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@ Charmonium spectrum

o The X, Y, Z states
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Beijing Electron Positron Collider Il

Om  DQOSREEW o
2004: BEPCII/BESIII Construction
Double ring

Beam energy: 1-2.3 GeV

Designed Luminosity 1x10%cm? s™
2008: test run

- 2009-today: BESIII physics run

2014: Luminosity: 0.8 x 10%%cm2s ™’
A
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The BESIII detector
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Magnet yoke

RPC (9/8 layers Barrel/Endcaps)
SC magnet, 1 Tesla

TOF (scintillators), 90 ps

Be beam pipe

MDC, 120.m

CsI(TI) calorimeter, 2.5% at 1 GeV
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Data samples

Data sample Ecm Years
1.3x10° J/4 at 3.097 GeV 2009 (0.225x10%) + 2012
0.5x10° ¥(2S) at 3.686 GeV 2009 (0.106x10°) + 2012
2.92 fb~! ¥ (3770) at 3.773 GeV 201042011
0.5 fb~! (4040) at 4.009 GeV 2011
0.024 fb~1 T mass scan at around 3.554 GeV 2011
1.9 fb~! Y(4260) at 4.23 GeV and 4.26 GeV 2013
0.5 fb~! Y(4360) at 4.36 GeV 2013
0.5 fb~! Y(4260) and Y(4360) scan 2013
0.8 fb~! R scan, 104 energy points between 3.85 and 4.59 GeV 2014
1.0 fb~! at 4.42 GeV 2014
0.1fb? at 4.47 GeV and 4.53 GeV for line shape 2014
0.04 fb~t at 4.575 GeV (around the threshold of Lambda Charm) 2014
0.5 fb~! at 4.60 GeV 2014
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Charmonium spectrum

4.zl - Below the DD threshold, all expected states
x=op9] | have been observed, with properties in good
: XaBP) agreement with theory.
42
- Many unexpected states have been reported
above the DD threshold (XYZ). Several
5 e WIS : .
g4 s, exotic hypotheses as to their nature:
[] . .
¢ [z *‘2{2” tetraquarks, hadronic molecules, hybrids,
0 - 2P lueballs, hadro-quarkonia.
a5 | 0280 HE X states:
cT i#3] | - charmonium-like states with J7¢ 17~
. A
- Observed in B decays, pp and pp collisions
341
Y states:
- charmonium-like states with JP¢ =17~
3.2+ T - Observed in direct ete™ annihilation or in
e predictsd, undiscovered ISR 7 e
30 - [nirisq)] - charmonium-like states carrying electric
0+ 1-—- 1+ 0+ 14+ 2++ Charge
o - Must contain at least a cc and a light qg

pair
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Exotic charmonium-like states interpretation

Molecular state: NA Tornqvist PLB 590, 209 (2004)

- :
\ i/ loosely bound state of a pair of mesons. ES Swanson PLB 598,197 (2004)
Sl E Braaten & T Kusunoki

™~
The dominant binding mechanism should be pion
. : PRD 69 074005 (2004)
& exchange. Being weakly bound, mesons tend to decay as if ¢y wong PRC 69, 055202 (2004)
they were free. MB Voloshin PLB 579, 316 (z004)
F Close & P Page PLB 578,119 (z004) .....

Tetraquark: L Maiani et al PRD 71,014028 (2005)
. ' T T-W Chiu & TH Hsieh PRD 73, 11503 (2006)
Bound state of four quarks, i.e. diquark-antidiquark D Ebert et al PLB 634, 214 (2006)

Strong decays proceed via rearrangement processes.

Distinctive features of multi-quark picture with respect to charmonium:

- prediction of many new states
- possible existence of states with non-zero charge, strangeness or both.

Charmonium hybrids P Lacock et al (UKQCD) PLB 401, 308 (1997)
SL Zhu PLB 625, 212 (2005)

States with an excited gluonic degree of freedom ke B
lose, age , 215 (2005,
Lattlc: :;1:1 T\?del predictions for the lowest lying hybrid: E Kow, O Pene PLB 631, 164 (3008)
m ~4.

