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Charmonium Spectroscopy

the higher quarkonia states.

» Potential model works well in describing

» Masses of the charmonium states below
open-charm thresold matches predictions.

» Many predicted states above the threshold

but not discovered.
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Charmonium Spectroscopy

» Potential model works well in describing + P vy |
the higher quarkonia states. — %@
» Masses of the charmonium states below 421 [xatP)]
open-charm thresold matches predictions.
P P 5 . e
» Many predicted states above the threshold g
but not discovered. 2 as|
» An abundance of states discovered in 3 %mwwﬂom """""""""""
recent years beyond prediction. 36
y y p @Mlﬂ
34 Xco(13Po)
3.2 - | predicted, discovered |
| predicted, undiscovered |
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Charmonium Spectroscopy

» Potential model works well in describing JE
the higher quarkonia states. @’E
» Masses of the charmonium states below o > oo
open-charm thresold matches predictions. | Y

» Many predicted states above the threshold
but not discovered.

MASS [GeVic?

» An abundance of states discovered in
recent years beyond prediction.

» Transitions to c¢ final states

» Charmonium-like or XYZ states
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BEPCII & BESIII

» t-charm factory
» E...=2—4.6GeV
» L., = 1033 cm™?s71

Superconducting
magnet

RPC for muon ID
BESIII
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Luminosity (pb™)

BESIII dataset for XYZ study

103§

102§

Integrated Luminosity (1/pb)

b b b b b b b B b
38 39 4 4142 43 44 45 46
Center of mass energy (GeV)

20~ Chin. Phys. C 41, 063001 (2017)

- >

B s BESII 2014
15_—
101 . .

B . g®

- 'Wv’(“'*“q—" -
51

38 4 42 44 46

C.M.energy (GeV)

PANIC 2017

» XYZ data
= ~12 b1 total

= Massive sample collected
around 4.260 GeV

=R Scan data
= 3.85 — 4.59 GeV.
= 104 points, ~8 pb~* each.
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X States: eTe™ - yX(3872)

10 L 10°E
PRL 112, 092001(2014) IR S ——
sE ] 102;‘ I background 102;‘ I background
- —+ Data . é i b é L
o - . . o 1[];' 1 I = 11];- |
S i Total fit = | 1 > F ’ 1 | | 1
> ol --- Background 7 E 1E “ ||1 ‘ ’Hm £ 1 ‘
= . 6.3 . W 3™ a7 BB 39 4 W 2§ 37 a8 39 4
@ - D0 . M Jhy) (GeVicY) M(n*mJiy) (GeVic)
2 | 1 L10° L 10°F
S 5 — = f —+ data = F —+ data
s 7l ] il 8102
T ﬂ l l l ll_ . ¥ background < ’ ¥ background
Sof 'y S 1of
] L T T T = F | = n
8 365 35— aes £l | e
M(r*mJ/y) (GeV/c) @ 3¢ a7 58T 39 a4 @ 36 U3TURE R84

M{mJiy) (GeVic?) M(m*mJiy) (GeVic?)

Four energy points from 4.009 to 4.360 GeV

Calibrated by ¢, M = (3871.9 + 0.75¢ar, & 0.25y5. ) MeV/c?
[ < 2.4 MeV (90% C.L.)
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Events /0.2

X States: eTe™ - yX(3872)

—+data

L e 2 8 1 data L :
| mbackground 3 6 Pbackground Angular distribution agree with E1
o S 4 transition between Y(4260) and
rrh] Bl e
ottt LMl el Lodlalllilal) A dominant p° resonance contribution.
cos#, M(r*r) (GeVic?)
0.6
o5k ii?feem The Y(4260) describes better than
ok s Space other two hypothesis.

oB(yX(3872)—>yn'n'JAp) (pb)
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Events /0.2

X States: eTe™ - yX(3872)

L +data

on

=]

13_3'.
- background EE J.rzt;gmd Angular distribution agree with E1
a S 4 transition between Y(4260) and
) i) e
et e Bleeis § el LodlalBal) A dominant p° resonance contribution.
cosh, M(r*r) (GeVic?)
g o
g 05F = The Y(4260) describes better than other
S b = two hypothesis.
® ot £ 10°-
Foosp 8 | With more data taken in last year, we can
N F y
5 0-2f § investigate more on the relation between
< ol B the exotic X(3872) and Y (4260).
Z L g
® ufﬁg - =

