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Hadrons: normal & exotic

In the quark model, hadrons are

dominantly bound states of qqbar

(mesons) or qqq (baryons)

]33ut QCD allows hadrons with Nquarks;ez,
- Glueball:Nquarks =0 (gga gee, .. ) & ud
— Hybrid: N, = 2 + excited gluon ugs
— Multiquark state: N> 3 _
— Molecule: bound state of 2 or more dibaryon

hadrons

It 1s a long history of searches for

these exotic hadrons, however, no

solid experimental evidence was

diquark + di-antiquark

found until recent breakthroughs in

the charmonium region.
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Charmonium spectroscopy

4 | Below open-charm
S threshold, all states have
e been observed. Charm
wm]  mese® | antli-charm potential

38 |- T .
. models describe spectrum
36 - . very well.
34|
3| P Many missing states above

s msset] | open-charm threshold.
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MASS [GeV/c?
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There are lots of XYZ states

33
E e

A number of new states above open-charm
threshold.

Charmonium 1n the final state, but not an

obvious charmonium state
e (charmoniumlike or XYZ)
— ﬂ31So L L] L
% _ X: neutral, in B decays, Y transitions
e s (2P| and hadron machines.
- ] Y: neutral, vectors in e"e" colliders.
= Z=: charged quarkonium-like
| [0S0
xe2(1P2)
L2 [xa(1Py) What are they?
B Xe0(13Po) — Charmonium?
— Tetraquark?
_ %
B predicted, discovered golie'c(;];}e )
— 11d’
prcicted, undscovered Y .
— Hadrocharmonium?
- _
0-... 1_— 1+— 0++ 1++ ++
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Beijing Electron Positron Collider 11 (BEPCII)

Linac:

The injector, a 202m long electron position
Cea e linear accelerator that can accelerate the

et Cwitewew . electrons and positrons to 1.3 Gel.
~ L —— o T, Ry B RS TR e TS T e— -

BESIII:

Beijing Spectrometer I, general-
purpose detector for BEPCII.

==

Beam energy:
1-2.3 GeV
h Luminosity:
1x10% cms
: —




The BESIII Detector

SC magngt, 1T

Magnet yoke

:—’

Asll A total weight of
&n 730t, ~40,000
readout channels,

data rate 6,000Hz
MDC, 120 pm P
A
< ®

CsI(T1) calorimeter, 2.5 %@ 1 GeV
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BESIII Collaboration
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E., range @ BESIII/BEPCII

6
E ® BEsi|ss . N
s ®  BESII (Preliminary) recsro)
AN wrysgjaisai
5 O  Gamma2
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I Qaﬂe(S-gi)
a3 ORI )
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Physics programs at BESIII include light-hadron and charmonium
spectroscopy, electroweak and strong physics at the charm scale, tau-

physics, R value measurement and searches for rare processes.
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Data collected over time
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BESIII data samples for XYZ study (5/1tb)
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For the XYZ states study, BESIII has accumulated about 5 fb-! data. Around (4040),
Y (4260), and Y (4360) peaks, we collected the largest data sample in the world so far
for the study of their decays. Data samples with small statistics at other energy points
are collected for the line-shape study.
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The X states




Belle, 2003

e Mass: Very close to D°D™ threshold o]
e Width: Very narrow, < 1.2 MeV '
o JPC=1"" (CDF, LHCb)
e Production

— in pp/pp collison — rate similar to charmonia

140/fb

/

0.40

— In B decays — KX M) M) [GeV]
— Y(4260)>y+X(3872)

* Decays
— Open charm (~50%)

— Charmonium: swJ/Ap, wrml/Ap, yIAp, vy’

 Nature (very likely exotic)
— Loosely D'D* bound state (like deuteron?)?
— Mixture of excited 5, and D’D* bound state?
— Tetraquark?
— Charmonium?
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Cross sections of e*e-2yX(3872)

BESIII [PRL 112, 092001 (2014)]

0.6 C 15 | ' ' ’ ! I T T 7 T T T T T T ]

- O(e*e2yX(3872)) -+ data - ~ Data
0.5 — Y(4260) NQ [ — Total fit

- Phase Space > i ]
0.4 -~ Linear % 1oL --- Background
0.3 © _

C ..(B i ]
0.2+ qc) 5 N

N |_|>J 5 i
0.1 : 1 l l l l l:

07 J‘fﬁmmj‘r- ARVUITR U
8.8 3.85 3.9 3.95

M(m*mJ/y) (GeV/c?)
BESIII observed e*e 2yX(3872), X(3872)>a " wJ/1.

