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Charmonium @&

Charmed-quark anticharmed-quark bound states (cc)

c-quarks are heavy, velocities small: v/c~1/4, the system is non-
relativistic.

The energy levels are found by solving a non-relativistic
Schrodinger equation. (+ relativistic corrections & other effects)

The potential:

a short distance behavior: dominated by single-gluon-exchange,
~ Coulombic

at large separation: dominated by a linearly increasing
confining potential




w Charmonium Spectroscopy

Godfrey & Isgur, PRD32, 189 (1985)
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BEPCII storage rings

RT,
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/ "\\ Beam energy: _1.0 - 2.3 GeV
!;{ % Peak Luminosity:

4 ‘ .
“ ‘ \" Design:  1X10% cm2s?

Achieved: 0.65 x 1033 cm=—2s-1

Optimum energy: 1.89 GeV
Energy spread: 5.16 X104

Circumference: 237 m

Beam energy measurement:

Data samples collected: Using Compton backscattering
—225M Jly technique. Accuracy up to
—106 M v’ 5x10-3

— 2.9 fb! y(3770)
— 0.5 b~ @4010 MeV



BESIII Detector

Magnet: 1T Super conducting

BESIIII detector: all new !

Csl calorimeter

Precision tracking
Time-of-flight + dE/dx PID

N
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(2373}
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Csl_EM
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)VIDC: small cell & Gas:

He/C;Hg (60/40), 43 layers
0,,=130 pm

o, /p = 0.5% @1GeV
dE/dx=6%

7% SRR O

- e
| ==

or = 100 ps Barrel
110 ps Endcap

Muon ID: 9 layers RPC
& 8 layers for endcap

EMC: sl crystal, 28 cm
AE/E =2.5% @1 GeV
oz =0.6 cm/VE

Data Acquisition:
Event rate = 4 kHz

Total data volume ~ 50 MB/s




Conventional charmonium states
h.. 7.(15), 7.(25)
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h.(*Py)

Spin singlet P wave (S=0, L=1)

Potential model: if non-vanishing spin-spin interaction,
AM,(1P) = M(h,) - <m(1 3P;)> *0
where <m(1 °P;)>= [(M(x0)+3M (%) +SM(3)1/9,

E835 found evidence for h, in pp 2h. 2y,

CLEOc observed hC In ee 9(// 97Z0hc, hC éj/ﬂc PRL 101 182003 (2008)
AM, (1P)=0.08+0.18+0.12 MeV/c?

Consistent to 1P hypefine splitting of 0.

Theoretical prediction.
BF(1(2S) 27°h,) = (0.4-1.3) X104
BF(h, 2y1,) =48% (NRQCD)
BF(h,=2yn,) =88% (PQCD)
Kuang, PR D65 094024 (2002)

BF(h.=2y7n.) =38% 9
Godfrey and Rosner, PR D66 014012(2002)




w(2S) 2 h,, h.2yn,
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BESIII: PRL 104 132002 (2010)

Mass = 3525.40+0.13+0.18 MeV/c?

Width = 0.73+0.45+0.28 MeV
<1.44 MeV @90%

CLEOc: PRL 101 182003 (2008)
Mass = 3525.28+0.19+0.12 MeV
Width: fixed at 0.9 MeV

Hyperfine mass splitting
AM,(1P)= M(h.) - <m(1 3P,)>

BESIII: 0.10 £0.13 £0.18 MeV/c?
CLEOc: 0.0240.1940.13 MeV/c?

By combining inclusive results with E1-photon tagged results

BF(y 2 2°h,)= (8.4+1.3+1.0) X104

BF(h, 2 7 7,) = (54.3+6.74+5.2)%

Agree with prediction from Kuang,
Godgrey, Dude et al.
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Simultaneous fit to =% recoiling mass
v?/d.o.f. = 32/46

Mass = 3525.31+0.11+0.15 MeV/c?
Width = 0.70%0.28+0.25 MeV

BESIII: PRL 104 132002 (2010)
CLEOc: PRL 101 182003 (2008)
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Consistent with BESIII inclusive results

Mass = 3525.40+0.13+0.18 MeV/c?
Width = 0.73+0.45+0.28 MeV

CLEQOc exclusive results
Mass =3525.21+0.27+0.14 MeV/c?
evts. =136x+14
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n. lineshape from y'>nr°h,, h,>ym_

Events/10 MeV
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1n.(1S)

e The lowest lying S-wave spin singlet charmonium, discovered in
1980 by Markll

e Parameters:

J/y radiative transition: M ~ 2978.0MeV/c?, '~ 10MeV
v
Yy Process: M=2983.1+-1.0 MeV/c?, T'=31.3%=1.9 MeV
e CLEOc found the distortion of the n, line shape in y’ decays.
e Y PP
| A
Mass fll II'| ¢ W(ls’ 28)9%3’](3 width | XZ
| auserT 08AB BABR 24 L AUBERT 08AB BABR 2.5
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1. (25)

Crystal Ball’s “first observation” of '—y X never been confirmed
PRL 48 70 (1982)

Observed in different production mechanisms,

1. B-=2Kn(2S) Belle: PRL 89 102001 (2002)

CLEOc: PRL 92 142001 (2004)
2. 2 n.(2S5)2KKx Belle: NPPS.184 220 (2008); PRL 98 082001(2007)
3.  double charmonium BaBar: PRL 92 142002 (2004); PR D72 031101(2005)

pFOdUCtion BaBar: PR D84 012004 (2011)

M1 transition v/ 2yn.(2S)
CLEO found no signals in 25M v/'.
BF(y 2y1.(2S)) < 7.6 X104 CLEO: PRD 81 052002 (2010)

Experimental challenge : search for photons of 50 MeV

14



Events / ( 0.004 GeV/c?)
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PR D84 012004 (2011)
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{1—% ° M(nc(ls)) = 2982.5 io-4(stat)i1-4(syst) MeV/c?