T\ll\\\ IIII|III\‘III\‘\\I\‘\\\\‘\\\\‘\\\\‘\\
38 39 4 41 42 43 44 45 46
Center of mass energy (GeV)
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X States: ete™ -» mnX(3823)

- % 4of +Dat
L=467f1 < 40p Rl
Reconstructed with yx.; » o S | Background

o f I Sideband
~ 20k
> 20F
% : 6.2 0
S 10f
L [
of
36 37 38 39
M. (n') (GeV/cd)

A good candidate for ¢ (13D,)!
, : > M = (3821.7 + 1.3+ 0.7) MeV/c?
M(y J/y) (GeV/c’) > TI'< 16 MeV (90% C.L.)
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X States: ete™ -» mnX(3823)

L =467 b1
Reconstructed with yx.1.,

) (GeV/c?
W
;J

oB(m*m X(3823)—mtwyy ) (pb)

(ol

- (b) —+-data
- —Y(4360)
An mrw(4419)

E.m (GeV)

42 43 44 45 48
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C:'Q 405_ iD.ata
o EF;It kground
S | A ackgroun

E 305 I Sideband
—~ 20F
n -
*GEJ : 6.2 0
Q 10¢
Ll :

.

3.6 3.7 3.8 3.9

M, (tm) (GeV/cd)

A good candidate for ¢ (13D,)!

> M = (3821.7 + 1.3+ 0.7) MeV/c?

> I < 16 MeV (90% C.L.)

» Both Y(4260) and ¥(4415) give
reasonable description.

Provide another route to access
XY/Z states.
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Y State: some history

0T
70 120
< "EPRD 86, 051102 :
2 eF 100
)] -
O s0f = 80
g ® & 60
5 30 .g ------- Solution |
g 20 N 40 «-ve+ Solution Il
@

[ o B e TR TN
35 4 42 44 46 455 51 54 38 4 42 44 46 48 5 52 54
MU T)GeVic) M(x* Jly) (GeV/c?)

The Y(4260) state is first observed by BaBar and confirmed by Belle in
e/ /1 mass spectrum.
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Y State: some history

80
60

------- Salution |
mssiape Solution 1l

Events / (0.020 GeV/c?)
Entries/20 MeV/c?

038 4 42 44 46 48 5 52 54
m(J/yr't)(GeVic?)

M(;t er/y/) (GeV/cz)

The Y(4260) states are first observed by BaBar and confirmed by Belle

In Tt/ /3 mass spectrum.
Y (4008)?
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Y State: some history

------- Salution |

Events / (0.020 GeV/c?)

sssiiase Solution Il

038 4 42 44 46 48 5 52 54
m(J/yr't)(GeVic?)

M(;t er/y/) (GeV/cz)

The Y(4260) states are first observed by BaBar and confirmed by Belle

BaBar: PRIGYs HHHE03 Y (4008)?
> 201 ! A t y(@S) - Jynt
E 8- 2 [ |]background | .
e 1 Y(4360) and Y(4660) are found in
g b N 1 mmp(2S) spectrum.
:;: 1“ \‘ \\h ‘IIIH ||
0515] i) 4;-1‘* o ~"5.'2! 5.'41&:%“5#‘.2&[“; l

m(y2S)n'w) (GeV/c?)
PANIC 2017 Junhao YIN 11



Y State: ete™ - Y (29)

NEW: BESIII preliminary result vs. Belle

ete” — mwrmr(2S) using ISR at Belle ete” — mra(2S) at BESIII (direct)
PRD 91, 112007 (2015) BESII Preliminary (NEW!)
T T o) T [ F
[ = 1005 «BESHI 3
. 80 — « Belle _5
o T 60F =BaBar
= 20 T C 3
QO C -
2 j R 74’ ]
& | . @ 20F rlr ?ﬁ s A
% [ ] 5 oif | T T‘t’ 1 H
£ 10 ’ O F T E
| - '20: T E
| * af
0- - — T . B0 e
4 45 5 , 55 4.0 41 42 43 44 4+5 4 6
.
Mn w(23)] (GeV/c) M(mp(28)) (GeV/c?)