Conventional charmonium CMeng & KT Chao PRD 75, 114002 (2007)
W Dunweodie & V Ziegler PRL 100 062006 (2008)

0 Zhang, C Meng & HQ) Zheng arXiv:0901.1553
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THE X STATES

BESIII Studies of Exotic Quark States Elisa Fioravanti 9



Observation of ete™ — vX(3872) - PRL 112, 092001(2014)

- The X(3872) was discovered by Belle in J/¢n"n~, PRL 110,252002(2013). JPC = 1++
- BESIII: Study of ete™ — vX(3872), X(3872) — J/vntm~ at center of mass energies from

4.009 to 4.420 GeV.
(BESII

T T
15 -PRL112, 092001 (2014) — Dat
r ata

= Total fit
=== Background

T

D m. -t l 1 -- Ill T ll T
3.85 3.9 3.95
Mt Jiy) (GeV/c?)

=
—

Events / 3 MeV/c?

[
¥ T
:_._.

L —
T

bt
®

- Study of the energy dependent cross section

- The fit with a Y(4260) resonance gives a better
description of the data (x2/ndf = 0.49/3 at 90%
CL)

- These observations strongly support the exis-
tence of the radiative transition process Y (4260) —
X (3872)

6B(yX(3872) =y J/y) (pb)
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- The X(3872) is observed with significance 6.30
- m=3871.94-0.740.2 MeV/c?
- <2.4 MeV at 90% CL

- BESII —+ data
PRL112, 092001(2014) —Y(4260)
----- Phase Space

--- Linear

Elisa Fioravanti

45

10



Observation of ete™ — mt7~ X(3823) - Preliminary results

- The X(3823) was discovered by Belle in B — x1v7K, PRL 111,032001(2013). Mass and width
consistent with the missing ¥(13D5) state

- BESIII: Study of ete™ — 77~ X(3823), X(3823) — 7xc1,c2 at center of mass energies from
4.19 to 4.6 GeV, with 4.67 fb~1.

NQ ’+Dala NQ ’+Data
g E 8% Ma o The X(3823) is observed with
= 0 Background = - Background __ e ( ) Is O served wit
0 30 [ sideband ©0 30 [ sideband significance 6.20 in xc17y
2 2 £ 2 - m=3821.741.3+0.7 MeV/c?
o & - <16 MeV at 90% CL
10 10
- ISR S
8.6 37 3.8 3.9 8.6 3.7 3.8 3.9
Meecoi(m'T) (GeV/c?) Myeeui(®'T) (GEV/c?)
'8. 3; BESIII Preliminary —+ data
% 25F — Y(4360)

- Study of the energy dependent cross section = F
- The fit with the Y(4360) and (4415) gives a % 2
good description of the data 1

A y(4415)

& 150
&
- The X(3823) is a good candidate for the % :
¥ (13D,) charmonium state £ % A
L T S ¥R
Ecm (GeV)
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THE Y STATES

BESIII Studies of Exotic Quark States Elisa Fioravanti 12



Observation of ete™ — wx o - arXiv:1410.6538 (accepted by CPC)

- Study of eTe™ — wy.y at center of mass energies from 4.21 to 4.42 GeV (L=1fb~! at 4.23
GeV; 0.8 fb~! at 4.26 GeV).
-w =t 70 xeo — 7T and KYK ™ xe1,2 — v/