* I'(n.(19)) = 32.1i1.1(stat)i1.3(syst) MeV
[V ;gprecise mass and width measurements: from e 9KSK72-

'+ M(nc(2S)) = 3638.5  1.5(star) £ 0.8syst) MeV/c?
b r(nc(ZS)) - 13.4 i 4.6(5tat) i 3.2(5y5t) MEV

PR D84 012004 (2011
ABA

Branching Fractions B
ro

cess [y X B (keV )
Ne(1S)—> KK 0.386 + 0.008 + 0.021
ULs are 90% CL Bayesian with Xcz(lp)—ﬂi?ﬂ' (1.84+0.5+0.2) x 1073
uniform priors) N.(2S)>KKmr 0.041 + 0.004 4 0.006
xe2(2P)—» KK <21x107°

18.10

First observations ﬁ}’r]c(IS)—}K—l_K_’n’—l_’n’_?TO 0.190 = 0.006 £ 0.028
N —=Xc0(1P)—»KTK ntn~x’ 0.026 & 0.004 4 0.004
First evidence Qxxcz(lP)—)KJerjwao (6.5 4+ 0.9+ 1.5) x 10~°
53047, (29) =K K " ntn~ 7% 0.030 & 0.006 + 0.005
Xe2(2P)»KTK ntn~ 7" <34x107°

In particular, first gc(ZS) exclusive hadronic decay other than to KKt




vy >1,(25)> 6 prongs

923 fb1: PoS ICHEP2010:162 (2010)

2500 |- (@) 600
= 2000 6n S00 ¢
) £
= 1500 |- & 00t
:Lfé_ 1000 _ Aeo }70(28)* zz 75 (c)
g wo [ 1485+274 | o} 0 £ 56371 Kkskan
= 03-3' - '3I4' - '3I5' - '3|5' - ':5I7 0 E 033 '3I4' - '3I5' - I3I6I - '5|7
Mass (MeV) I' (MeV)
or 3638.9+1.6+2.3 10.7+4.9
2K4n ~ |3634.7+1.6+2.8 1.4+63 | <13 (@90%)
K.K3n 3636.5+1.8+2.4 15.9+5.7
Ave. 3636.9+1.1+2.5 5.0 [9.9+3.2+2.6+£2.0

The third uncertainty from possible interference '’
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DD

g B 2K 17, (1S,2S) 2K (KK 7)

e Perform a M(K,K7) & cosé 2D fit
« Interference btw signal & NR considered ~ ®

(1)
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B DK 77.(1S,2S) IK(K.K )

arXiv:1105.0978

B 2K7:(1S); 7(1S) 2K(K;K7)
1. Mass 2985.4 +1.57)7
1. width 35.1+3.177%
BF XBF (10%) |26.7 + 1.4"%7 + 4.9 (model)
B 2K17,(2S); 7,(25) 2K(K.K7)
7. (2S) mass |3636.1755 23
ne (2S) width 6.6 720

BF XBF (106) |3.4772 72

« Take interference into account. No assumptions on
the phase or absolute value of the interference

e Consistent with most accurate measurements.
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Observation of w'=2yn.(2S) 2y (KKx)

106M v/

T [ rrrr

—— dafa

— fitting results

—

=
[

'l

=
[1¥]

. BF(n,(2S)>KKn)=(1.9+0.4+1.1)%
BaBar: PR D78 012006 (2008)

S

TrT'I'l_'_'I' 1'_\'I'I"IT'1l .

Events / ( 0.005 GeV/c*)

BF(y’2vn.(2S))
= (4.74£0.943.0) X 10

—

M (GeV/ch)  CLEOc: <7.6x10°%
PR D81 052002 (2010)
Width fixed to 12 MeV (world ave.) _ _
Events: 50.6+9.7; Significance >6.0c! Potential model predicts

0.1~ 6.2)x10*
- +2.3+ 2 (
Mass = 3638.5+2.3+1.0 MeV/c PRL 89 162002 (2002)
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Y 2yn., n.exclusive decays

Possible interference has been take into account
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Events / 10

oyl Lovaalores TPREEY PO I s Lovastesos
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M(KKn®) GeV/c? M(nzm) GeV/c?

F—s— data
— [ other v’ decays
: 1 =X,
— B cont

F---- sig
F —— non-reso

o it

250 —+— data
_ [ other y(2S) decays

e I T T I
272?52828529295 3 3053131532 272752828529295 3 3.053.13.153.2

M(2K2rn®) GeV/c® M(6m) GeV/c?

Relative phase ¢ values from each
mode are consistent within 3¢,
= use a common phase value in the

simultaneous fit.