* Clear indication of the Y(4360) and * BESIII confirms Y(4360) lineshape
Y(4660) in y(2S)mn* * More data for thourough study of mass
* Significance of Y(4260) <30 region 4.2 - 4.3GeV (current data taking)
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Y State: ete™ - Y (29)

NEW: BESIII preliminary result vs. Belle

ete” — wrm(25) using ISR at Belle
PRD 91, 112007 (2015)
]

o
3 20 .
E b= -
D b= -
£ 10 .
w - }

Z e

0 o 1
4 45 5 55
M[r* 7 w(2S)] (GeV/c?)

* Clear indication of the Y(4360) and
Y(4660) in y(2S)mm*
* Significance of Y(4260) <30

PANIC 2017

ete- — wra(25) at BESIII (direct)
BESII Preliminary (NEW!)
—_ T T RN LR L BB |
o
a 1UGE | +BESIII 3
g W ATk et
= e~ 3
o L0 == Belle x*nw(3686) .
D 8 100 |——BaBar rxy(3686 -
n c —u— BESIl 17 y(3686) .
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Q = —_
@] h 60 - n
S a0f -
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0 20 '_— Al =4 —_
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. C 3
B A0 T a2 43 a4 45 4s
* M /s (GeV)
region 4.2 - 4.3GeV (current data taking)
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Y State: ete™ - wy g

Events/(0.005 GeV/ic™)

Events/{0.005 GeV/c?)

1

100 -
C Phys. Rev. Lett 114, 092003 (2015)
80 —— Data
5 60F == Resonance
= C ----- Phase Space
5 a0f
325 33 335 34 345 35 ‘8“3 L
Mfﬂ*ﬂ_‘] GBVJrcz T 20 C
g 1 th-: 'q,) : j
— 4 - e
@
s 126 & 2 of
E [t
5 2 o0
- S 20 C
% E -4D-1|||]1|||]1||||J||||ll||]111|]|:l|
0 ) 4.15 4.2 4.25 43 4.35 4.4 4.45 4.5
325 33 336 34 345 38 3.25 3.3 335 3.4 345 35
M{m*s") GeV/c? M(K'K') GeV/ic? Vs (GeV)

9 energy points are used.
ete”™ > wy, are observed at+/s = 4.23 and 4.26 GeV.
Lineshape in consistent with Y (4260)

M = 4230+ 8+ 6MeV/c?3,T =384+12 + 2 MeV

Limited by the statistics, it's difficult to tell wy,, comes from
Y (4260) or (4160).(PRD91, 034004)
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Y State: ete™ - nnj /Y

100

-+ XYZ
OF —Fit1
60-_ __Fit“

a0f

cle'e s Jiy) (pb)

20

L ]
0 3.8

Performed with two data sets: XYZ data and R scan data;
Energy dependent cross sections are fitted simultaneously.

Two resonances are observed with > 7.6 ¢
> M; =4222.0+3.1+1.4 MeV,[;=44.1+ 4.3+ 2.0 MeV
> Agree with Y (4260) but with much narrower width;
> M, = 4320.0 + 10.4 + 7.0 MeV, I, = 101.47253 + 10.2 MeV

l 1 1 i
4 4.2 4.4 4.6

Vs (GeV)

o(e'e—n'wy) (pb)

150

100 |-

50

092001

» Seen for the first time; A new decay mode if it is Y (4360).

Y (4008) is not confirmed.
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Y State: ete™ — nmh,

250~ 4 BESII R scan data sample 0.25r T T 7 025 T
o 3 3o contour 3o contour
- =BESII d | L ]
=~ 2p0 ata sample L M 25 contour | M 25 contour
& C 0.201 M 1o contour ] 0.201 M 1o contour ]
= - I i 1 —
= 150 ! Y4220 : Y(4390)
2 F < 0.15F 1 = o0ast
£ $ | + 1¢
[ Sﬂ'f = 0.10f Y(4260)™6 ] = 0.10F +
.g N ) ] Yi4360) + 415)
& o L 4 W
0 » i [
= E 0.05: Y[‘ﬂﬂ}}"n Y(4230) 0.05
S0F 0 . - | ; | P 0 1 | | 1
'%15 4.20 4.25 4.30 %30 435 440 445 4.50

M (GeV/e?) M (GeV/eh)

PRL 118, 092002

Energy dependent cross sections can not be fitted with a single peak.
Two resonances > 10 o.