423 Ge\/

B 1664 B ,.r423CeV
3 :2 arXiv:1410.6538 > 250 gEsim
O 12 O 20F arxiv:1410.6538 . .
8 10 8 5 - The process ete™ — wyxco is observed
=3 =3 . -
%’ . % for the first time
g3 L £ sf 1t -o(ete™ — wxe) =55.4+£6.0+£5.9 pb
i LI LR8I Sty
Iﬂ 19253 335 34345 3.5 LI>J &25 33 3.3§ 34 345 35 at 423 GeV
M) GeV/c? -o(ete™ — wxe) =23.7+53+3.5pb
zgig RESIII 426 Ge G 16,8 at 4.26 GeV
s 14 _ . L
E 8 arXiv:1410.6538 E 12 - efe™ — wxe1,c2 signals are not signifi-
0 6 v 10
g s 8 8 cant
e 4 S 6
Z 3 B 4
g 21 E 24 BESIII
e TP 100
i 19 5@ 3.(’-‘3 ‘3.35 34 345 35 LI>J é)QS 33 335 34 345 35 F arXiv:1410.6538
M) GeV/c? M(K*K) GeVic? = ®F 4 oota
\C_!/_ 60 = Resonance
- Study of the energy dependent cross section 3wl v Phase Space
- Incosistent with the line shape of the Y(4260) observed § ,f ft [N 1 [
inete™ — J/vntnw o of ‘J"J-- =
- Assuming the wxo signal comes from a single resonance: ° F k
- m=4230+8+6 MeV/c?; I=384+124+2 MeV apb
S. f 215 42 425 43 435 44 445 45
- Significance > 90 5 (GeV)
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Search for the Y(4140) via ete™ — voJ

- PRD91,032002 (2015)

- The Y(4140) was discovered by CDF in B¥ — ¢J/¢ K™, PRL102,242002 (2009). Not observed

by Belle and LHCb.
- BESIII: Search for Y(4140) decays into ¢J/1 through the process e™

pb~1 at 4.23 GeV, 827 pb~! at 4.26 GeV and 545 pb~! at 4.36 GeV
5

Events/ 0.003 GeV/c?

Events/ 0.003 GeV/c?

0.4

BESII  PRD91,032002(2015)
Jo35
Ho3
\ - Signal MC 025
| | ==Efficiency distribution 3 o
\ Jo.15
\ ELR]
423 Gev{0-05
ek , . .
415 42 425 43 435 44
Mo Jiy) (GeV/cd)
BESIII  PRD91,032002(2015) 04
BN 4035
-
— \ Jo3
—
\ Ho.2s5
438Gev | d02
\ H0.15
\ 40.1
\ Hoos
S L L L 0
415 42 425 43 435 44

M J/y) (GeVic)
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Efficiency

Efficiency

Events/ 0.003 GeV/c?

Events/ 0.003 GeV/c?

45
4
35
3
25

(b)

o
NI G s s L

BESII  PRD91,032002(2015)

\ 4.26 GeV

4.1 415

L i L L
42 425 43 435

Mo Jiy) (GeVic?)

4.

(C1]

af

BESII  PRD91,032002(2015)

iy

Sum of all data sets

04

4035

0.3
0.25
0.2
0.15
0.1
0.05

Efficiency

]
4

of
4.1 415

4 2 4.25 4 3 4.35
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Elisa Fioravanti

e — ypJ /1 with 1094

14



Search for the Y(414

B . B=oc(ete™ — 7Y (4140)) - B(Y(4140) — ¢J/2):
at 4.23 GeV: <0.35 pb at 90% CL
at 4.26 GeV: <0.28 pb at 90% CL
at 4.36 GeV: <0.33 pb at 90% CL

Compared with X(3872) production PRL 112, 092001:

o8B . B=oc(ete™ — yX(3872)) - B(X(3872) — wtn—J/v):
at 4.23 GeV: 0.27 £ 0.09 & 0.02 pb

at 4.26 GeV: 0.33 +0.12 +0.02 pb

They are of the same order of magnitude!

Considering B(X(3872) — ntm~J/1)=5% arXiv:0910.3138
and B(Y(4140) — ¢J/vy) = 30% PRD80, 054019 (molecular calculation)

oB(et e =~ Y(4140)
eTe—x@era) <0-1at4.23 and 4.26 GeV J
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THE Z STATES
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Discovery of the Z.(3900)* - PRL 110, 252001 (2

Events / 0.02 GeV/c?

PRL 110,252001(2013)
[ 1.
—BESII Z(3900)

0
10 12 14 16

et

R B TR

0 B L L b
10 11 12 13 14 15 16 17 18 19

M2(z* i) (GeV/c?)?