M: 2984.4+0.5+0.6 MeV/c?
width: 30.5+1.0+0.9 MeV

d: 2.35+0.05£0.04 rad



Summary for n. /nC(ZS)

B;aBl)ar‘Wl L —e- BaBarW | *—
Belle [1] yy il Belle [3] vy °
CLEOc [2] vy @ CLEOc [2] vy —_—
BESII y’>yn_ —e— BESIII y'->yn_ ———
BeIIeB >K11 l & ) ‘BeIIIEIaEI; .}K.n o -f.—-— IIIIIIIIIIIIII
2978 2980 2082 2984 2086 2988 3625 3630 3635 3640 3645 3650
n,_(1S) mass (MeV/c?) n_(2S) mass (MeV/c?)
" BaBaryy $ @0 —e= BaBar vy o——
Belle [1] vy —— Belle [3] vy —
CLEOc [2] vy — CLEOc [2] vy @
BESIII y’->m, @
“BE-‘"E‘B>KT] e i s g S —_ BeII?B:-Kn | l .. J ; .
5 10 15 20 25 30 35 40 45 20 15 10 5 0 5 10 15 20 25
n,(1S) width (MeV) n.(2S) width (MeV)
[1] NPPS 184 220(2008); [2] PRL 92 142001; [3] PoS ICHEP2010:162, 2010
Hyperfine splitting: AM(1S) = 112.5 + 0.8 MeV,
AM(ZS) =476+1.7 MeV
32rza (m,) AM(lS) ~ 118 MeV

AM ,,(nS) = M(nBSl) _M(”lSo) = 9 (w(0)/m, ) AM(ZS) ~ 68 MeV

M) =M M= o~

K. Seth hadronl11



Charmonium-like state

X(3872)



Overview the X(3872) PRL 01, 262001

(2003)

- First observed in B->K(J/yn*n~) by Belle in 2003 | :
mass is very close to the D*°D° threshold )
width is less than exp. resolution : X(3872) f

Confirmed by Babar, CDF and DO !
0:\‘r»41."J|.:‘. AT IR N
» Quantum number "M(rrdng) — M(IAy)

M(nr) likes look a p; X(3872) 2y Jly = C=+1 Belle: hep-ex/0505038
CDF: PRL 96 102002

nrnd/y angular analysis by CDF =» 1** or 2 Belle: arXiv 1105.0177
: . BaBar: PRL 102 132001
Interpretations: CDF: PRL 98 132002

- charmonium state:
1 %.1(2P) : large BF(y.,(2P) 23/ ») expected
2% ne(tD,) : large width expected
- DD* molecule: hard to explain the large radiative decay rate, zzJ/y rate
and the production in pp
- diguark-diantiguarks: no partner or charged partner was found

- cc-gluon hybrids: mass too low 26



PRL103, 152001 (2009)

4500 E—Most
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Events/2 MeV/c?

The mass of X(3872)

Y. Zhang EPS2011

%vf:i';é?l.% +0.46 + 0.1 MeV
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30600 | I3700 | I3800 | I3900 |
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CMS

t2011d ata% «

R

R SEER

ndidal

c

-200
3.75 3.80 3.85 3.90 3.95
Jynt Mass (GeV/c?)

Width was fixed at 1.34 MeV

M, =3871.61%+0.16%0.19 MeV

data-fit

N
3,

'a’_\l\l‘\IH‘\IHlHHl\IHl\H

Candidates/ 4 MeV

~5K evts -

378 3.8 382 384 386 388 39 352 354 196
mi + 2) [GeV]

M,=3871.5 + 0.5 MeV

Ns=7TeV

CMS Preliminary I L dt =896 pb™’

L1 | I | I | ‘ I ‘ I I ‘ I I ‘ | N I ‘ I | 7
3.65 3.7 3.75 3.8 3.85 3.9 3.95 4
m(J/¥ + 1) [GeV]




I

e New X(3872) 224/

711 fb?
Diguark-antidiguark model predicts a mass difference AM,

Belle arXiv:1107.0163

AM,, = -0.69 +0.97+ 0.19 MeV
Consistent with O

100:—B+9K+X 1 BoéKS

(=]
o
-

Events / ( 0.004 GeV )
Events / ( 0.004 GeV )

-

BaBar: PRD 77 111101 (2008)
AM, = 2.7+ 1.6 + 0.4 MeV

-9
(=1

)
[=]

Mass= 3871.84 £0.27 +0.19 MeV
Width < 1.2 MeV @ 90% C.L

4] |
wigt Wy LT e

Ll
3.8 3.85 3.9 3.95 3.8 3.85 3.9 3.95

M(J/y mrr) (GeV) M(J/y nrr) (GeV)

BF(B*>KX) x BE(X>J/yrtn) = (8.61+ 0.82 + 0.52)x 106
BF(BY 2KOX) / BF(B* 2K*X) = 0.50 + 0.14 + 0.04

__=¢_'_.
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X(3872) mass In 7*7J/w channel only

new average: 3871.67 + 0.17 MeV/c?

CDF

3871.61 + 0.16 + 0.19 MeV/c?
BaBar(B")

3871.4 + 0.6 = 0.1 MeV/c?
BaBar(B")

o
3868.7 + 1.5 + 0.4 MeV/c?
DO

3871.8 + 3.1 &+ 3.0 MeV/c?

