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Hadron Matter

Colour-neutral states allowed by QCD

Pions,
charmonium,
etc

_— Protons,
.9 neutrons,

Qa9 etc

Z and Z
states

XY states?

Four-quark state

- Sy

Hybrid

q - Pentaquark?

Five-quark state

f (1500)?
f (1500)?

80 XY states?

Glueball

Conventional

BESII

matter

Exotic matter



Hadron Landscape BEST

Achg e Hadron-physics
Two-body IZs Q0 DD Zo2e Qe challenges:
Thresholds EcHg EcEc
Tetraquarks qqaq CEqq : Under_s tanding of
i , established states:
Gluonic ddg,ulg,ssg D8 precision spectroscopy
Excitation 999, 99 § « Nature of exotic states:
| search and
: . : spectroscopy of
qq #gzt ::1 Eqsfns i,ham"“’zizus"; § unexpected states
Mesons o, f a h K WV, %Y ;
LEAR! BESII
| — | | 1 |
1 2 3 4 5 6

Mass [GeV/c?]

Clean environment and high luminosity are required
for resolving puzzle of exotic matter



: BESIII Detector BESII

1.0 Tesla super-conducting magnet

Be beam pipe

Muon counters:
9/8 RPC layers (barrel/endcaps)
Cut-off momentum: 0.4 GeV/c

CsI(Tl) ElectroMagnetic Calorimeter:
c_/E (at 1 GeV): 2.5 %

9| (at 1 GeV): 6 mm

Time Of Flight (TOF):
c_: 100/110 ps (barrel/endcaps)

Drift chambers (MDC):
csp/p (at 1 GeV): 0.5 %
c_ . .6%

dE/dx”
N

M. Ablikim et al., Nucl. Instr. and Meth. A 614 (2010) 345—399\ 4



Luminosity (pb'1)

10

b
o

BESIII: Collected Data BESTT

July 18, 2008: First e* e™ collision event in BESIII

~0.6B ¥Y' events ~ 24xCLEO-c
~128B JI¥ events ~ 21xBESII
~ 42pb™  at 3.65 GeV
~ 2.9fb* P ~ 11xCLEO-c
~ 70pb™  scanning of the ¥" region
R R LR v 104 energy points between
. . 3.85 and 4.6 GeV
B = ° o .
. R < 1 v ~20 energy points between
: L 2.0 and 3.1 GeV
2| i « « | Record Luminosity so far:
,:. & o .;. f .. . 8-5 X 1032 Cm_z S_l
& @ $ 888 &g : (design value: 10*° cm™@ s™)
83 88 4 4 AnTAs adTEe de

Ecm (GeV) ¥ 5



BESIII: Collected Data BESTT

July 18, 2008: First e* e™ collision event in BESIII

~0.6B Y' events ~ 24xCLEO-C
~ 2B J/¥Y events ~ 21xBESI|
~ 42pb™  at 3.65 GeV
~ 2.9fb* P ~ 11xCLEO-C
~ 70pb™  scanning of the ¥" region
B e Y e High luminosity,
ol - . clean environment
: 3 e S
— ® i Q ® g : ﬂ
= = 3 -
= = = Access to precise
8 1021 . ey measurements of rare
E B . Sl ol e . processes:
= = S 8 §2 3 g o Key to understanding
Lo of exotic matter
38 3.9 4 41 42 43 44 45 46

Ecm (GeV) n 6



Physics Topics at BESIII BESIT

Agig _ Gl Ache all
e Hadron spectroscopy s Do O
 search for the new forms of hadrons aq9q s
e meson spectroscopy 0,010,550 o
 baryon spectroscopy 999. 99
¢ Study of the production and decay o e Charmonium
A \ i Iy, 3 w(28)
mechanisms of charmonium phal
states: J/¥, ¥(2S), N.(1S), Xci1p

N.(2S), h (*P,), ¥(3770), etc. N
e XY/Z states

® Precise measurement of R values, T mass, hadron FF

® Precise measurement of CKM matrix
e Search for DDbar mixing, CP violation, etc.



Meson Spectroscopy: BEST
light-quark sector

S

Light Quark Mesons

S & S = S.l + 82 (25+1) I_J H, £+ LJPC
1 - *H, 5**
p P -tes " =221
L+1 2.5 Gev/c?
@ P = (1)
Cs 5~
i L+S L=4 iy ul
C=(1) o a
2.3 GeV/c*
Classification in SU(3) nonets . - .
F 3 2%, 3"
L=3 *, 2% 2%, 2+
- - - : 3+ 2'F, 3
Spectrum consists of increasingly
larger number of overlapping - 20, -
states from 1-2 GeVIc? e i
* 21D; 54
2.1 Gev/c?

A Partial-Wave Analysis and \ 2P 2
exploiting variety of final states and ) 2. o
production mechanisms are needed 7ceve

to disentangle the light-quark mesons e s .

1.8 GeV/




Over-population? BESII

(ud,uu-dd,du) (us,su,ds,sd)
- p h\\ j \ (uu+dd,ss)
,. \\ | *‘““’*“‘”3‘) ’ f“”ﬂﬂ ++| A f, o | K
\ | fr-“““H @ \ _— 4 2 1320 | 1270 | 1525 | 1430
\
[foom) o~ 1+ 4 f i | Kia
Y |/ A\ /) e 1260 | 1285 | 1510
= (x| [ \ \ e .
y | E':Q’Em”l \ Ea, 1+ by | hy | My | Kig
- W \ \ " 1235 | 1170 | 1380
/ . - ¢ *
(980} I.-'l ill<4: & '-\\i\ \’/ 0++ aD fO fU K 0
| j\‘“—" y . ﬂn['145[|‘,l| \\ i ] 1430
\ . “ q |
& -~ - wal 3,(980) ,(1370) f,(980)
| K(800) | j o a,(1450) f.(1500) f,(1710)
-.\_\" /_J_.- :1(;{195:}) "| L - .
- '1\\1 "jj_.-'



New forms of hadrons

f\@i}S P _ A » b
Ll QsQs DD (EcIe Qcfdc |C C>
== =R —
qqqq
A o &9
ddg,uug,ssg ccg,
999, 99 |E C g>

HiLly Loestelits Charmonium |:

E’f“’amhqlk Iy, 5 w(2S) | l\

BESIII:

LEAR|
| | : | T_| | |
1 2 3 4 5 6 |g g g>
Mass [GeV/c?] E—

10



Glueball Searches with BESIII BEST
PWA of J/¥ - ynn

Radiative J/¥ decay — a gluon-rich process - S
one of the most promising hunting grounds for glueballs i —h O M2
C

Resonance Mass(MeV/c?) Width(MeV/c?) B(J/v — vX — ~nn) Significance

, | . i 200F
fo(1500)  1468%15F70 13675715,  (L65EGETETN) x 1070 820 B
fo(1710)  175946F14  172410%%2  (2.35F0134124) L 104 9504 150

£o(2100)  20814+13%24 273321470 (7 1340.094064) o 1p—4 j394

—
=
=]

N
o
T T T T T T [ T T 11

£2(1525) 15132544, 75HIZEIS (3494043413Ty 1075 1100

Events / 0.020 GeV/¢?

f2(1810 1820129466 22952488 5.4070-003-42) 107 640
24—5T 42—155 0.67—2.35

f2(2340) 236231 +140 334192+165 56010021237 w1075 T6 o 0
30—63 54— 100 0.65—2.07

M, (GeV/c?)

[Phys. Rev. D 87, 092009 (2013)]

- Scalar contributions mainly from f (1500), f (1710) and f (2100)
- Production rate of f (1710) consistent with predicted glueball production

[Phys. Rev. Lett. 110, 021601 (2013)] -
f (1710) has a larger overlap with the glueball

compared to other glueball candidates



Exotics in Light-Hadron Sector

F. °F, n.a. =
s Fana cc)
o+ E—
0+'-¥+— 4.5
{ o
2t | 4
ccC
— s, lfcg
e}
9
{3 E
— D
{25
CP-JACS —»—
mbig —=— - 2 |
\ _ — glueballs m— 999 >
§S. Bali, Eur. Phys. J. A19 1 (2004)] | | | . 115 W
N1 17 oft 1t ot 3+t 3*t+axotic
Difficult to uniquely identify:
mixed with “normal” states

BESII

12



Any hope for unique identification? BESTI

Unique spin-symmetry
properties

r EXPEriment s
6 | — 12.5

. CP-PACS —=—
5t LattIC Columbiga —=— 4 2

4 - 415 [

JPC ot 17 1% o't 1t 2ttt 27t 27 3T 3+ 3ttaxotic

Antiproton beam with high resolution will allow to directly
populate and analyse charmonium and exotic states

(full range of quantum numbers) 13



AntiProton Annihilation BESTT
at DArmstadt (PANDA)

PANDA spectrometer employs fixed target and cooled antiproton
beam:

momentum range 1.5 GeV/c to 15 GeV/c

Luminosity: 2:10°?cm?st(o,/p = 2:10%)

_ 2:10° cm=?s™ (o,/p = 2:107%)
PANDA is:

high resolution
4n spectrometer

Designed to achieve: . - I
high resolution for tracking, | s e s
particle identification and_, ~~ SSa=s
calorimetry beam
high rate capability
versatile readout and event

selection

PANDA will have a direct access to é){otic hadroﬁ\at
a price of huge hadron background 14



Precision charmonium

spectroscopy

qaqq

Aghs & Ache
ZoZg  Q50: DD (Lo Qe
EsEs +EoBe
6E4q
ddg,ulg,ssg ccy

9499, 99

Light Mesons
T, 1, ©, D,
p! f! a! h! K

Charmonium |:
Iy, % w(23) |

BESIII!
& |

Mass [GeV/c?]

BESII

15



Mass |

3900

3700

3500

3300

3100

2900

Charmonium Physics BESTT

Charmonium (a bound state of cc quarks) —
bridge between perturbative and strong QCD

MeV]
— Strong-interaction coupling constant
1.0
L «, { perturbative QCD strong IQCD
RN v'3686) i o] u
n'c(3638) e -.....-.: Qe L]
h (3525) P
LE__.,__.—-J-*—"“'F/ 2
K Itl1'-“ o ””m” I ; ”l:|1‘“ . “Illn'-‘
distance [m]
B LY. Precise data on the key charmonium
n,(2980) states and transitions
i 1§
: Insight into the strong interactions
§_+ f’ 1'?_ at long-distance scales

(test of Potential models, lattice
QCD, EFT) 16



Mass
3900

3700

3500

3300

3100

2900

State Properties as a Probe

Precise measurement of
charmonium masses and

widths
‘MeV]
‘II"
LN NN WIB686): Sy Rk
n' (3638)
B Jhy
nc(2980)
S S P P

o
-l

i
-l
-l

>

BESII

Test of potential models
and lattice QCD

~

/Potential model: if P-wave
Spin-spin interaction is non-zero:

AM (1P) = M(h ) - <m(1 °P )># 0
2

(m(1°P,))=>. M, ,(27+1)/9

J=0 /
Expected value AM (1P) =0
( )
Hyperfine splitting: M(J/'¥) — M(n):
Important input to test lattice QCD,
dominated by error on M(n )!
\ J

LQCD prediction:
AM(1S) = 116.5 * 3.2 MeV

[Phys. Rev. D 86, 094501 (2012)]

17



State Properties as a Probe BESTI
1. '(3638)
[Phys. Rev. Lett. 109, 042003 (2012)]

* M=3637.6 £2.9+1.6 MeV
e 1'=16.9+6.4 £4.8 MeV

Mass and width measured with
comparable or better precision:

Mass [MeV]
L h (3525)
Y [Phys. Rev. Lett. 104, 132002 (2010)]
NN e SR - M = 3525.40 * 0.13 + 0.18 MeV
3700 (3638)"’% » I'=0.73 £ 0.45 + 0.28 MeV
M. X, first measurement!
o - b x:_ [Phys. Rev. D 86, 092009 (2012)]

% e M=3525.31+0.11 + 0.14 MeV
Ak W eT"=0.7+0.28 +£ 0.22 MeV

3300 [~ 1 (2980)
[Phys. Rev. Lett. 108, 222002 (2012)]

Jhy
3100~ 9080) - M =2984.3+ 0.6 + 0.6 MeV
— understood resonance shape!
2900 |- e ['=32.0+£1.2 1.0 MeV

[Phys. Rev. D 86, 092009 (2012)]
S S 'P P e M =2984.49 + 1.16 * 0.52 MeV

or 1 17 ™ e '=36.4+3.2 +1.7 MeV 18



Mass
3900

3700

3500

3300

3100

2900

State Properties as a Probe

Precise measurement of
charmonium masses and

widths
‘MeV]

n' (3638)

Jhy

nc(2980)

>

BESII

Test of potential models
and lattice QCD

/Potential model: if P-wave \
Spin-spin interaction is non-zero:

AM (1P) = M(h ) - <m(1 °P )># 0
2

(m(1°P;))=), M, (2J+1)/9
\( ) Z (27+1) Y

Ath(lP) = -0.01+0.11+0.15MeV
Consistent with zero!