It seems that X(3872) is from the radiative transition from Y(4260).
R(B(ete=2yX(3872))/B(e*e 2" wJ/y)) ~ 11%, large transition rate.
Together with ¥(4260) = 2Z_(3900), indicates commonality in the
nature of the exotics states X(3872), ¥Y(4260), and Z(3900). .



ete 2>t X (3823)2>ntnyy .,

Sum of 4.36, 4.42, 4.60 GeV

3 o, 30 —4— Dat
—+- data $ = i
BESIII o Y(4360) § 20 Sideband
&9 PO . y(aa15) E
2 |

36 -' 3.7 f-“,-,; o 39
M(yx,)= M) (GeV/c)

M=3821.7£1.3+0.7 MeV;

IIllllllllllIllllllllllllllll

0“3(7t‘“1t'X(3823)—>1t‘“7t'~yxC 1) (pb)
n

1 Significance: 6.70,
observation.
0.5 : Consistent with BELLE’s
el 3.70 evidence (PRL111,
0 032001)

1. Energy dependent cross section of e"e2>m+mX(3823).
2. Both Y(4360) and 1{(4415) line shape give reasonable description.
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X(3823) as the ¢(1°D,)

Mass: D-wave ~3.810-3.840 GeV by potential model.
X(3823) mass agree with y(1°D,) prediction.

Width: narrow
X(3823) should be narrow (<16 MeV @ 90% C.L.).

Production ratio:
R=B[X(3823)2Vx.,]/B[X(3823)2>v%,.,]<0.43 @ 90% C.L.
Agree with prediction R~0.2.

Exclusions: 1'D,2yy,, forbidden; 1°D;=2>vy., amplitude=0.

CIPANP 2015 15



The Y states

(vectors)




Y-family states

A family of vectors (JP“=1-) observed in e¢*e colliders.
In the process e*e™ 2yt J/y ,

the BaBar experiment observed the

Y(4260), then confirmed by CLEO and Belle.

Properties are different from 1-- charmonium: strong coupling to 7z7zJ/1, no

significant enhancement 1n open charm production.
At BESIII, vector y/Y states can be produced directly.

BaBar: [PRL95 142001]
-

, 273fb-1
T

Belle [PRL 99, 142002 (2007)] 673fb"

EFS
o))

" iy **n*'ﬁ

13'633 Y 4446485

Y
o

Events / 20 MeV/c2
Illllllllllllll

Entries/25 MeV/c?

%)

44—
—5—

.............

Y(4360), Y(4660)
S ryw2s)

M(x" n\v(ZS)) (GeV/c )

m(n‘“n’]/ V) (GeV/cz)
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Observation of e"e— st'sth (1P)

Comparison of e'e— n*nh, and w'mwJAp
Open circles: Belle e*'e— nt'mw ]/

80 — % Solid dots: BESIII e*e'— m*mh,

601 %H f. 1 426Gev | it | 436GeV
: + + Tt L firaPy>m]

O [ L X J(18S) ce 11
42 43 44 45 46 h(1P) cc1tl
Ecm (GeV)

Reconstruct h,—yn_, ., —hadrons [16 exclusive decay modes]

o(e'e— nw'wh,) ~ o(e"e— w'wJ/p) but line shape different

Local maximum ~ 4.23 GeV for e'e— ww'mwh,

Broad structure at high energy region? Need more data at high energies to complete
the line shape measurement. CIPANP 2015 3




Y(4260).