Belle (new)

3871.84 = 0.27 £ 0.19 MeV/c?
LHCb (new)

3871.96 + 0.46 £ 0.10 MeV/c?
m(D%+ m(D"°) (PDG10)

387I1I'7|9I :l_l_ IO'|3pI ,\/llel\/A(:l2 |1 | | L1 1 | | 1|
3866 3867 3868 3869 3870 3871

| (- 11
3872 3873

Binding energy getting smaller

Old: Am =-0.32 + 0.35 MeV/c?
New: Am =-0.12 + 0.35 MeV/c?

Am(deuteron) = -2.2 MeV/c? 29




X(3872) > Wly(y)

PRL 102 132001(2009)

I
O
I
1 4

'Y\V

: yJ/\|J

<o
I
]

Events / (5 MeV/
o N
|
=,
_:_ — o
2
_.___—‘—.— l
Events / (5 MeV/(,z)
. —e
—.—
P e
L
| [—=8—
[ —

o

i

38 385 39 395 38 385 30 305
2
m, (GeV/c?) m, (GeV/cd)

Ln
|
1
n
|

BF(B* 2K*X) x BF(X 2/ y)=(2.8 £0.8) X10° |BF(X45,, 2%) —34 +1 4
BF(B*2K'X) x BF(X 3yy)) =(9.5£2.8) X10°® |BF(X, ., >Wly)

e C-parity = +1
o BF(X35750 27v) > BF(X34,, 23/ w) € For molecular X,
it should be very small !! 30



X(3872) 213l y(v/)

arXiv 1105.0177 (2010)

L 30 LAt B Xy’
> >, F
S 25 235
0 f 0 30
%20: ;“-.:252
£ 15/ %202 Lo,
> > v ’
L 10 T 155
105/ T
St sel "
0%5 55 58539 '25.35“4 Q7558385 3.9 3952
My, (GeVic) M, s, (GeVic?)
BFXBF=(1.787"7°#0.12 )x10®  BFxBF < 3.45 x10
. BaBar:
Agreement Disagreement | g 5 /5 g) x10+
BF(X3872 97‘//)

< 2.1 (90%
BF (X357, 273/ y) (90%) BaBar: 3.4 + 1.4 31



Charged partner of the X(3872) ?

Diquark-antidiquark model predicts charged X*

2D Fit
3.5ignal - 42£7.8 BF(B® K-X*) XBF(X* 2p%//)
§ <4.2X10°
i | BF(B*3KX") xBF(X* 3p/p)
1 T <6.1X10°
W il

BS 386 3.87 388 m 39 319 182
I l.p‘l'r}[ﬁa'ql'}

No evidence of charge
partner X* .

No signals

Events / ( 0.002 GeV )

E.i 51 522 523 5.9 5325 5.6 S5.IT iﬁ';c {Gﬂ‘f} 387 T4 385 Aae .87 388 ws.‘:[;t‘é;""
XBall fcn (for Mx), parameters are fixed t BaBar PR D71,031501
at values returned from fit to MC BF(B® 2K-X*) XBF(X* 2p-)/i) < 5.4x10

Belle arXiv:1107.0163 BF(B* 2KOX*) XBF(X* 2p"J/y) < 22x10°

Rule out isospin triplet model



D
g B0 DK 7 X(3872) is diff. t0 BK 7 (cC)

arXiv:0809.1224(2008)

All K* comes

)
B oA
Qo O

from sideband

w
(<))

BF(K*0X(3872):X 37272)/i)
< 3.4x106 @90% CL

B=2Kr+cc

Events / ( 0.0475 GeV/c?
- NN W
g O O O

-
o

g nonr

=
a
€\

Belle

arXiv:0809.0124

Entries/10 MeV/c>

BaBaL, Phys. Rev. 7]
D71(2005)032005 -

Kndhy :

i"'-u'-f\f‘”'?, o i

Y g SR 3
L. PTRERR A WX .. -
14 6

M(K r) (Ge\nc )

M(Kr)

1 1.5 2

M(K~)

In all B2Kxz +cc modes, K* dominates.

BY 9K72X(3872)

onant Kt )

R, ué'osm”' 1279314 45

M(K r) (GeVic?)

Belle, Phys. Lett. ]
B634(2006)155 ]

KTCXcl

Events / 33.3 MeV/c?




X(3872) summary

Mass: very close to D*D? threshold
Width: very narrow, < 3 MeV
JPC=1** or 2-* 7 Large sample LHCb will allow separation.
No evidence for charged partner = /=0
Production
— In pp collision — similar to charmonia
— In B decays — KX similar to cc, K*X smaller than cc
Decay: open charm ~ 50%, charmonium ~O(%,)
Nature (very likely exotic)
— Loosely D*'D? bound state (like deuteron?)?
— Mixture of excited y,, and D**D? bound state?
— Other possibilities

34



% The Y(4140)-> ¢J/y

« 10 CDF Run Il Preliminary L=6.0 fb"
v S 919 %3 Y(4140) = 5.06
: cb C 2 g | Y(4280) = 3.1c
= o 7+
W o T 6l
B vcs< g .0 224845
(7)]
=g {1 1 )
’ T 3r
-E 2 - AR J‘r
S 1- I =
01 2 A4
The two enhancements m(u'wK'K)-m(u'y) GeVic

remain unconfirmed. CDF arXiv: 1101.6058 (2011)
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Y (4140)>¢ Jy @ LHCb