= )
Hyperfine splitting: M(J/'¥) — M(n):

Important input to test lattice QCD,

P

dominated by error on M(n )!

g J

AM(1S) = 112.5 * 0.8 MeV

“Good agreement with LQCD
Better precision than LQCD! 19



'Puzzle of the n_. Properties BESTI

Mass

- DEL-AMO-SA..11M BABR 25

- VINOKUROVA 11 BELL 24
- LEES 10 BABR 19
AUBERT 08AB BABR 1.3
UEHARA 0¢ BELL (2
WU 06 BELL 45

-+ - DEL-AMO-SA..11M BABR 1.2
-+ - VINOKUROVA 11 BELL 32
 « LEES 10 BABR 06
-~ AUBERT 08AB BABR 2.0
- UEHARA 08 BELL 36

.+« + ABE 0f BELL 20 WU 06 BELL
WU 06 BELL 758 ASNER 04 CLEO 10
WU 06 BELL 09 AMBROGIANI 03 E835 1.4

. BA 03 BES 24
L BA 0OF BES 42

-+ - ASNER 04 CLEO 02
-~ AMBROGIANI 03 E835 1.8

- BAI 03 BES 49 -+~ ARMSTRONG 95F E760 0.3
< Bl 00F BES 32 ~+ BAGLIN 878 SPEC 9.2
+ - BAl 90B MRK3 45 - - BALTRUSAIT..86  MRK3

- GAISER 86 CBAL 04
36.1

- GAISER 86 CBAL _164

417
(Confidence Level = 0.0006) (Confidence Level < 0.0001)
I | I |

2950 2960 2970 2980 2990 3000 3010 -20 0 20 40 60 80 100

® J/yY radiative transition
® Yy Yy processes, PP, B-Kn.

Measurements in different decay modes yielded
not consistent values

e i

N

b 1



\PI 4 TCOhC’ hC 7 'YnC BES]]I

160 . qaa
. | - [ other ' decays ¥y -
- m_-resonance: interference with non- <, Eg =r ' m
S 1208 T G
resonant backgrounds - 2 100} T ponreso
difficult to measure o 80F
% 90F
e Only recently consistent results were S 40F
obtained [ Phys. Rev. Lett. 102, 011801 R AN
(2009), Phys. Lett. B 706, 139 (2011), Phys. OF T
Rev. D 84, 012004 (2011), 20 72752828520205 3 3.053.13.15 3.2
Phys. Rev. Lett. 108, 222002 (2012)] M(rm) GeV/c2

[Phys. Rev. Lett. 108, 222002 (2012)]

« h_ - m_E1 transition:

“h -
small non-resonant background - S ¢ M,
the n_line shape is less distorted =20 -NoO Interference \
ve

100

- Sum over 16 exclus

e Consistent and precise measurement ;decay modes of n.

of h and n_parameters o
¢ ¢ 205 4kt o pht
e Determined branching ratios for 16 e
exclusive n_decays (5 measured for M(hadrons) (GeV/c?)

the first time) [Phys. Rev. D 86, 092009 (2012)] 21



¥ - nohc, h - m BESTH

This puzzle could be related
to the non-pQCD mechanisms

- B

Systematic studies of the n_ line shape

In different channels is ongoing
at BESIII

_vents / 10 MeV/c?
(0s]
o

2100 - \
89 Sum over 16 exclusive

160
140

—s— data

I other v’ decays ‘P' — "Y]’]
|

- -
o N
o O

[8)]
o

2075 752828520295 3 3.053.13.15 3.2
M(rrn) GeV/c?
[Phys. Rev. Lett. 108, 222002 (2012)]

ho=om,
=20 No interference

Events / (

ZE - decay modes of n_

24 26 28 30 32
M(hadrons) (GeV/c?)

[Phys. Rev. D 86, 092009 (2012)] 2>



Physics Topics at BESIII

e Hadron spectroscopy
e search for the new forms of hadrons
e meson spectroscopy
e baryon spectroscopy

o Study of the production and decay
mechanisms of charmonium
states: J/'¥, ¥(2S), n.(1S), X1z

P ), T4k/70), etc.

BESII

Aghg a b Al i
Egke  Q:Qs DD ZZo QO
EcEx EcEc
qq9q ceqq
ddg,u :ﬁg 550 ccg
999,99
1I:rig:t Ul‘;ﬂe‘;ons Charmonium
o.fah K Jhy, o, w(23)
LEAR|
-
T T I I T I
1 2 3 4 5 6

Mass [GeV/ic?]

® Precise measurement of R values, T mass, hadron FF

® Precise measurement of CKM matrix

e Search for DDbar mixing, CP violation, etc.

23




MASS [GeV/c?]

4.4

4.2

4.0

3.8

2Mp

3.6

3.4

3.2

3.0

Charmonium Region

— Mne@S0) P(4%54)
Xc2(3%P2)
he(31P1) Xc1(32P1)
-
g} 4]
Xc2(23P2)
he(21P) @
L <0(2°P
’m‘ Xco(2%Po)
Pr(2254)
Nnc’(21S0)
2(19P
he(11P4) I:Xc1(13|31} Xc2(1°P2)
=
B predicted, discovered
predicted, undiscovered
[ | me(17S0)
0+ 1— i1+ O+ 1++ D+

BESII

Hidden-charm region of the
spectrum is well understood,

however,

In the open-charm region there are
predicted states, but not yet seen...

Moreover...

24



[GeV/c?]