- Study of the efe™ — 777w~ J/1) process at
the center of mass energy of 4.260 GeV
3 using a 525 pb~*

- Measured Born cross section is
2 oete” — wtw™ J/b)=(62.94£1.943.7) pb
- Dalitz plot of events in the J/v signal
region shows structures in the 777~ system
o and evidence for an exotic charmoniumlike
structure in the 7= J /¢ system at 3.9 GeV

v

PRL 110,252001{2013 PRL 110,2520012013 110,252001(2013)

100l BESIII o, wof BESIII +n o' BESIII

= mai.f..,’f;‘“ 3o ) n;::.:’::“ 3

C Mt =B SN g w

“ wj;m+m+m-«-.r_+ S of |hﬂﬁ|‘l~hlm 3

Eogt Y, € pof 4 g

20E WJ{ “-h w : ﬁt‘* w 20

"‘5.2 33 34 35 36 3.7 38 3.‘9 4 41 4.2 g.Z 3.3 34 35 36 3.7 38 3:9 4 4142 3.2 04 06 08 1 1.2 1.4
Mir+Jdiy) (GeVicd) MirJly) (GeVIc) Miz'r) (GeVic?)
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Discovery of the Z )* - PRL 110, 252001 (2

- Choosing the heavier J/4) combination per events removes reflection at 3.45 GeV/c?
- Unbinned maximum likelihood fit to the 7= J/v invariant mass distribution

at 4.17 GeV
m=(3886+4+2) MeV/c?
r=374448) MeV

100 [-PRL 110,252001(2013) '*':a(‘aIEES'" - Significance greater than 8o
' — lotal 1

NQ L L=525 pb'1 «==+ Background fit |~ m:(38990:|:36:|:49) MeV/C2

%, 80 .= PHSP MC -Ir= (46i10i20) MeV

o ok .l. [ sideband - Mass close to the DD* threshold

o . -

= - Decays to J/¢ — contains cc

@ 40[ + - Electric charge — contains ud

£ Or s

g r I - 4-quark state?!

W 20n A o(ete” —nE Z.(3000)F —ntw—J/p)

4 B =(21.5+3.3£7.2)%
1
R 38 3.9 4.0
M (7 Jy) (GeVIc?)
o i PRL 110, 252002 (2013) .. PLB 727, 366 (2013
Belle: ete™ — ~spd/vmtn ) L weel @O ko
m=(3894.546.6+4.5) MeV/c* toe 2 30[ - Phase Space L=586 pb"
fd S Background 2 — Fi 5
[=(63+24+26) MeV 3 et | S 25t Gy sidebance } e
N H
CLEO-c: efe™ — J/ymta— S 8
a

37 38 39 4 41 42 3600 3700 3800 3900 4000
Moo, (mlly) (GeVic?) Monax(°J1y) (MeV)
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Search for a neutral Z.(3900) isospin partner - Preliminary results

- Observation of the Z.(3900)° decaying into J/4n° in e~e™ — 7°7°J/4) using 2.5 fb~"
data sample

- Simultaneous fit to the J/7° invariant mass distributions for the three data samples:
Vs =4.230 GeV, 4.260 GeV, 4.360 GeV

- m=3894.84-2.3+2.7 MeV/c?; [=29.648.248.2 MeV; Significance greater than 100

70|

4.230 GeV
BESIII

preliminary|

3 4.360 GeV
16p BESII

60| 4.260 GeV
BESIII

preliminary|

Events/(0.01)
2

Events/(0.01)
8

Events/ (0.01)

L
38 40 42 38 40 42 38 40 42

MEIAp) (GeVic®) M(n"W) (GeV/ch M@m) (GeVic)

12 CLEO-c PLB 727, 366 (2013)

10 M 2::,1.,5,,m ;2";85 pb’| - First evidence by CLEO-c

8 :jllrvsidebands ‘ -efe” — J/1b7r+7r_ at 4.17 GeV
g - m=39044445 MeV/c?

- [=37 (Fixed) MeV

- Significance 3.70

Counts /15 MeV

g, | Lo LR i Isospin triplet is established!
Myax(°J/y) (MeV)
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Observation of Z.(3885)* in ete™ — 7*(DD*)T using single D tag

method - PRL 112, 022001 (2014)

- Study of the eTe™ — 7= (DD*)F at 1/5=4.26 GeV using a 525 pb~!