825 fb?
Belle: PRL104 112004(2010)

[ >X(4350)> Iy

b M=4350.6_ 5, + 0.7 Me\]
' M=13.3 757 + 4.1 MeV

| - 3.20
........... —|_ N ]

l=—y [ |

Entries/25 MeV/c?

| momim], ,m
4.4 4.6 4.8 S

M(¢J/y)

No evidence for Y(4140)
Low eff. near J/w¢ threshold

Evidence for a new X(4350)

1100 1200 1300
M(JAy &) - M(J/y) MeV

LHCDb does not confirm
Y(4140).
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The 1~ states



il
ete 2>ynY -
ISR N
QY\N v
J -
/Y y-- S
T T T T T T T T /r T
_ 0t 1-- 1+ 0++ q++ 24+ 2+ 1--‘ 2-- 3--
n P \
4500 w415 \ —
—— -
?
4260MeV F === == = = e e e — = = Y, Elﬂ})—? 1
4000 L2
| ] . 1
S | (ip,)_=ogm=_ (1'p,) _(FP:) 7
e (235) h P Xo
3500 -5 e
= (PR —predicted
L mw o | e— measured
3000 i 0
L (115,)
]Su 351 IP] SPO 3P1 3P2 'IDE BDl 3D 3D3
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o)
o

I

Entries/20 MeV/c*
o

N
o

Y(4260) 27 7 Iy

Events / 20 MeV/c?

40 : ] Babar Belle
- PRL 95 1 M: 4259 + 8 2 MeV 4247 + 12 1}, MeV
| 21e0T ] T 8823 MeV 10819 +10 MeV
g 5
2 % BES:PRL 88 101802
1> {Hﬁ !
10124 e 4 _ } }ﬁ%}: HJII{H}H {
| e meTIiy) (GeVie) ] }f E{ ' ~3nb
= PRL 99 Y T
el %82004 550fb? 3.8 4 4.2 4.4 4.6
Y(4260) ------- SoJut?on One 7 Ecm (GeV)
1 seltentwe 1 No sign of Y(4260) 2D*D™)
PL B640, 182 (2006)
(Y 400 277 /) >0.508 MeV @ 90%

Much larger than measured cc widths

e.g.
C(y'>7nn~ Jhy) = 0.104 £0.004 MeV 39
I'(y">rn Jy) = 0.044 £=0.008 MeV




>
</[>O
BELLE

790fb-1
E A. Vinokurova EPS 2011,

Y(4260) 277 v

Lo || wzs) Newe
5 s " Y significance 2.4
“E ¥ 8 I, BF(J/yn0a0) =3.19 " 2702 eV
A | PDG: I, BF(J/yr 7 ) =(5.9 5C) eV
e v o Itimplies that the Y(4260) has 1=0,
S . as expected for a cc state.
o ™F Cross section
sor- ee 2¥sr(/yr’n’) |
40 —
3o§ f CLEO: PRL 96 162003 (2006)
20;— — From e*e" collision
121 — | _ BF(J/yn’n®)/ BF(J/yrtnt) ~ 0.5
A0F =
24214 46 a8 s 52 54 ss 58 e 40

M(r°r%Jy) (GeV)



=

Entries/25 MeV/c?

More Y states

2l . PRL99 142002

15 ; /Y(4260)+bkg PRL 98 212001

670 fb- Z 208 fbol ]

Y(436) 999%3Rﬂﬂw(25) ) Peak: 4324 Mev _

10 s T o i
: ee 2/ srATY(2S)

55 E ol el Wl
04 4 4.5 5 3.5

20E

40 —

0

10F

PRL 101 172001

ee 2yl A,

46 47 48 49 5 51 52 53 54
M(AT AY) GeV/e”

m2(r)I/y) (GeV/ic?)

Y (4008) Y (4260) Y (4360) Y(4660)
Y (4630) peaks are seen

Only one state left for 1--
In the spectrum for all.

, N0 room

Large ntn-J/y (mtny’) partial width.
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Y states don’t match D®D®) peaks

= g :_ b}: i R e % , :_ ++ . + PR D77 ?11103(2008)
E 091101(20058[)* - + '|+ + ' i DD
T - ‘) 'H'-I-
e - + 2 § PRL 98 092001 (2007)
Dl L Lo 4 - IH?'I' T *
46 _ 4.8 s s.2 = 'I* L] o : DD
MDD T ) GeVic 2 + -|-+ﬂ.
|  obiw . HIIIMNJPE
*BES inclusive , [ o;o' gi i | D'D*
: E § #élfﬂ % 5 ;
2 > + ¥ < & ;
PRELIMINARY n Sie: i % :
Belle(2010) o Lo PR |"'"'”‘T"-""ﬁ""-h'l'..¢
ilogble). 1 | PRL 100 062001(2008) + ig DDx
0.5 H ﬁ‘ L
: hﬁ GZ.I...IIH+MLM
PRL 101 172001(2008) :
:HH P OsE ++-|- AcA
| - M(4630)=Y(4660) 2, + iﬂ‘HH#*‘hh#*