MASS

4.2

4.0

3.8

2Mp

3.6

3.4

3.2

3.0

Charmonium Region

Z(4430)?
4.3 Fn:ld'So)

P(4°S1)
Y(4360)
Xc2(33P2)
Y(4260) | N<(3'P1) Xc1(3%P1)
P(3%S1)
L | Ne(31S0)
Xe2(23P2)
he(21P1) X(3872)
c0(23P
TR [xeo(2%Po)|
P(23S1)
nec’(21S0)
c2(1°P
he(1'P) @” 2
Xeo(12Po)
predicted, discovered
predicted, undiscovered
Ne(1'So) unpredicted, discovered
0+ 1— 1+ O++ 1+ 2++

BESII

Hidden-charm region of the
spectrum is well understood,

however,

In the open-charm region there are
predicted states, but not yet seen...

Moreover...
In the last decade there were found

not-predicted charmonium-like
states with unexpected properties

25



XYZ States, Nomenclature BESTT

Conventional quarkonium (cc), meson molecule (cq + cq),
tetraquark (ccqq), hybrid state (cc + g ...) et.al.

e*e annihilation

“ L
X:1*,et.al Y:1- — Z: isospin triplet
Radiative or Hadronic transitions:
hadronic transitions: Y - © Z(3900)

Y - v X(3872)

26



Mysterious XYZ States...

... unexpectedly narrow for mesons in the open-charm region,
strongly coupled to charmonium: What is their nature?

State m (MeV) T (MeV) JFP€¢ Process (mode) Experiment (#0) Year Status
X(3872) 3871.52+£0.20 1.3+0.6 171/2°F B — K(xTn J/v) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
(<2.2) pp— (7w /) + ... CDF [88-90] (np), DO [91] (5.2)
B = K(wJ/1) Belle [92] (4.3), BABAR [93] (4.0)
B — K(D*°DY) Belle [94, 95] (6.4), BABAR [96] (4.9)
B — K(vJ/) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K (y3(25)) BABAR [98] (3.5), Belle [99] (0.4)
X(3915) 3915.6+3.1 28+10 0/2""Y B — K(wJ/1) Belle [100] (8.1), BABAR [101] (19) 2004 OK
ete” = eTe (wl/v) Belle [102] (7.7)
X (3940) 304273 37730 770 etem — J/(DDY) Belle [103] (6.0) 2007 NC!
ete™ = T/ (..) Belle [54] (5.0)
G(3900) 3943 £ 21 52+11 17~ ete” — ~v(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
Y (4008) 40087128 226497 17 etem = y(nTw /) Belle [104] (7.4) 2007 NC!
Z1(4050)T 4051723 822l ? B — K(mtx.(1P)) Belle [105] (5.0) 2008 NC!
Y (4140) 41434430 15FU 70 B K(oJ/4) CDF [106, 107] (5.0) 2009 NC!
X (4160) 156732 1397l 7t etem - J/(DD) Belle [103] (5.5) 2007 NC!
Z(4250)" 42487152 177732 ? B — K(rtxa1(1P)) Belle [105] (5.0) 2008 NC!
Y (4260) 42635  108+14 17~ efem = y(xTn J/) BABAR [108, 109] (8.0) 2005 OK

CLEO [110] (5.4)
Belle [104] (15)

ete™ = (nta= /1) CLEO [111] (11)

ete™ — (707%J /) CLEO [111] (5.1)
Y (4274) 42744757 3277 7t B K(oJ/) CDF [107] (3.1) 2010 NC!
X (4350) 4350.673% 1337155 02T efem — ete (@J/0) Belle [112] (3.2) 2009 NC!
Y (4360) 4353 £11 9642 17— ete” = y(xT74(25)) BABAR [113] (np), Belle [114] (8.0) 2007 OK
Z(4430)% 444372 10771 ? B — K(z4(25)) Belle [115, 116] (6.4) 2007 NC!
X (4630) 4634* 3 92733 17~ ete” = y(ATAD) Belle [25] (8.2) 2007 NC!
Y (4660) 4664+12  48+15 177 ete” = y(nTr4(29)) Belle [114] (5.8) 2007 NC!

7,(10888)  10888.4+3.0 30.7152 177 efem — (ntm Y(nS)) Belle [37, 117] (3.2) 2010 NC! [EPJ C71, 1534 (2011)] 27




Mysterious XYZ States...

BESII

... unexpectedly narrow for mesons in the open-charm region,
strongly coupled to charmonium: What is their nature?

State m (MeV) T (MeV) JFP€¢ Process (mode) Experiment (#0) Year Status
X(3872) 3871.52+£0.20 1.3+0.6 171/2°F B — K(xTn J/v) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
(<2.2) pp— (7w /) + ... CDF [88-90] (np), DO [91] (5.2)
B = K(wJ/1) Belle [92] (4.3), BABAR [93] (4.0)
B — K(D*°DY) Belle [94, 95] (6.4), BABAR [96] (4.9)
B — K(vJ/) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K (y3(25)) BABAR [98] (3.5), Belle [99] (0.4)
X(3915) 3915.6+3.1 28+10 0/2""Y B — K(wJ/1) Belle [100] (8.1), BABAR [101] (19) 2004 OK
ete” = eTe (wl/v) Belle [102] (7.7
X (3940) 304275 37730 7t etem = J/(DDY) Belle [103] (6.0) 2007 NC!
ete™ = T/ (..) Belle [54] (5.0)
G(3900) 3943 £ 21 52+11 17~ ete” — ~v(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
Y (4008) 40087128 226497 17 etem = y(nTw /) Belle [104] (7.4) 2007 NC!
Z1(4050)T 4051723 822l ? B — K(mtx.(1P)) Belle [105] (5.0) 2008 NC!
Y (4140)  4143.4+30 154 70 B K(oJ/4) CDF [106, 107] (5.0) 2009 NC!
X (4160) 4156738 13974 7T etem — J/y(DD") Belle [103] (5.5) 2007 NC!
Z(4250)" 42487152 177732 ? B — K(rtxa1(1P)) Belle [105] (5.0) 2008 NC!
Y (4260) 42635  108+14 17~ efem = y(xTn J/) BABAR [108, 109] (8.0) 2005 OK
CLEO [110] (5.4)
Belle [104] (15)
ete™ = (nta= /1) CLEO [111] (11)
ete™ — (n0790/4) CLEO [111] (5.1)
Y (4274) 42744757 3277 7t B K(oJ/) CDF [107] (3.1) 2010 NC!
X(4330) 43506546 133184 ottt ot o ot (A T/ RBelle 11121 (3.2) 2009 __NC!
Y (4360) 4353 £11 9642 17— ete” = y(xT74(25)) BABAR [113] (np), Belle [114] (8.0) 2007 OK
Z(4430)% 444372 10771 ? B — K(z4(25)) Belle [115, 116] (6.4) 2007 NC!
X (4630) 4634* 3 92733 17~ ete” = y(ATAD) Belle [25] (8.2) 2007 NC!
Y (4660) 4664+12  48+15 177 ete” = y(nTr4(29)) Belle [114] (5.8) 2007 NC!
,(10888)  10888.4+3.0 30.7757 17~  efem — (xTw Y(nS)) Belle [37, 117] (3.2) 2010 NC!