> M; = 42184132 + 0.9 MeV, T; = 66.07152 + 0.4 MeV
> Agree with Y(4220) in rj /Y analysis; quite different with Y (4260)
from PDG.

> M, =4391.5%%2 + 0.9 MeV, T, = 139.57162 + 0.4 MeV
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Y State: ete™ - ntDOD*~

I|IIIIIIIIIIIIIIlIIIIlIIII
BESIN Preliminary L

_________

LTS
S

Y
ST TR YA

11 22 43 a4 45 A

Two resonant structures are observed:

1. My =42248+5.6+4.0MeV,I; =72.3+9.1+ 0.9 MeV
« Seeninnmh,, ] /Y, wxqo

2. M =14400.1+9.3+2.1MeV, I'=181.7 + 16.9 + 7.4 MeV
« Seen in h,

The mass of Y(4220) is 30 MeV lower than Y(4260), but consistent

with DD;(2420) molecule interpretation within errors (PRD 90,
074039; PRD 73, 094510).

PANIC 2017 Junhao YIN 16



RESULTS ON



/Z State: observed

Events/ 0.01 GeVic*

-
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3m) 1 +M"'
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405 G
MWDDY) (Gavie')

e‘e »n®(DD")°

Events /(25 Mavic’) ™

402 4.04 406
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e'e =n* (D°D°Yy

L
3

Eveits)| S

_PRL1

Avs - 405 43 4aF
MESH L (Gevie®)

ete - nPn’ h,

<04 4.08

<08 A
RM(="NGeVic’)
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Y
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Several Z,. states have been observed in ¢c and open charm states.
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Z State: Z,. - n¥%(25)

10

T T T T o T T T T 12 o o o
VE = 4.226 CeVill 04 /5= 4.258 GeVils N | ol
= %— i0 %; (h
k) 03fF 8 8 Qg 150 + ]
- - g T
o2 8 ® :,,"ﬂl
= CRCN ™ il k (%
Sk il , 4 g0
A = = s
N . . . o L i . . . n| [ o) a 0.0k . —
150 155 16.0 185, 150 155 180 165 ]?,\U 17 -
M2(w(3686)%) (GeVictf ME{w{2686)m) (GeVic) M {w(3686)r) (GeVicT) . F
- — G L
T +| ‘~> T T N,\E‘ T N,.\E‘ - % T ++ P | +
ATUTENER £ 2 ~ 4 + 1
e ik 8= 8 nf ® 50 T -
LSS U I B VIR SR 5 [ ST ++ i
:'Jf-f'-:_" R LN IS AT i P Bak T L T o T T
- N + £ FN 117 £ @ gaop AL S T - =
' | A lt'" E = e e - Loy 5 a L ) - L LI% P it . --'u'.l ) e lu ﬂ i | TR 4"! 1
150 155 168.0 165 150 1525 160 165 - 15 18 17 T 16 17 18
M=y (3686))(GeVic™f Mt (3686))( GeVic'f M (rey(3686)) GeVic™f Me(mey(3686))(GeVic?f 15

aerv 358%)6 3 § vl

> A narrow structure is observed at /s = 4.416 GeV.
» But it looks much more complex looking at the Dalitz plots.