— L
4;? 5 07538 4 a2 a4 46 4.8 5
S, G'_EV ) s, GeVic”
Only small room for unaccounted contributions

Limited inclusive data above 4.5 GeV No evidence for any 1Y 2DOD®)




Charmonium decays

43



v =y P(7°,n,m)

V—yP test various mechanisms:

Vector meson Dominance Model (VDM); Couplings & form factor;
Mixing of n-n" (-n.);

AVAVAVAVAVAVAVAVAVAVAVAV R

VAAAVAVAVAVAVAVAVAVAVAV R

Jy sy

, y(2S) hssss ,
uly nm

AR/

2222220/

LO-pQCD predicts R, * R, R, = BE W (nS) - yn)
PRP 112 173 (1984) BE (y(nS) > yn')

CLEOc found R, surprisingly small !

PR D79 111101(2009)
R,=(21.1+0.9)% R,<1.8% at 90% CL

Other processes contribute?

0= BFW'>X) 1
Or related to the “pz puzzle”? " BF(Jly > X) 44




BESIII PRL 105, 261801 (2010)

Results from BESIII

V' 2 V' 27’

10

n—ntnnd

_ BF(V —>yn)

0.4 0.5 ols 0_7 035“ olg 0|95 1 1_05 R =
| | | . (Gev/e?) | BE(V —yn)

Mass (GeV /c?)

Mode | BF(v) [x106] | BF(Jhy) [x104]] Q (%)
yi© | 1.58+0.42 | 0.35+0.03 | 45+1.3
m 1.38+0.49 | 11.04+0.34 |0.13+0.04
m 126 + 9 52.8+1.5 2.4+0.2
R,, |(1.10+0.39)%<<20.9 +0.9)% -

VDM associate with Mixing of n.-n(n) ? Phys. Lett. B697, 52 (2011)




Large y.,—y V(p,o,9)

PQCD prediction much lower than experiment

[\—HWH—/\ * Information of C-even state
e " | ! | I\p w. ¢ * TWo gluon coupling |
|| DR » Possible glue-ball or hybrid states
V—»—W—F—V « Hadronization
Mode CLEO! pQCD® QCD°®  QCD+QED?®
Xco — VPO < 9.6 1.2 3.2 2.0
Xo1 — vp° 243 + 19 + 22 14 41 42
Xco — 7 P° < 50 4.4 13 38
X0 — YW < 8.8 0.13 0.35 0.22
Xo| — YW 83 + 15 + 12 1.6 4.6 4.7
Xop — YW < 7.0 0.5 1.5 4.2
X0 — VP < 6.4 0.46 13 0.03
Xol — Y < 26 3.6 11 11
Xop — Y <13 1.1 3.3 6.5
In unit of 106
1. PRL 101,151801 (2008). 2. Chin. Phys. Lett. 23, 2376 (2006). 3. hep-ph/0701009



Results form BESIII

Events / ( 0.01 GeVic?)

Phys. Rev. D 83, 112005 (2011)

P35 3.4 3.45 3.5 355 3.6

N (2]
Ul O

Events / ( 0.01 GeVic?) "
(]
Q

-
Ul

T o O i 0 O i |
335 3.4 3.45 3.5 3 55 3

My, p) (GeVic?) My, o) (GeVic?) M(y, b) (Gevic?)
Mode CLEO! pQCD?° QcD®  QCD+QED3 BESIII
Xco — VP 9.6 1.2 3.2 2.0 <10
Xco — Y p° < 50 4.4 13 38 <20.8
Xco — YW 283 0.13 0.35 0.22 O
Xop — YW < 7.0 0.5 1.5 4.2 61
X0 — VP < 6.4 0.46 1.3 0.03 <16.2
Xel — VP < 26 3.6 11 11 25.8+5.2+2.0
Xco — YP < 13 1.1 3.3 6.5 _~— 81

First observatlon '

An non-pQCD explanation: “hadronic loop correction”

arXiv:1005.0066; EPJC70, 177-182 (2010);



s0F

40F

30k
20F

10F

Polarization of y.,—yV(p,®,d)

Longitudinal polarization (f | );
Transverse polarization (f,); @: Helicity angle

dr A _
o (1- £.)cos’@+= £.sin’9  fr=
I'd cosd d=1r) ZfT !

4, [

|4, +14, T

Xa =P + K =0

12F
7 o
5 2k
) S A AV N AT S g .m.: T | | | | ) | | | |
1 08 -06 04 02 0 02 04 06 08 1 07" 08 06 04 02 0 bz 0406 % 08 106 -4 02 ©0 02 04 06 08 1
cosO(m,p) cosO(w,Normal ot @) cosO(K,0)

[,=015810034'5%  f,=024T9% /=020

0.12-0.09

Longitudinal polarization dominates, consistent with
theoretical prediction Z. Phys. C 66, 71 (1995)
Phys. Rev. 77, 242 (1950)




