII, PRL 95, 262001 (2005)]

120

00
o

EVENTS/(20MeV/c?)
N
o

o

1.4 2.0 5 2.6
M(t'm’) (GeV/c?)
(using 58M J/yY decays at BESII)

M = 1833.746.1(stat)£2.7(syst) MeV /c*; T' = 67.7420.3(stat)£7.7(syst) MeV /c?;

16



(1) The proton antiproton Question

J/p — Ty
[PRL 106, 072002 (2011)]

L 1600 (3) =
> 1400 -
2 1200F =
- - :
<, 1000 * E
2800 ;— L % &% o_;
§ 600 | o *e” e o ...0.0. —
= a0 =
2001 o™° E

o _

U4 161820222426 2830

M, (GeV/c?)

(using 225M J/Y decays)
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(1) The proton antiproton Question

J/p = yrtry
[PRL 117, 042002 (2016)]

=" L B N L B B B

- §

4000 £ § —+ Data =

T : . —PHSPMC :
Al C_ : -
§ 35005 § B Background -
% 3000 | e pp threshold E
o 2500 F | E
& - 5 -
— 2000 r" —
-ga) E * EI-I-.I a T » E
c 1500 ¢ et N SN ., I
o C o Tur’ e oo aate .
D 1000 [ : =
500 F- E

0 Fumsed :

14 16 18 2 22 24 26 28 3
M| (GeV/c?)

(using 1.1B J/IY decays)

£1(1510)

X(1835)27
X(2120)
X(2370)
22(2600)
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Events / (10 MeV/c?)

(1) The proton antiproton Question

J/p = yrtry
[PRL 117, 042002 (2016)]

2500IIII|IIII|IIII|IIIIIIIIIII§I|IIII|IIII|IIII|II
R ' ' ' - Dama -
- 1600 — Global Fit .
I S 7L I R f.(1510) i
N | - --X(1835) _|

2000 1400} — X(1920) ]
i --- X(2120) ]
L 1200 — Non-Resonant |
L [ Background |

1500 [-00ol 0 N oRn pp threshold |

1000 —

500 — _|

0

13 14 15 16 17 18 19 2 21 22
MW ] (GeV/c?)

The state around 1.85 GeV/c?

2500IIII|IIIIIIIIIIIIIIIIIII§I|IIII|IIII|IIII|II
: —+— Data 1
— Global Fit 1
----- f,(1510) .
2000 - - - X(1835)+X (18701
---X(2120) T
<« — Non-Resonant |
o I Background
% ool 0 My A pp threshold
=
o
Z
()
£ 1000
o)
>
L
500
0 ¢
13 14 15 16 17 18 1.9 2 21 22
M ] (GeV/c?)
X(1835)

Mass (MeV/c?)

18253 £2.41)77

M (MeV/c?) 1638.0 & 121.97,27%

g [(GeV/c?)] 93.7 43547479
0.83

Ton/ T 2.31+£0.3710%

Mpole (MCV/Cz)
Iﬁpole (MeV/ 02)
Branching ratio

1909.5 + 15.913:%

Width (MeV/c?)
B.R. (constructive interference)
B.R. (destructive interference)

2452 4+ 13.17¢
(3.01 £0.17138) x 10~
(3.72 £ 0.217538) x 1074

6.1
273.5 +21 4161

. X (1870
(3.93 £ 0.381021) x 107 (1870)

Mass (MeV/c?)

Width (MeV/c?)

B.R. (constructive interference)
B.R. (destructive interference)

1870.2 £2.2123
13.0+6.173¢
(2.03 £0.121043) x 1077
(1.57 £0.091¢0) x 1073

19



Mysteries in the Meson System at BESIII

(1) The proton antiproton Question
What is the X(1835)?

(2) The pm Question

Why are there anomalous differences between J/1y and y(2S) decays?

(3) The Y Question

Why are there so many different peaks in exclusive e*te- cross sections?
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question

What are the electrically charged “charmoniumlike” peaks?
e.g. 2:3900), Z(4020), Z.(4055), etc.
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(2) The o7 Question

The “12% Rule”: Once the charm quarks of the J/4p or {(2S) annihilate, the rest of the
process should proceed independently of the origin. So, after taking out transitions,

B(y(2S5) — X)
B(J/y — X)

~ 12%

21



(2) The o7 Question

The “12% Rule”: Once the charm quarks of the J/4p or {(2S) annihilate, the rest of the
process should proceed independently of the origin. So, after taking out transitions,

B(y(25) = X) _
B o x) -k

Testing the 12% Rule Using the 2018 PDG

Does it work? B -
—~ &~ _ _ _ _ ______ -#: _____:+- ________ -_+:__'_.I—_Q:_____?___.__‘_._ ___________ __+____'_+I__¢:___-
< 107 + +- * * +
Sort of. 0 — + -+ +
But sometimes it § N + - " +
fails spectacularly. & - f +
§ 1072 = e
= -+
4 =
0 B f
&
A
Q = +
_I|IIIIIbI|||||IIIIIIIIIIIIIILIIIIIIIII
R T T e gy /r’*%f PR P “"@%woo#pe%g%’ée@“ & Kér T ’“é“”gg"’%alfi",’f”%fig?ee%Dfo
/9’77a(7385)
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(2) The pm Question