Larger datasets and additional theoretical input are necessary!
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Z State: Z,. - n¥%(25)

(a) 4.226 GeV, (b) 4.258 GeV, (c) 4.358 GeV, (d) 4.416 GeV
Mg Jfpp £ TEPBTA ousf BZ5BT PET 1. 05 539:84pby, 06— 1073:56-pb-
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;0_25_ i Bmamai i 1= 0 25_ -z == Sl 3 :5 T [eanpast=EimzeD 5 045_ nl _1 . . o:;_ ]
Go2f * w0 I@COF - TE . 18 03F - - - 18 D'sg . - i
:015_ R __ == =g == e E E _ "a"gz= . p— - - = Map - - ==
i - . 0.15F - - =. - 4% o2} E ;
o et 1= B 1€ of” - 2T 7 i€ £ i 3 i F
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-3 =0 = = 0%
[1]3 i i i i = = L L L L L | . L i L E 1 L I I
145 15 155 16 165 17 104_5 15 155 16 165 17 17 L 1% 16 17 18 0 15 16 17 18

M (P (3686))(GeV/c®) ME(n%w(3686)) (GeV/c? NE{nOy(3686))(GeV/c?)? M %y (3686))(GeV/c?)f

N: r T _.N: r r T — - - . '}':, T e T G 99
b byi © i b 10F 14, 20F 9
= 10F 1= 10F = g _S 18: :
© 4] o 8 w» 16
8 o 8 a g . S i -
= 3 3 - C 1= 3 E
; 6 pp £ S b is 10 E
=l i .‘E 4F @ _ E g: J[ -, E
= [ = c ok = 4 3
W ettt ™ (& 0798 158 16 165 1 15 155 16 165 17 175 05 155 16 165 17 17.5 18
_ MAOw(3GBENGeVI? _ M(ny(3686))(GeV/c?) M (ny(3686))(GeV/c?) MF(nw(3686))(GeV/c"y
o T T T . T T T T i T T T T T
t:lE 4.5F TQ__ 7 ﬂ;‘ 1G :'.I—. T T T T T
> 4F > 6 1 ]2 10 ]
B a5k 3 s ™ > sb
5. 2.5¢ E 4 ‘5 = &F
S 2 S 3 S 4 2
g 'S z 2 ] s
S o E e g 7 2 5
Hi E T 0 I“l“! = § 2 ne @ I |

% o1 02 03 W 0.1 015 02 025 03 W 003" 02 03 04 m O el

M?(nln0)(GeV/c?)? MP(n0r%)(GeV/c?) MP(n0n%) (GeV/c?)  MRon0) (GeVIc

Larger datasets and additional theoretical input are necessary!
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Z State: BESIII results for Z, family
O | Chanl | Mass W/ | Wit ) o © 4200 )

ZC(39()()) Charged =#%j/y 3899.0 £ 3.6 £ 4.9 46 + 10 + 20 13.5+5.2

Neutral 7% /y [ 38948+23+27 [29.6+82+82 4.0+ 0.9

Z.(3885) Charged (DD*)* |38817+16+16 |266+20+21 [1084+69+88
Neutral (DD*)° \ 3885.77%3 +8.4 A5y 1= s 47 £9 410

7.(4020) Charged  m*h, (40229+08+27) 79+27+26 74+17+21+12

Neutral  m°h. | 4023.9+2.2+3.8 Fixed 85+29+11+13
Z.(4025) Charged (D*D")* | 40263 +26+3.7 [248+56+7.7 89.0 + 18.7

Neutral (D*D*)° | 4025.5%294+31 [23.0+6.0+ 1.0
Z.(4030) Charged w*y(25) 4032.1+ 2.4 26.1 +5.3 -

Neutral % (25) 4038.7 + 6.5 - -
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Z State: Determination of Jfof Z.(3900)

Amplitude of PWA:
A = |A(d] /1Y) + A(fo] /¥) + A(fo(1370)] /) + A(f.(1270)] /¢) + A(Z 7))

© ; } o 00F -- x S-Wave Jiy |
%J 3005— —=- in S-Wave Jiy (a) % 350E -_-‘-_;*(1_2*70)” (b)
O sk ":;’f:mw t O 30F el
% 200‘ — total g Da.taset: 4.23 & 4.26 Gev
B o = Z. is described better with a
z | 4 E .
R A N o R P P ) Flatte-like formula:
w93 0.4 06 0.8 10 1.2 ﬁ 32 34 36 38 40 42 )
m_... (GeV/c?) My (GEVIC?) _
400p 500 w BW(s, M. g1, 9)) =

s —M* +i[d\py(s) + ghpa(s)]