Evidence of /. hadronic decay

CLEO

Look for y'>n'%, First evidence for h,2>2(x*n~) n°
h - n(n+ﬂ:_) 710 Nn= 1 2 3 CLEOcC PR D80 051106 (2009)
1000 0990609 001 4 150 - : | | | | : : .
20 : data :
_ 118 100 f s
500 {12 I
1} 8 _ so|
% i 4 :;_, i
= - =
EEOZ | ER h 22(mtn) w0 ]
) € Non-h, MC
Lo i
100- 250_
0_.|.|‘|.\.\.- 0_.I.|.I.|‘|‘

3.43 3.45 3.47 3.49 3.51 3.53 3.55

343 345 3.47 3.49 351 353 3.55
h, Candidate Mass (GeV)

h, Candidate Mass (GeV) 49



- Ng To0- f
ZCJ 9VV(V. CO, ¢) %ﬁm |
* Ya? 9pand y., 2ow are s
Singly OZI suppressed e T IR N——
| (@ M (GeV/c) (b)) M (GeV/c?)
* Xa 9¢¢ and Xl 9(0(0 IS N Nes
suppressed by helicity S 19 =1 3 |
. S o9 ; ok o 1
selection rule. ey I 3| '|
g oft [ A ][ AR 5 U“;.j |
* o >dwis doubly OZI 4 [B] [A] [B 4,
T
Suppressed’ nOt measured 05—=73% 08 o 07 08 03 10
vet () M _,(GeV/c (d M, ,(GeV/c?)
r\g 1': ; E., r B ' A B ' N% il
Reconstruct g |t dearmee)| 2 :
¢9 KK 31.15 E 11 |
9 + 11075, P R
ORI o[BI Al 'y

1 1
Q.7 0.8 [P Lo L1

BESIII PRL 107 091803(2011) (&) M, . (GeV/cH ) M, (GeV/c?)



7., 2VV at BESIII

arXiv:1104.5068

Ef: Mode Noet € (%) B(x1077%)

2 X0 — OP 133123 224 78104108
g~ Xe1 = ¢ 254 +17 264 4.1+0.3+0.4
£ Xe2 — ¢ 630 £26 26.1 10.7+04+1.1
e = — 2(KTK™)

3= 4 Xeo — 00 [7OL16 1.0 92L07LL.0
o =, Xet = 0O 112+12 23 50+05=+0.6
E T xe2 — b0 219116 22 107+ 0.7 £ 1.2
g = S K"K n 7"

oy 2 = Combined:

% = Xco — O —

:u: 3 Xel —2 @@ -

E R —

g S N0 — ww 091 £ 38

Xel — WW 597 £ 29 °

L Ye2 — Ww 762 4+ 31 11.
Eﬁ — 2n T 70)
Zx X0 — W 76+ 11
2. Xel — W 15 +4 . . . .
st _ y Yeo — wo <13 157 <03
T30 335 340 345 350 355 3 BN K mimoal ([
Mo ( GeVic®) Evidence

First observatior

Long distance transitions could contribute

via the intermediate meson loops. PR D81 014017 (2010) 51
PR D81 074006 (2010)




Search for 7.(2S) 2VV @BESII!

Test for the “Intermediate charmed meson loops”

10* g

more stringent UL’s are set.

. . . ®) T o ©
z L] Topw "W
S ; Tﬂ HW | | [
YT 355 1I<I \:E}:l Y 10 e s 355 36 . 363 31 10} S s e e e ';I(l,{ -
- M, (GeV/c?) M0 GeVi) T MEGev)
BF(y'=2>yn/2vVV) BF(n,/2VV) Theory BF(n./=2VV)
(107 (10%) (10%)

p2p? <11.4 <3.1 6.4 ~ 28.9

K*OK*0 <194 <5.3 7.9 ~35.8

o <7.8 <2.0 2.1~09.8

No signals observed in 7. 2pp, K*K*0, ¢4 arXiv: 1010.1343
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Summary

e Charmonium is the “best understood” hadronic system

— All the lowest-lying charmonium states have been found; the long-
anticipated states have been measured with high precision.

— Agreement between their measured properties and theory.

— Higher-mass charmonium meson searches have produced surprises;
unanticipated states showed up.

e Enormous progress has been achieved on charmonium decays
— Measurements of BFs, width and mass have attained high precision,
— Provides crucial anchors for theoretical approaches.

e Qutlook

— BESIII will continue to investigate charmonium spectroscopy and decay.

— LHC starts to produce physics results. Large data samples from LHC
will allow to identify the X,Y,Z, measure production, and polarization.

— Future experiments (PANDA etc.) will complement the activities at
other labs.
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Backup
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Entries / 10 MeV/c?

Events/10 MeV/c2

vy 2 x.,(2P) DD

I

L>

BELLE

t 64+ 18 evts

30}

20k

L

)
...HH
4,

m(DD) [GeV/c?]