- Single D tag method: Reconstruction of the 7 and one final state D meson; the presence of
the D* is inferred from energy-momentum conservation.

-DY 5 K—nt; DY - K—wtn—

o 20F | PRL112022001(2014) |« qopr |  PRL112,022001 (2014) _ .
e ggj BESH | 3 Besil| - Enhancement at DD* threshold in
2 6op Les2spp” | 2 8O0 L=525pb"| poth channels - Significance > 180
T S0F 3 6op * | - Fit function:Breit-Wigner+smooth
£ 2 aof | Nyt threshold function
& @ 20r | N | - m=(3883.941.54+4.2) MeV/c?
365 360 565 G0 405 a0 as” | —(24.843.3411.0 )MeV
M(D°D) (GeV/c?) M(DD®) (GeV/c?) - 0 X B=(83.5+6.6+£22.0) pb
Parameters similar to Z-(3900). A JP quantum number determination for the Z.(3900) needed
Fit to angular distribution favours J© =17 05 07200 o) e
If this is ZC(3900)i, the ratio of partial decay widths is: - 0':2: L=525 pb*
I(Z(3885)—>DD*) __ S 03sE T’
F(Z, (3000) 7w d/9) — 02 £1.1+27 2 oof,, ,,,,,,,, o
This ratio is much smaller than typical values for decays of con- g 025 ———4—=__4 4 1
ventional charmonium states above the open charm threshold: T 02  ENDFL0A4s
I(x(3770)—DD) _ i 0‘15: 1::X§/NDF=1SIG
' —F(w(.3770)~>7r+7rfj/w) —.482 + 84 . . 0%;_ 0" : X2/NDF=32/3 .
This suggests the influence of very different dynamics in the ’

P ORI TR T TTIo,
Y(4260)-Z.(3900) system 0 0.1 02 03 04 05 06 07 08 09

cos 6,
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Confirmation of Z.(3885)* in efe™ — n*(DD*)T using double D tag

method - Preliminary results

- Combined study of the processes ete™ — 7t DOD*~ (7t D%DO-tag.) and ete~ — 7t D~ D*0
(7T D~ DOtag.) using 1090 pb~! at /s =4.23 GeV and 827 pb! at \/5s=4.26 GeV.

- Double tag method: reconstruction of the bachelor 7 and DD pair: this allows to use more D
decays modes and effectlvely suppresses background

T 0.2,
_ " 1090 pbat 4.23 GeV _ 1090 pbat 4.23 GeV tem i popes  BESII
% % eliminary |
2 BESH | 20 BESI 5 50 preliminary
] preliminary 2 preliminary{ A1
C ’
= = = +}:**;L i 1*
< < : b
EE e 18 ~~ ++_+_
z <
5 5 Eoot ¥ XINDF: 13.08 S~ d
= = F 1 :XiNDF: 88.9/9 o
39 395 4 405 595 4 a0 JOXINDF:71869 MO
MDD") (GeV/cd) MDD (GeV/ic) 01 02 03 04 % 5706 07 08 09
T T T T T T T T T T cosb,
_sf 827pb'at4.26 GeV 1 _ 827 pb'at 4.26 GeV 03—
4 g ] i T
2 BESIN | =¥ BESII ete” > m D™D L reliminary
] preliminary ] = preliminary ] =g 15— |
= 1= e Jr
< < 20 N ———
< = £l = S SNEC S ™
z 510 =t AR t\ +1
& & Zook 1%:XINDF: 90.9/9 N ]
ot ol X L - 1" :X4NDF: 73.2/9 N
39 39»0 4 405 41 39 395 4 405 A1 0" : XYNDF: 87.9/9 No
)*] 2 L L 1 L L 1 L L L
MDD") (GeV/c) MDD (GeV/c) el

cosf,

- Simultaneous fit to the M(DD*) distributions for the two processes.
- m=3884.341.2+1.5 MeV/c?; [=23.842.142.5 MeV; Significance > 100
- The angular distribution is consistent with JP = 1+,
- The measured mass, width and quantum numbers are consistent withisingle D tag results.
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Observation of Z.(4020)* in e"e™ — 77 h. - PRL 111,

242001(2013)

-Study of ete™ — 77~ hc at center of mass energies from 3.90 to 4.42 GeV.
- he — 1n¢; Mc reconstructed in 16 hadronic decay modes

120FBESIl =246 fb? PRL 111,242001(2013)

- Simultaneous fit to the M+, distributions
at 4.23, 4.26 and 4.36 GeV using 2.46 fb—L.