Systematic studies
at BESIII
of Y(4260), Y(4360)

[EPJ C71, 1534 (2011)]28



o(e'e” — J/yn*m)(pb)

Studies of Y(4260) at BESIII BEST

Y(4260):
* Does not fit any potential model.
« Has a small coupling to open charm
BB = 1°
A hybrid candidate according to Lattice QCD calculations!
[JHEP 1207, 126 (2012)]

120 T 1T LI L LI I | LI LI I | LI I | 1T T = 5§ € & ¥ & ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ 7
I I I I I I I

00 |- @@ s
? { PRD86, 051102 (2012)
80 E

h”}HﬂJHH TR TOLITAY. b
Sl AL KL TN S kit

% % iz 4l de A g 4 4.5 D 5.0
Ecn(GeV) E.., (GeV)

BESIIIl: 6°=62.9 = 1.9 + 3.7 pb

[Phys. Rev. Lett. 110, 252001 (2013)]
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The Z (3900)* BESTT

100

o
o

N
o

Events / 0.01 GeV/c?
3

N
o

Significance > 8a - Data  Fit with S-wave Breit-Wigner

— Total fit

boenar | M = (3899.0%3.6+4.9) MeVIc?
Y| e M= (46+10£20) MeV

Discovery!

Y(4260)

Z *(3900)

o

[Phys.

Events / 0.02 GeV/c?

57 e iine A0
Moy (TEJ/Y) (GeV/c?)
Rev. Lett. 110, 252001 (2013)]

Discovered by BESIII, promptly confirmed by:

Belle: [Phys. Rev. Lett. 110, 252002 (2013)]

M =3894.5 + 6.6 + 4.5 MeV/c?
[ =63 +24 +26 MeV

T CLEO-c: [Phys. Lett. B 727, 366 (2013)] 20



Mysterious XYZ States...

BESII

. unexpectedly narrow for mesons in the open-charm region,
strongly coupled to charmonium: What is their nature?

State m (MeV) T (MeV) JFP€¢ Process (mode) Experiment (#0) Year Status
X(3872) 3871.52+£0.20 1.3+0.6 171/2°F B — K(xTn J/v) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
(<2.2) pp— (Fa = /) + ... CDF [88-90] (np), DO [91] (5.2
B — K(wJ/) Belle [92] (4.3), BABAR [93] (4.0)
B — K(D*°DY) Belle [94, 95] (6.4), BABAR [96] (4.9)
B — K(yJ /) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K(y(29)) BABAR [98] (3.5), Belle [99] (0.4)
X(3915) 39156431 28+10 0/2"" B — K(wJ/¥) Belle [100] (8.1), BABAR [101 2004 OK
ete” = eTe (wl/v) Belle [102] (7.7)
X (3940) 304273 37730 770 etem — J/(DDY) Belle [103] (6.0) 2007 NC!
ete™ = J/ (...) Belle [54] (5.0)
G(3900) 3043421 52+11 17— ee” = ~(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
Y (4008) 40087128 226497 17 etem = y(nTw /) Belle [104] (7.4) 2007 NC!
Z1(4050)T 4051723 822l ? B — K(rtx.1(1P)) e [105] (5.0) 2008 NC!
Y (4140)  4143.4+30 154 70 B K(oJ/4) CDF [1 )6, 107] (5.0) 2009 NC!
X (4160) 4156122 139+ 11° 77t efem = J/(DDY) le [103] (5.5) 2007 NC!
Z(4250)" 42487152 177732 ? B — K(rtx1(1P)) le [105] (5.0) 2008 NC!
Y (4260) 426345 10814 17~ efe = y(nTa J/4b) BABAR [108, 109] (8.0) 2005 OK
CLEO [110] (5.4)
Belle [104] (15)
eTe” = (T J/Y) CLEO [111] (11)
ete™ — (707%J /) CLEO [111] (5.1)
Y (4274) 42744757 3277 7t B K(oJ/) CDF [107] (3.1) 2010 NC!
X (4350) 4350.673% 1337155 02T efem — ete (@J/0) Belle [112] (3.2) 2009 NC!
Y (4360) 43534+ 11 9642 17~  ete” = y(ntm9(25)) BABAR [113] (np), Belle [114] (8.0) 2007 OK
Z(4430) " 4443%2% 10771 ? B — K(nt(25)) Belle [115, 116] (6.4) 2007 NC!
X (4630) 46347 3 92735 17~ ete” = y(ATA)) Belle [25] (8.2) 2007 NC!
Y (4660) 4664412  48+15 17~ ete” = y(nTn(25)) Belle [114] (5.8) 2007 NC!
,(10888)  10888.4+3.0 30.7757 17~  efem — (xTw Y(nS)) Belle [37, 117] (3.2) 2010 NC!

Z (3900) - first
confirmed Z state!

[EPJ C71, 1534 (2011)] 31



Zc(3900) Structure? BESTT

... unexpectedly narrow for mesons in the open-charm region,
strongly coupled to charmonium: What is their nature?

Z states:
can not be
* Charged states : conventional
 Strongly coupled mesons
to charm
Laq .
(a ?

Four-quark state

Does a neutral partner Z (3900)° exists?

32



The Z (3900)°

> 121

() " ¢ Data I ifi .