2

used name Z(3930)

Events/0.01 GeV

sin40 (J=2)

s nE
105: H* * * ' _ 12* 3.91-3.95GeV

o -y HHHH +++t+++++++++++++ ot ¢ 4%_: 3

| ®le

of Bl g Ees (Bl e

*ﬂﬁ.mﬁ# Pl s

0 Il L L L 1 1 Il L L
37 38 39 40 41 42 43 00 02 04 06 08 10

m (DD) (GeV) | coso* |

oo ©

Belle PRL 96 082003

M=3929 £ 5 + 2 MeV
'=29 + 10 £ 2 MeV

BaBar: PRD 81, 092003
M=3926.71+2.7+1.1 MeV

G =21.3+6.8+3.6 MeV



The states near 3940 MeV

ee” > J/vy DD*

PRLlOO 202001
693 fb- -1 BELLE

N/25 MeV/c?

j\\' X(3940)
0 Hﬂi U Hf Ll + uhﬂﬂﬁﬂ

| \I ‘T \ﬁ+ ‘
M(DD*) GeV/c®
M = 3942 *7J_r6 MeV

r,, = 37*?3_12 MeV

X(3940) not seen in ®J/v;
Y(3940) not seen in DD*

B>K oJ/vy
PRL 94 182002

20

- 253 T L
=\ v(3940)

10

3880 4080 4280
M(wJ/y) (MeV)
M=3943+11+13 MeV

I, ~87+22+26 MeV

BaBar PRD 82, 011101; 426 fb

M~3919.1+3:8 _ _+2.0 MeV
I~ 31+10 _+5 MeV

X(3940) Y(3940) probably are different
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http://www.slac.stanford.edu/BFROOT/BABAR.html

20

—
19

—a
o

Events/10 MeV

o

0

X(3915) in yy2>oJ /vy

PRL 104 092001 (2010)

M: 3914 + 3 £ 2 MeV
I 23+ 10 * MeV

. +2
es- 00+ 14 7, evts

N

385 39 395 4 405 41 415 42 425 43

W (GeV)

X(3915) = ¥(3940) ?

S7



The Z* meson candidates

Z(4430)"

Z,(4250)"
Z,(4050)—

4 42 44 46 48
M (TC + Xcl) GeV

38

Il\lll‘ll\llllII‘IIIlll\\l‘\lll‘ll\llllll @0

O 1w O W o w o wnw d?
T 0 ® N N -

z2/N9D ¥20°0 / SlUsAZ

(Belle) PRD 78, 072004

M2(ny 1) GeV?

s e
a@“ﬁ%h eh oy o0

P 4 °
& jobd? of
S W

o SRR

o
% e ;‘%Oc“&g

o "%B&Qu%’b‘ e & o
#u#- Not confirmed by
" BaBar arXiv:0811.0564

22

M2(Kn') GeV?2

g

Bl
&
FLR TN el d, e e
s o0 & oS ga %
°g LY 'g-_g a0 o, %"gg
e AATSSEL M L e
T2 SR S
8% %o 4 ‘° o %, oo ¥geo
o o,
., 5 Fye o

0.5 1 15 2 25 3

M2(Kr') GeV? 58




D>

Strong decay X(3872)>DD* (=

BELLE
_ B =>K DD
2D fit; 605 fb!

PR D77 011102(2008)

tém D* - DY %“ *0->DO0y
8 ' 3
= 12 g 2
S 10 > EE T ‘
E ol 'E 4 } 6 —= g
g : : A |
2. L R Nzzs
+ ﬂ_—lil : i: JII ! j“ T l .j.T;l —L|_| 2 E_I_"-TI-'-.-.- e r e e
2 w10k -
oL T T TR N I e gw: gﬂ D*Oe Do I 0
388 39 392 394 39 398 4 S of :
D °D° Invariant Mass (GeV/e?) : 4 i ‘
by =
-; ) - Y
Belle PRL97, 162002(2006) | : _ EaE:
. il Y PR o v s ey
SaW a- hlgher maSS Value EE 521 5.2! 523 5.24 525 526 527 528 5.29 ﬂ%ﬂ.ﬂ EB?;.B EB’?-IT.B Gﬂﬂlli- 3‘3;5.-5 35;9.5 3893.8
M, (GeVic’) M{D*Dj (MeVic?)

BF(DD*) ~10 X BF(z*7-J/y)
Mass = 3872.97 25701 MeV

2.8+0.2
rBW)=3.9 ", 17 MeV

BAB K X) X BAX->DDY) = (0.80 + 0.20 + 0.10)X 10
PRDS81, 031103 (R) (2010)



start BEPCII construction

\ B, 2o o R U 5008: test run of BEPCI|
\: o L N F ‘._\ : .-’/. '
~ W-'GEM : g4 2009-now: BECPII/BESIII
BEPCII /BESIII data taking




Jpc?

Angular analysis

CDF: PRL 98
155:32082(,,)] < 0.6 |cos(8,,,)| > 0.6

o a00-1€0S(6, )| | Icos(8, )| | [cos(®, )| | [cos(8, )l
< 0.5 > 0.5 < 0.5 > 0.5

/ bi
M
(3]
[=]
[[ IH[I Il II[]II

200

14}
o
IIF

o
o
ll[_-lli[]ﬁ TT
+:5 !
M 5

o—— - : : : | i

0 0.63 1.15 w2 0 063 1.15 w/2

0 0.63 1.15 w2 0 0.63 1.15 n/2
[|A ® - n| - ©/2|

Events/ 0.02 GeV

Fits to M(#* 7 ")
Belle arXiv:1107.0163

with p—o interference
S-wave ---- +
P-wave —

T

M(=r) (GeV)
bkg is subtracted & weighted
by acceptance

All JPC€ values other than 17 or 2-% are ruled out.
Angular analyses or M(rr) fits can not distinguish 1*" and

27" hypotheses with current data.
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