Significance > 90

ete Dwy,, are observed at 4230 &
MeV and 4260 MeV. Signal does 2
not arise from the decays of the S
Fit with a single BW .
Mass = 4230+£8+6 MeV G
Width = 38+12+2 MeV 3

—+— Data

— Resonance

--- Phase Space

Observation of e'e2> wy,,

—

Ob_;l\uc.mmm\loocoo

c(e*e‘—>mxco) (pb)

IIIIIIIIIIIIIII]IIIIIII

I
o

—LIII

15 42 425 43 435 4.4 445 4.5
\s (GeV)

; —&— Data 4 23 GeV § 25;
E Total fit [ £
F = = = Background fit (@) 20:
F ] Sideband Te) C
o 15¢
Z— o o
= S 10E
= B
F = b5
A 2
25 33 3.35 34 345 3.5 L 5925 33 335 34 345 3.5
M(rtrr) GeV/c? M(K*K) GeV/c?
<, 16¢
(o) E
o 12
wv 10F
S s L }
S 6f
|| E sy
S X e ALY T R B o
25 33 335 34 345 3.5 L 59.25 3.3 3.35 34 345 35
M(r*) GeV/c? M(K*K') GeV/c?

A tetraquark? (arXiv: 1412.7196)
P(4S)? (arXiv: 1405.3831)
Threshold effect?

Phys. Rev. Lett. 114, 092003 (2015)
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Evidence for e*e” =2 Y% ;-1 5

™N [ N 16 =
S ME 4.009 GeV St 4.230 GeV
12 [}] C
— = 12p ‘
— o 10 ]
N 2 1
c S c 6 » J
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(1T 2% h w o F ‘L """ »
o B e Tl T SLLLLLLLLLLL I LAY S S SRR o
3.35 3.4 3.45 3.5 3.55 3.6 3.65 3.7 3.35 3.4 3.45 3.5 3.55 3.6 3.65 3.7
M, ., (GeV/c?) M,,., (GeV/c?)
@ ®)
o~ = o~ 10
S 2f 4.260 GeV S 4.360 GeV
= 10} 2 °F
= 8f =
2 . ; 2
S | ) A S
g TN LT &
2 ) .
o JJJJJ dededa a1 o g | IR T S S Y l‘.;
3.35 3.4 3.45 3.5 3.55 3.6 3.65 3.7
M., (GeV/c®)
©

We find evidence for the processes e*e™ — yx,.,and e*e” — yx,, with statistical
significances of 3.00 and 3.40, respectively. No evidence of e*e™ — yx,, iS observed.

BESIII: arXiv:1411.6336, CPC (in press) 20



Observation of e*e> nJ/Ap

1001

80
60
40
20

o(e’e” = 1 J/vy) (pb)

-20

OF

— Belle
4 BESIII(2012)

—4— This work
\L BESIII preliminary

i} f ﬁ mﬁﬂiﬁﬁ*ﬁ

38 39 4 41 42 43 44 45 46

\s (GeV)

» The cross section peaks around 4.2 GeV

» Analysis of high energy points underway




Observation of e'e> n’J/A

=
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—
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-
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BESIIT

Prellmlnary

—_
o

a

....................................

4.23 GeV: o0 =3.1£0.6+£0.3 pb
4. 26 GeV: o =3. 9:|:0 8:|:0 4 pb

.........................................................................................................................................

Born cross section (pb)
in

N
=)

4.15 42 425 4.3 435 4.4 445 4.5 455 46

Ecm. (GeV)
First observation, cannot tell the line shape due to statistics

CIPANP 2015
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= Model predictions of e*e=> na’JAp

No Y (4260)> nr’J/Ap

= Hadro-quarkonium/tetraquark of Z, and Z_:

oM. Voloshin, PRD 86 034013

oA. Ali et al.,, PRL 104 162001, PRL 106 092002

oL. Maiani et al., PRD 87 111102

=Y (4260) as a D,;D molecule: X. Wu et al., PRD 89, 054038

obom(e’e™->nn0J/y) (pb) at 90% C.L.