>
CC YOOUO0000000 .
implies: §
B(y(2S) — X) ~ 199
B(J/¢¥ — X)
but: é
B(¢(2S) — nta—xY) £

B(J/y — ntn—nY)

= (1.00 £ 0.01 (stat.) 9 o2 (syst.))%

and gmis ~2 x 103

600000

400000

200000

2000

1000

J/v and ¥(25) — ntr 7Y
[PLB 710, 594 (2012)]

i T
N S
| (]
[ )
. o~
. 'li
I =
i ‘. A E
i . .°\__/' %,
- %
1 2 3
m(nr) [GeV/c m(n*n°)? [GeV?/c4]
)
. i g
J 3
O
# =
i ¢ " &
é £
: ¢ %
o $
w7 it “han
I R S S
m(nn) [GeV/c? m(n*1%)? [GeVZ/c!]

(using 225M J/IY decays and 106M (2S) decays)
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(2) The o7 Question

¥(25) — yn and 7’
[PRD 96, 052003 (2017)]

>
cc Y 4o n1 L %
< 00000000 < % 20?—
© I
implies: S F * + l;
-~ 10
B(J/¢ = ~n) _ B($(2S) = yn) § s | ledtrt HJrH Q@
B =) BW@S) 5y & ggm T r
0.4 0.5 0.6 0.7
M(z*nn) (GeV/c?)

but: N, 10% g
O ) g0t
= (21.4 4+ 0.9Y% (O
B(J/¢Y — ') ( M D107
o -

and: 210— DA X
B(¥(2S) — yn) g '

B(y(2S) — vn') Ly R

M(m*tm) (GeV/c?)
— (0.66 4 0.13 4 0.02)%

(using 448M (2S) decays)
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Mysteries in the Meson System at BESIII

(1) The proton antiproton Question
What is the X(1835)?

(2) The pm Question

Why are there anomalous differences between J/1y and y(2S) decays?

(3) The Y Question

Why are there so many different peaks in exclusive e*te- cross sections?
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question

What are the electrically charged “charmoniumlike” peaks?
e.g. 2:3900), Z(4020), Z.(4055), etc.
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(3) The Y Question

eTe~ — hadrons
[BESIIL, PLB 660, 315 (2008)]

5.5
50 |-
45 -

v’/d.0.f=1.08
s 1 |
35 b n M |
30 - | T .

2.5 ' e — R
X 20 A e R

i A
1'5 [ .‘{' ".\'\. ----------- R
- 4 .\ -
) e S\
10 |} ff 5P me R

~
r ! 1 4 v A N\ int
il | - . Y f
3 i 4 . . . 4 )
05 U § \ o » 2 | T / e e R
] A S seriiipcy ks J "\
- I i % > P a8 e \ e o N con
. ] D o / . A S . o
LT » ot . N AT L e
0 0 T K L R AP I M S AR T =P 2L o 52 .-.-,-_-,-_7_7,_7.__,._7:_'_,?»_5-';-?:. ____________________________
: P

-0.5 -
_10 Ii 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
37 38 39 40 41 42 43 44 45 46 47 48 49 50

Ecm(GeV)

Ty =138, Y(3770)= 13D, (4160) = 23D
W(2S) = 23S, W(4040) = 335, (4415) = 43S,



(3) The Y Question

eTe~ — hadrons
[BESII, PLB 660, 315 (2008)]

5.5
5.0
4.5
4.0
3.5
3.0
2.5

20

ete” >t J/Y
[BaBar, PRL 95, 142001 (2005)]

-
-
llllllllllllllllllll

v’/d.0.f=1.08

11111

37 38 39 40 4.1

Events / 20 MeV/c?
W AN
(@) (@)

\®)
O

10

42 43 44 45 46 47 48 49 650

— [S—
S )
o =

ul ]

—_
=)
o

9+’
[ X ] 10 t

% “++++
gt Wf t M

|,|.|] Ll

||||.|,|.|] L1l

i 4 4
" i

156738 4 42 44 46 48 5

o s | L1 1 1 | L1 1 1 | L1 1 1

st ® '.' ----....._ | 2 ? .
AL ol S
' ] A
| ol T AT i B T .
8 4 4.2 4.4 4.6 4.8 5
m(mtnIy) (GeV/c?)
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(3) The Y Question

ete” —» o~ J/y ete” —atan J/yY
vs.
[BaBar, PRL 95, 142001 (2005)] [PRL 118, 092001 (2017)]

" ’u,.' o++ fﬁif ++#+ m#fmf? +++ 4 ++ + _
1 RN L L

36 38 4 42 44 46 48 5

(\]o 40 T l T T T l T T T l T T T l T T T l T T T
S~ — 104 T N T T T T T T i
>k
O B 3 §
E 10 : .
S 30 - 5
'\ 30_ g E
S~

wn -

-

g -

O |

>

m I

\®
S

10
9 5
100 [
- —+- XYZ
2 80k -
= L — Fit |
é- 60__ ——Flt” +
1= -
+g i
T 40
o -
+ B
S 20—\1 ; : ‘ ;
© [ ¢ ., ¢
o_ | L L L | L L | L L L | L L L |
3.8 4 4.2 4.4 4.6



ete” >t J/Y
[PRL 118, 092001 (2017)]

o(e’e—ntmd/y) (pb)