2 o - praespace  SlOTITICANCE Evidence for Z (3900)°
= [ Fit ] ChiD e i Y

i IS seen by the CLEO-c
§ 6F [Phys. Lett. B 727, 366 (2013)]

1 - m . (SR 1
9600 3700 3800 3900 4000
M, (/) (MeV)

~ T0F - F _ F
S wf 4230Gev | Z 01 + 1260GeV | S 4.360 GeV BES]]I
3 3 3 . preliminary
S 40f g 'k § 1]
I'-E 30F F-E [.E 8
20 6
4
10 2
0 I3.|8 — 4.|0 I 4.2 3.8 4.0 4.2 0 = 3.|8 — I4.|0 — 4.2
M(r°J/y) (GeV/cd) M(r°J/y) (GeV/c?) M(r°J/y) (GeV/cd)
Structure is seen in t°J/¥ (100 significance):
« M = (3894.0+2.3+2.7) MeVIc? = Z (3900) - four-quark
« I = (2918.2+8.2) MeV Isospin triplet?
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Nature of the Z (3900) BCSII

Most popular
Tetraquark models  Hadronic molecule

Interact by gluonic color force 2 color-neutral mesons
[PRD 87, 111102(R) (2013)] Interact by pion exchange
[arXiv:1304.0345, 1304.1301] [PRD 88, 054007 (2013)]

[Phys. Lett. B726, 326 (2013)]
[arXiv: 1304.0380] [arXiv:1304.1850]

Other models:
* Meson loop [arXiv: 1303.6355, 1304.4458]
* Initial State Pion Emission (ISPE) model
[PRL 110,.232001 (2013), PRD 88, 036008 (2013)]
e Hadro-charmonium [M. B. Voloshin]
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Nature of the Z (3900) BESIT

Sensitive probes?

e Heavierl/lighter states

e Hadronic molecule e
[PRD 77, 014029 (2008)] 4000 4014

3900 | x(3872) 3882 |
input 3872 |°P

» Tetraquark 3800
[PRD 87; 111102(R) (2013)[\N, ¥ N N NGHe S B O L =4 &5

3700
O
s this the case?
 Decay modes and rates \ . %
» Hadronic molecule: Can we find missing
decays mainly to its constituents puzzle pieces with
- Tetraquark: M(Z * ~x*Jhp) ~ 29 MeV, BESIII ?

[(Z*-D'D", D°D”) ~ 4 MeV 35



Z (3900) Decay Rates BESTT

e*e” - (DD*)*n+
Vs = 4.26 GeV

90
80
70
60
50
40
30
20

10

0 R RS R et B SRAAe e PSR 1S
3.85 3.90 3.95 4.00 4.05 410 4.15
M(D°D*) (GeV/c?)

Events / 4 MeV/c?

« M = (3883.9+1.5+4.2) MeVIc?
- [ = (24.8%3.3+11) MeV
[Phys. Rev. Lett. 112, 022001 (2014)]

Reconstruction method:
 Reconstruct ®* and D° - K¢t*
e Infer D™

e Analyse as well ©*D'D™

 Is found structure (referred as
Z (3885)) different decay mode of

the Z_(3900)?

Z (3900)* properties:
« M = (3899.0+3.6+4.9) MeV/c?
 I'= (46£10+20) MeV

e Assuming it is, the partial width ratio:
I'(Z, -~ DD*)IT(Z, - ©JI¥) =
6.2+1.1+2.7

Tetraquark model disfavoured ?
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Z (3900) Quantum Numbers BEST

e*e” - (DD*)*n~*
Vs = 4.23 and 4.26 GeV

2 BESIT -
E [T \l preliminary |
Eizo_— P I ]l \l =
s 1| Lt g
] Ly
0 PR S T T T TN N ks ik ciete o EESP SR S S S O 4 '
39 39 4 405 41
MDD ) (GeV/c?)
= (3884.3+1.2+1.8) MeVIc?
. [ = (23.8+2.1+2.6) MeV

Reconstruction method:
« Complete reconstruction of decay

Fits to |cosO| distributions for

Fractional yield
o =
— (&3]

<
o
c.ﬁ

0»2_""I""I""I""I""I""I""I""I""I'
_ 1
e e T s 11*
S -+
........................................................................... ‘“-\~ _*_:
g i
- i
BES]I[ NG
0>
prellmlnary

Ll il

*D°D° — tagged events

0 01 02 03 04 05 06 07 0.8 0.9

cosO,

Spin-parity of Z (3895) 1*
Confirms expectations!
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Z (4020)* seen by the BESIII BESTI

+ - -+ . +
e - TT hc ete — (D*D*)in
Vs = 3.9 - 4.42 GeV \s = 4.26 GeV
o —BGS]I[ L L 80  —..comb.BKG  —data
3 l{)(l:— “é.m_ o~ [ e D*D** — total fit
i r = L anl —— Z(4025)
T s =" > I BESIT .- PHSP signal
;:? - $ 20 IIIIIII E i
g 60 § 101" o 40
:;: o 38 3 e A E |
> r M., (GeV/c?) = =
E 20 ,_% 201
395 400 495 4..10" 4;-1“‘“4';&;”*?% n 02 or 206 ':_gg“'::
M,., (GeV/c) RM(m) (GeV/c?)
+ M = (4022.9+0.8+2.7) MeVIc? « M = (4026.3+2.6+3.7) MeVIc?
o T = (7.9%2.7+2.6) MeV . [ = (24.85.6+7.7) MeV
[Phys. Rev. Lett. 111, 242001 (2013)] [Phys. Rev. Lett. 112, 132001 (2014)]

Assuming found structures correspond to the same state the open-
charm decay-mode is favoured but suppressed in comparison with
established open-charm states, e.g. ¥(4040)

Is there a neutral partner?
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Z (4020)° seen by the BESIII BESTI

e'e —~ w°n’h_ Z (4020) - another four-
Vs = 4.23 - 4.36 GeV quark isospin triplet
45E found?
40
BESII
2 0 4000
S uf
S 155 3900
= 10:_ 3
0.:.85 | I3.|.‘J'I | I;‘lii';\l | I=|1I | '4'('];" | I411I | I4.1."? 42 4.25 3800
ML (GeV/eh)
« M = (4023.9+2.2+3.8) MeVic* 3700
[Phys. Rev. Lett. 113, 212002 (2014)] 1++ 1+-

Is Z (4020) - a partner state to Z (3900), predicted by the

hadronic-molecule model? 39



Open-Charm decay of Z (4020)°

Comparison between observed

ete” —» (D*D*)*rx’
Analysis strategy:

* Detect D (decay products of D¥)

e Look at recoil mass of &t°

T 30r 4.23GeV+4.26GeV ]
S - —— Data
A 20 N — Signal
% 20|~ 1 Backgrounds ]|
%k <em: PHSP MC
w i .‘
T T
2 101 N +
0 e l-m"-_-
402 404 406 408 41

RM(0)(GeV/c?)