5

4

BESIII preliminary

c v e by v b by
4 41 42 43 44 45 46

E...(GeV)

CIPANP 2015

» Upper limits well above prediction
of D,D molecule model (0.05 pb at
4.290 GeV) [X. G. Wu et al., PRD 89,

054038]
» Need ~100 times more luminosity to

reach the sensitivity

23



No significant e*e- 2 yY(4140)

Upper limit at the 90% C.L. for 68 - B = g (e*e™ - yY(4140)) - B(Y(4140) - ¢J /)

4.23 1094 0.840 <339 <0.35
4.26 827 0.847 <207 <0.28
4.36 545 0.944 <179 <0.33

The Y(4140) has positive C-parity and can be searched for through radative transitions from other vectors

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

oB(ete™ - yX(3872)) - B(X(3872) » n*n ] /)
= 0.2740.09(stat) +£0.02(syst) pb at \/s= 4.23 GeV,
= 0.33+0.12(stat) +£0.02(syst) pb at \/s = 4.26 GeV.

Take B(X(3872) » n*n™J/Y) = 5%. arXiv: 0910.3138
And B(Y(4140) — ¢J/y) = 30%, molecular calculation, PRD 80, 054019.

Bio+,—_,
o (e’e oYY(140) _ 51 at /5=4.23 and 4.26 GeV.

c(ete —>yx(3872)) ~
Phys. Rev. D 91, 032002 (2015) 2




What are the Y states?

..........
L ]

®

4700 #  Y(4660) .
! 2S5+1
y L
E J
450(? y(4415)
: Y(4360)
4300, - Y(4260) =
W(4160) ,
4100 ., o0 w(4040)
§ 3900 - “’.'E ) “‘,0’ s /02 (23P2)
O U7 e ’
= Ak
3700 =M, 'Sy —— 25,
1 Xez (1°P2)
3500 - he (1°Py) Yot (1°P,
Yo (1Po)
3300 -
3100 - ¢ (1's,) Jhy (1°8,)
2900 - | | a—
= A ) i

Between 4 and 4.7 GeV, at
most 5 states expected
(3S, 2D, 48, 3D, 5S), 7
observed

Hybrids are expected in
this mass region

Molecular states?

Cannot rule out threshold
effect/FSI/...

The Y's are all narrow and
similar

n'wh,, wy,, ... add
complexity but also give
hints for their composition

25



The Z . states




Z *: charged charmonium-like states

Z* decay to charmonium demonstrates a ccbar pairr.
Electric charge demonstrates two or more light quarks:
Nquark =4

A clear signature for an exotic hadronic state.

Search 1n final states m@//y, wh,, 7yY(2S) mx,,...

CIPANP 2015
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Z_ at BESIII

BESIII observed four-quark state candidates Z_(3900)* and Z_(4020)*, and their neutral
partners Z(3900)° and Z (4020)° in ete->n+Zc, Zc>m+IAp/h, processes. (details see

Zhentian’s talk on 5.22)

Events / 0.01 GeV/c?

Events / (0.01)

100F Z(3900)* Dyt

F PRL 110, 252001 (201B) ~ " *"
80 -.=. PHSP MC
605— “ [ sideband
40 + i1
205 4 M

0 3.7 3.8 3.9 4.0
M, (/) (GeV/c?)
FZ (3900)" >aCJ/
60 c(. : 4 4%30 GeV
Preliminary

50

40
30
20

10

0

L
M(°J/y) (GeV/e?)

4.2

Events/(0.005 GeV/¢?)

Events/(0.01GeV/c?)

120 (4020)*2nh,
- < 50
100 = :
80
60 | .
Y] 39 40 4
40:{. .'Fl‘ M,., (GeV/e)
20~
IR R A T T L
29.95 4.00 4.05 4.10 4.15 4.20 4,.25
Mntb‘(GeV/c')
0
7 (4020)° >,

39 395 4 405 41 A5
grecoil 7 Inl
MY (GeV/c)
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Z_ at BESIII

In e*fe>nD*D(D*) processes, BESIII observed Z (3885)->DD* and Z (4025)->D*D*, whose
masses are close to Z(3900) and Z,(4020) and could be considered as the same states.
Comparison between Z_—2pion+charmonium and Z_—2 D(D*) productions can be used to

understand the nature of Z_. (details see Zhentian’s talk on 5.22)
PRL112, 132001 (2014)

7 13900 827pb! @ 4.26GeV . I Slngle tag
o 90F EZ”( ! 80F —4—data  —— Z.(4025) b 30r | 423GeV+4.26GeV ]
o 90E BESIII [PRL112, 022001 (2014)] _— _F _ = Data j
; 80F i 525pb! @ 4.26GeV N 70 — —— total fit ;:'r;z B-KG : ?) ....... - Signal ﬁ