100

80

60

40

20

(3) The Y Question

ete” — nra(29)
[PRD 96, 032004 (2017)]

—4— XYZ
— Fit |
- = Fit Il

3.8

Cross Section (pb)

(s (GeV)
120_””'””'””'””'”iél'sélil':
100:‘ Belle 7
80

»
o

- = BaBar -

29



ete” — nrw(295)
[PRD 96, 032004 (2017)]
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(3) The Y Question

ete” — mtn h.(1P)
[PRL 118, 092002 (2017)]
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= BESIII: XYZ data sample

— Fit curve: Total
Fit curve: Y(4220)

- Fit curve: Y(4390)
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ete” — a7 h.(1P) ete” — 7wt D'D*™ + c.c.

[PRL 118, 092002 (2017)] VS [preliminary (2017)]
= | - Fit curve: Y(4220)
S 150 : !
> — - Fit curve: Y(4390) J
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2 100— : [
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(3) The Y Question
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MeV/c?)

N

Width

(3) The Y Question

Parameters of the Peaks in e'e” Cross Sections

220 — V(41 60)n
200 — “Y(4260)” (441 5)R
180 - was here O “Y(4220)“mhP
160 :_ "Y(4320)“7mJ/1p
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Mysteries in the Meson System at BESIII

(1) The proton antiproton Question
What is the X(1835)?

(2) The pm Question

Why are there anomalous differences between J/1y and y(2S) decays?

(3) The Y Question

Why are there so many different peaks in exclusive e*te- cross sections?
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question

What are the electrically charged “charmoniumlike” peaks?
e.g. 2:3900), Z(4020), Z.(4055), etc.
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Events / 0.01 GeV/c?

(4) The Z Question

ete™ = 7 (nTJ/Y) ete™ — 7T (DD*)F
[PRL 110, 252001 (2013)] [PRL 112, 022001 (2014)]
- —4— Data 90 =
1001 —;otakl fit » NO 805_ 5 (a)
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60T \ < S50F [ 1]
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M = (3899.0 & 3.6 & 4.9) MeV /c?; M = (3883.94+ 1.5+ 4.2) MeV/c?;
I' = (46 + 10 & 20) MeV/c? I = (24.8 £ 3.3 £11.0) MeV/c?;

JP =1t
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(4) The Z. Question

ete™ = X (nTJ/Y)
[PRL 119, 072001 (2017) (Aug. 16)]
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(4) The Z Question

ete™ — (7T h(1P))
[PRL 111, 242001 (2013)]
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(using 1090 pb-1 at 4.23 GeV,
827 pb—1 at 4.26 GéV,
545 pb—1 at 4.36 GeV)

M = (4022.9 £ 0.8 £ 2.7) MeV/c?;
= (7.94£27£26) MeV/c?

ete™ — ¥ (D*D*)T
[PRL 112, 132001 (2014)]
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(using 827 pb—1 at 4.26 GeV)

M = (4026.3 £ 2.6 & 3.7) MeV /c?;
[ = (24.8 £5.6 + 7.7) MeV/c?
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(4) The Z Question

ete” — mtn (25)
[PRD 96, 032004 (2017)]
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(1092 pb-1 at 4.23 GeV; 826 pb-1 at 4.26 GeV; 540 pb-1 at 4.36 GeV; 1074 pb-! at 442 GeV)

M = (4032.1 + 2.4) MeV /c?;
['=(26.1+5.3) MeV/c?
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(4) The Z Question

ete” — mtn (25)
[PRD 96, 032004 (2017)]
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(4) The Z Question

ete” — mtn (25)
[PRD 96, 032004 (2017)]
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(4) The Z Question

Alex Bondar, CHARM 2018
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Mysteries in the Meson System at BESIII

(1) The proton antiproton Question
What is the X(1835)?

(2) The pm Question

Why are there anomalous differences between J/1y and y(2S) decays?

(3) The Y Question

Why are there so many different peaks in exclusive e*te- cross sections?
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question

What are the electrically charged “charmoniumlike” peaks?
e.g. 2:3900), Z(4020), Z.(4055), etc.
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Mysteries 1in the Meson System at BESIII

(1) The proton antiproton Question

Events / (10 MeV/c?)
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(3) The Y Question
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(2) The @7t Question
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(4) The Z Question
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Mysteries in the Meson System at BESIII

(1) The proton antiproton Question (2) The o7t Question

. — Global Fit
— 1,(1510)

Conclusions:

=> There 1s much still to learn about mesons (and more) at BES

= We are in an era where experiment-theory collaboration has become crucial.

= We will soon have 10 billion J/1 decays and more data in the XYZ region...

We look forward to new discoveries!
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