- A structure, ZC(4020)jE is observed with
significance > 8.90

- m=4022.940.8+2.7 MeV/c?

- [=7.9+2.7+2.6 MeV

Events/(0.005 GeV/c?)

Events/(0.005 GeV/c?)

3.95 4.00 4.05 4.10 4.15 4.20 425
M., (GeV/c?)

-o(ete — 7+Z.(4020)F — ntr~h) =8.7+1.94 2.8+ 1.4 pb at 4.23 GeV
-o(ete™ — 7T Z.(4020)F — 7t7~he) = 7.4+ 1.74+2.14 1.2 pb at 4.26 GeV
- o(ete™ — wEZ.(4020)F — xtm—he) = 10.3+ 2.3+ 3.1+ 1.6 pb at 4.36 GeV
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Observation of Z.(4020)° in ete™ — 707%h, - PRL 113,

212002(2014)

-Study of etTe™ — 7%70h. at center of mass energies of 4.23, 4.26 and 4.36 GeV using 2.46
fb— 1.

- he — n¢; Me reconstructed in 16 hadronic decay modes
4s

BESIII PRL 113,212002(2014
40

o L=2.46 b ) _ T
o - Simultaneous fit to the MT°" distributions.
E e - A structure, Z.(4020)° is observed with signif-
E = icance > 50
3 - m=4023.942.24-3.8 MeV/c?
s

- Width is fixed to be the same as its charged
partner

- Another isospin triplet is established!

385 39 395 4 405 41 415 42 425
M;',,‘“"Lmtcevrc‘)

-o(ete™ — 7°92.(4020)° — 7%7%h.) = 6.5+ 2.2+ 0.7 £ 1.0 pb at 4.23 GeV

- o(ete” — 702.(4020)° — 7%70h.) =8.5+2.9+ 1.1+ 1.3 pb at 4.26 GeV

-o(ete™ — n°2.(4020)° — 707%h.) =9.94+ 4.1+ 1.3+ 1.5 pb at 4.36 GeV

+ 0
The combined ratio Rz, (a020) = G((re(iee,H:l?é:g;g#:ifﬂ'fi =0.9940.31 with is well within
1o of the expectation of isospin symmetry 1.0
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Observation of Z.(4025)* in ete™ — 7(D*D*)T - PRL

112, 132001(2014)

-Study of ete™ — 7= (D*D*)F at 4.26 GeV using 827 pb~1.
- Only the bachelor 7~, the DT decaying from D** — D*n0 and at least one soft 7° from
D*t — D70 or D*0 — D70 decay are reconstructed.

80— _comb.BKG  — data
— [ amea- D*D** — total fit
© 60| PRL 112, 132001(2014) — - Z,(4025)
3 O leE ot .- PHSP signal - Unl;?inn.ed_ma.ximum likelihood fit to the
= | Mrecell distribution.
v |
o 40k - A structure, Z(4025)" is observed with
I T significance 130
g [ - m=4026.3+2.6+3.7 MeV/c?
:>.)| 20_— - [=24.8+£5.6+£7.7 MeV

4.02 4.04 4.06 4.08
RM(r) (GeV/c?)

To validate the establishment of Z-(4025) a rigorous spin analysis is required based on a larger
data sample.

BESIII Studies of Exotic Quark States Elisa Fioravanti 24



Conclusion

@ Quarkonium spectroscopy is a very interesting field, many new exotic states have
been discovered in recent years;

@ Still many missing pieces need to be found to have the full picture;

@ In 2012, BESIII has started a dedicated program toward understanding X, Y, Z
states.

THANKS FOR YOUR ATTENTION!
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