BESII

preliminary

Observed state has mass and width
close to Z_(4020)° -~ good candidate

for isospin partner of Z_(4020)*

o(ee— ZCTC—)(D*D*)‘E) (pb)

and Z_(4020) states

" (MeV/c?)
S = 3

=]

100

BESII

M T T T " mrF ™= .o T 77

+ cte — Zt(-1025)'1'|:‘—>(D’[)-)rt' tc.c(Single Tag)

T T T
“_ —+— t--v-_>7.44025)"11“_.(n“n'mﬂﬂ-.cm.mhln Tag) |

_ +

50

el ey I e ey e ey Iy ey

4020 4022 4024 4026 4028 4030

M (MeV/c?)
e'e = Z,(4025°1°—(D D )n+c.c(Double Tag) |
I . ¢'e = Z,(4025) (D D ) +e.c(Single Tag)
L ] L A L L l L L L L l L L il L ] 1 1
423 4.24 4.25 4.26
Ns (GeV)
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Events/(10 MeV/c?)

<. k= -
= 141

= 40

2 ¢ - -
S L

=12H . .

[}

=

= ]
=

L

More Mysteries of Z_ (3900) BESII

«/s 4.23 GeV

_ prellmmary

—&

———

e Y S Y R Y R L .
Miwr) (GeV/c?)
\/s 4.26 GeV
12:— .
I  BESIT
[ M | preliminary

2

M(wn) (GeV/c?)

Search for Z (3900) - ©®*

There are three important decay

modes for charmonium-like states:

* the fall-apart to open charm mesons,

 the cascade to hidden charm mesons;

» decays to light hadrons via
Intermediate gluons.

Since Z (3900) decays to J/¥'m, a

sizeable annihilation rate could be
expected with cc in S — wave (as for )

No significant signal observed:
I'(Z_(3900) ~ o) < 0.2% I'(Z_(3900))

Annihilation to cc is suppressed?
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Shedding Light on X(3872)

BESII

X(3872) - the first discovered unconventional charmonium-like state
so far seen in B-meson decays of hadron collisions:

e J°¢ = 1**, measured by LHCb and CDF
* Interpreted as a candidate for a tetraquark or hadronic molecule
 Most probably Y(4260) and Y(4360) couple with exotic Z_states

— 4.009GeV - S 4.229GeV
%10 _ — data %m " 4 data
(3 107 ] background g 107 ] background
% 10' ¥ | ; 10 ” +| y
R L L mh Jige
36 37 39 4 36 3.7 39 4
M(m* TJ.'Jfl|!) (GeV/c?) M(r* anqr) (GeV/cE)
4.26GeV ° —+data 4.36GeV . —fdata
< background S background
g: 10f *Hi i ; 10 |r
€ gl dulmh] Y
36 37 38 39 4 36 37 38 39 4

M(m*md/y) (GeV/c?)

M(m* J/y) (GeV/c?)

Do they couple with X(3872)?

BESII

e‘e” - yX(3872) - yII¥rn*®n-

¥ signal is used for
analysis validation

[Phys. Rev. Lett. 112, 092001 (2014)]
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Shedd

—+ Data
— Total fit
=== Background 7

Events / 3 MeV/c?

3.9 3.95
M+ d/y) (GeV/c?)
0.6
N —4- data
0.5F — Y(4260)
- Besm === Phase Space

0.4 --- Linear

oB(yX(3872) =y J/y) (pb)
o
w

STtk Rkt N R SRS N SRS R S S A S AR S
4 4.1 4.2 4.3 4.4
E.. (GeV)

[Phys. Rev. Lett. 112, 092001 (2014)]

ing Light on X(3872) BESII

 The X(3872) signal is clearly
observed: significance 6.3

e Cross-section hints radiative
transition between Y(4260) and
X(3872)

« Existence of transitions between
Y(4260) X(3872) and Zc states
suggest that there might be
some commonality in the nature
of these three different states

« Assuming that measured
transition is from Y(4260):

B(Y(4260)— YX(3872))
B(Y(4260)>T /W)
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G10°E

oM

Events/

X(3872): ', Measurement

YISR

anaihilation

ISR measurement at BESII|I

m1035'-_

- — Fit

_.3 19 h
M(

—e— data
- = yX(3872)

nJhy

' J/y) [GeV;’c ]

c\510“
&
E‘IO
o

=102

1 |
107! " _.-_-I_'JIL ;.ua_ oo Lu
3.6 37 38 39 4 1
M(r*mJ/y) [GeV/c?]

—e— data
(d) - = yX(3872)

!
41 42

o Am Ll I 4 J-h:'lb’
3.6 3. 3.8 3.9 4
M(r*m J/y) [GeV/c?]

.~ 0.03 eV

BESII

I"__ may help to understand the nature of X(3872):
e Theory predicts I"

e Current measurement. I < 280 eV

[PLB 579, 74]
* Never been observed directly in e*e”

No obvious sighal observed.
Upper limit (at 90% C.L.):

I <0.13eV

Even nhow we can reach eV

level!

With more data we can do

better...

[arXiv:1505.02559]
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Filling Gaps in Charmonium Spectrum RBESTH

GeV A
4 80l Both E705 and Belle observed evidence.
‘ [Phys. Rev. D 50, 4258 (1994); Phys. Rev. Lett. 111, 032001 (2013).]
3°p,(4.52)
m4’5|(4.45}
4 40}
2%0,(4.19) 2iD,(4.21) 23Da(4.21) 2°05(4.22)
Se4.08) AV PYS| PF, (4.09) I'F5@09) IF3(4.10) £ (4.09)
400 = PP’ P74 2'p (3.96) Z'POB.92}23P‘ (3.95) 23le(_398)
1p,(3.82) ' I'D,(3.84) 1°D,(3.84) 13D,(3.85)
VLT AL AL
2%s{(3.68)
I [ PTYIyI7, . 3
360;;337;271' I'p.(3.52) 1*p, (3.51) Wl’Pa{a.SSJ Trlplet ( 1 - D 1 :233)
————3p (3.44) or5or 3 :
CRf3. 1°D,=>DD forbidden, narrow
TPl
3 o0 Potential model: 1°D, = V.1, ¥e2 With large width.
' ; 1°8,(3.10) Use p*p™ transition to produce 1°D, with JP¢= 2--
"30‘(2"9‘?‘) D-wave (L=2) transition is expected.
| 1 | ] | | | | ] ] | J
280 O—+ I-- I-|--— O++ l++ 2++ 2-+ 2-- 3-- 34—- 3++ 4++
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Observation of X(3823) BESTT