Hypothesis A(-2InL) A(ndf) Significance
1" over 0~ 94.0 13 7.60
1+ over 1~ 158.3 13 10.8¢
1+ over 2- 151.9 13 10.5¢
1" over 2+ 96.0 13 176

0.0 l).ZI | IU.4 0.6. | IU.S 1.0 8.0. | I0,2I | I0.4I . I0.6I . I(].S. | I1.0
o33, cos(6,,)
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Z State: Determination of Jfof Z.(3900)

Amplitude of PWA:
A = |A(d] /1Y) + A(fo] /¥) + A(fo(1370)] /) + A(f.(1270)] /¢) + A(Z 7))

o F To A0E —— 71 S-Wave Jly
% 3002_ — e i1 S-Wave Jiy + (a) % 350;_ g1z ay f (b)
O s0f "::f:mlw t O 300 il
% 200‘ — total E Da.taset: 4.23 & 4.26 Gev
5 F 2 Z. is descript better with a Flatte-
2 0 c
R st N I A - rE like formula:
w93 0.4 06 0.8 10 2 Y a4 36 38 40 42 )
m.... (GeV/c?) My (GEVIC) BW(s. M _
00 500 (5. M. 91, 95) s —M?* +ild,pi(s) + ghps(s)]
Hypothesis A(-2InL) _ '\')(\- \ignificance
1* over 0~ o 00} - 7.66
1+ over 1= 39 13 10.80
1+ over 2~ P &Z C 13 10.5¢
1* over 27 ‘ 96.0 13 776
ISG: PRI PR PRI ST N ST S NS I SR
00 02 04 06 08 10 00 02 04 06 085 10 Strong proof to ZC(SQOO) — Zc(3885)
|cos(ezé)| |cos(8, m,)l
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Summary & Outlook

= BESIII provide new route to access XYZ states by e*e™ annihilation.
Our understanding of XYZ has been significantly improved.

= BESIII observe XYZ states, X(3823), Y(4220), Y(4390), Zc(3900)...
= BESIII measure XYZ states, X(3872), Y(4360), /¥ of Zc(3900)...
= Two isospin triplet states Zc(3900), Zc(4020) established.

= There are still puzzles.

= Complex structures and difficult to describe; Even Y (4260) in nrij /y no
longer looks like a simple peak.

= Their nature is still unknown.

\
= More data taking is needed! T‘ﬂaﬂk y O\)-
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BACK UP
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ISR @ Belle II vs. BESIII

"""""""""""""""""""""""" AALIALIAAL IR MR
3000 E At 4.26 GeV for ttn-Jdhy

epesi = 46%
€Belle ~ 10%

2000

JlJIIIIIl[lHJlJIIIIIlLll IIII

l]1T'IlllllT|'lTlT'I]I'II'I'IFFTF

1500

Lum (pb'/10 MeV

L7010 S S S —— E
- O E
: BESIII le 11, 10/00 1 202 E
500 [ \ Be - P =
: : Belle 1/0b 20 :O ;

2017-8-17 XYZ StEfcf\fﬁSl(WGeV)
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Z State: BESIII results for Z, family

T | C/N | Channel | MassMeV/c) | Width MeV) | Butauve @ 4260 (9

Z.(3900)

Z.(3885)

Z.(4020)

Z,.(4025)

Z.(4030)

Charged
Neutral
Charged
Neutral
Charged
Neutral
Charged
Neutral

Charged

] [
°] /i
(DD*)*
(DD™)°
wth,
moh,
(D*D*)*
(D*D*)°

rt(29)

3899.0+3.6+49 46+ 10+ 20 7.8+ 3.0
38948+ 2.3+27 29.6+82+82 2.3+ 0.5
3881.7+ 1.6+ 1.6 26.6+2.0+2.1 62.7+ 6.5
3885.7153 + 8.4 35%13 + 15
40229+ 0.8+27 79+27+26 5.0 + 2.0
4023.9 + 2.2+ 3.8 Fixed 5.7 + 2.3
40263+ 2.6 +3.7 248+56+7.7 60.0 + 12.6
4025.5%294+3.1 23.0+6.0+1.0
4032.1+ 2.4 26.1 +5.3 -
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