ee” - T X, X = Ve, X, = VI

L 3'9;"(31' R ";;"(bl' B ";
2 385" S e | A R ] R
S SRS I LA | S SN ¢ R PO
RN Y MNP RLC=, YEP D  | S T SR D
= C ! : JF | . | ! .
% 3.6f | Yt e dE " ¥ | =
£ -+ i+ 423Gevi . 4.26GeV:
e e T
s S R R T S i o S
w 3.7 SN PRRReT }L S ‘—‘-““-‘;5:.}:-;Zé;ilﬁij;-:i::-;;-:s:fj::;::::—f
B oeE " b 3 R :
i 3'55 *  4.36 GeV 1 y 4.42 GeV
3@ | AL L.
= I Lo L. Lo B T ___L_tm__:_:_' . T
© 3.8F | o S TR ety Y
9 ., i Tee g et o0t
& 3 ?;—-:::::::::::;;;:;?i::_'_‘gj::5}:;:::;:::_*_— .;*iyt@ﬁﬂ;-ﬂﬂf";
> 3.6F T N U - PO LN
s [ | 4.60 GeV Jf.. . &% | :
E 3.5_| Lo 4 G ] » ! 1 ::.Slum.up_

345 35 355 36345 35 355 36
My ) (GeVi/c) My, Jy) (GeV/c)

[arXiv:1503.08203] 46



Observation of X(3823) BESTT

Simultaneous fit of YX _, (left)

and yX, (right) events « M = (3821.7+1.3%0.7) MeVIc?

i s oy s - T < 16 MeV (at 90% C.L.)
= 40| . < 40 ‘ :
I L T | —Fit [arXiv:1503.08203]
5 30 Wt | o} . siceband
220 2 20; Observed narrow resonance
E Rl L el Is a good candidate for the

TR BT RS e e

- - 3.9 ¥(*D.) charmonium.
IVlrecoil(jrr:'ﬂ:-) (GEV/CZ) Mrecoil(nJrn-) (GeV/CZ) 3

¥('D,) is expected

Energy-dependent
6 to be a D - wave... Ny

cross-section

. +-Data @) i *

6 — D-wave 23 + + +-data Measured cross-
- IR IR AKX
- --S-wave O

0350404505
M@t ) (GeVicd)

— Y (4360)

sections
A - w(4415)

consistent with
transitions from

Events / 0.1
=

(™
L T 71
L
j:
-
I

e SN S } Y(4360) and
0T 03 oé' 05 1 : / e ¥(4415)
CDS T EEk P S T T N S T |'_| TR R B T
Too limited statistics ' 3_ 44 45 4.6

to conclude... 47



o(e’e—wy_) (pb)

Y states: e*e - oy, BESII

Energy-dependent cross-section

100
805
603
405
205
0:

Resonance structure is
_ _ ~+-Data observed (significance > 90)!
/1\ RS Assuming single BW:

== Phase Space

« M = (423018t6) MeVIc?
. T = (38+12+2) MeV

20+

[Phys. Rev. Lett. 114, 092003 (2015)]

Inconsistent with Y(4260) from nnJ/¥

No significant signals for e’e” - wy,,
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c(e'e” — nJ/y) (pb)

Y states: ete” - nJ/¥

BESII

Energy-dependent cross-section compared to Belle data obtained in:

and

nJ/¥
100 —+ Belle
9 :_(a) —~ BESIII(2012)
B % —4 This work
60
401 Hl’

!

|

Mir ]JfHJ[][ _ ﬁﬁﬁﬁjﬁhﬁﬁm

Cross Sections (pb)

38 30 4 4142 43 4.4 45 46 4.7
\'s (GeV)

90
80

70

60
50
40
30
20F
10F

0-

) /¥

+ BESII(2012): 1 J/y

‘H+ —$— This work:n J/y |

-} —|— Belle: n* 1" J/y

(b)

38 3.9 4 414243 44 45 06 47
\s (GeV)

« Agree with previous results with improved precision.

* Non-trivial structure around 4.2 GeV:
This could indicate the existence of a rich spectrum of Y states in
this energy region with different coupling strengths to the various
decay modes.
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BESII

A lot of interesting results are already
published by the BESIII collaboration

Systematic studies of unexpected
states allows BESIII to collects
pieces of “exotic-matter” puzzle

New exciting results are coming
soon!
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Summary BESII

« BESIII is operational since 2008
and already has world's largest data samples of various Y and
charmonium states in a clean environment (e*e” annihilation)

« BESIII — an ideal tool for precision studies of suppressed channels:
 clean environment
« well controlled systematics

 Alot of interesting results have been obtained:
e Precise measurements of resonance properties
* Discovery of unexpected states
e Systematic studies of XYZ states in charmonium region

e ... and we are looking forward to the future:
 More data available than presented in current analysis

Stay tuned!
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Thank you for your attention BEST]

and
to the BESIII collaboration!

BESIII collaboration: >360 members in 53 institutions from 11 countries
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BESIII at BEPC-II BESIT

E.m B, . T B "‘%
IHEP, Beijing, China |
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Other QCD Exotic Objects

QCD predicts exotic objects:
* hybrids (resonances of quark-antiquark and excited glue)
 glueballs (excited states of glue)

BESII

284 1 3¢ 1p. 3p 3p 3p_ 1p. 3p. 3p. F. 3F. na. L
J .0 |1 |1 .0 |1 .2 .2 .2 |3 |3 |3"Ia . |CC>
12 - o
— 0+'-$+- 45
| ol TR R g o
DD threshold - L " |EC >
9 r N [ -_ e — 3.5 g
o he 3o Xy ez — =
e8 m—— © 9
-1.1.- J — 13 E
7 | c [ ] .
eXperiment s
6 | — . P 2.5 n
- CP-PACS —=—
5+ Columbia —=— - 2
4l . — glueballs mm— |g g9 >
[G.S. Bali, Eur. Phys. J. A19 1 (2004)] 115 -
] PC ot 17 1" o't 1t 2ttt 27t o~ 37 3+ 3ttayotic
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