= == = R signa
© 705 [\ op~ | > ©°F - Z 540 B Backgrounds
= 60 T Z"(‘?ssl) ?D D = sof H e S 20 wemem: PHSP MC
< 505 . ingle tag Lo - , £ [
~ 40F o 40p "g4012;s) c Z,(4025)
-‘2 30F » 30p wmgte tag -%) 10~ -+ Single tag
@ 20F S 20p [
3.85 3!90 3.85 4.00 4.05 42.10 4.1 ‘"******;;*’ 0 402 404 4.06 4003 4.1,
*
M(D"D™) (GeV/c) RM(rt) (GeV/c?) RM(n°)(GeVie?)

~ | -1
i Z,(3900) ot 1090 pb1@4.23GeV |
c\13100:— t > T . VA (3885) Besil  Double tag
> - — = . c preliminary
2 80 Z,(3885)2>D'D" | o e |
= "t 4  Single tag 3
<+ 60 ! _ Z
~ - 1 =
w 40F E ..... S
% r i m
> 200 | b . |
W ob.: 39 395 4 405 o ad
3.85 3 90 3. 95 a. 00 4. 05 4. 10 4.15 M(DOD"‘-) (GCV/CE)

29

M(D*D*%) (GeV/c?)



What’s the nature of these Z_ states?

* At least 4 quarks, not a conventional meson

* Tetraquark state?

Phys. Rev. D87,125018(2013); Phys. Rev. D88, 074506(2013);
Phys. Rev. D89,054019(2014); Phys. Rev. D90,054009(2014); etc

N7 (kK
e DOD®™ molecule state? .
Phys. Rev. Lett. 111, 132003 (2013); Phys. Rev. D 89, 094026 (2014)
Phys. Rev. D 89, 074029 (2014); Phys. Rev. D 88, 074506 (2013); etc

o FSI?
* Cusp?

S
T

CIPANP 2015 30



Lots of progress has been made 1n the study of

charmonium-like states at BESIII.

Observation of e"'e2>yX(3872) & mw'mwX(3823).

Measurements of many hidden charm final states.

Observation of Z_ states.

BESIII may continue data taking until 2020-2022.

CIPANP 2015
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Thank you!



Backup



BEPC I1: a double-ring machine

Compton back-scattering for
high precision beam energy
measurement

BESIII is here

Beam energy:
1-2.3 GeV

Luminosity:
11033 cm2s°!

Optimum energy:
1.89 GeV

Energy spread:
5.16 x104

No. of bunches:
93

Bunch length:
1.5cm

Total current:
091 A

SR mode:

0.25A @ 2.5 GeV

34



BESII BESIII data samples

— Note that luminosity is lower at J/Ap,
and machine is optimal near {”° peak ‘

I 2012:
Integrated }um.:oJan. 2009— ane 2014 v & JAY

sso0000 L about.9 fb- @.dlfferent energies (0.35B & 1.0B]
Note increase in slopes!

3000000 |— lp”; 2.9 b1 //
Y': 0.5B 2011: ¢y’ & /

R Jhp: 1.3 B V(4040) /

oo - X YZ: 5.0 fb! [2013-14]

1500000
vy

2010:9”

2009: ' & JAp /
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BESII Observation of efe” 2>vyX(3872)

Events / 0.001 GeV/c?

: 15 5
200 - . =4 Data -
sool © [ — Total fit

C % i === Background 7

E = or ]
300~ ™ !

200 a2 *\9 [ :

- qC, 5 I ‘ —

i > - -
100 - = Il | l ||-

SO, S-S HHAIEEE - P T

866 367 368 369 37 371 372 %.8 3.85 3.9 3.95
- 2
M(r*n Jy) (GeV/c?) M(r*J/y) (GeVic?)

ISR 1’ signal 1s used for mass, and mass resolution calibration.
N=1818; AM=0.34+0.04 MeV; Ac,=1.14 £0.07 MeV

_ " arXiv: 1310.4101,
N(X(3872)) = 20.1x4.5 630 e

M(X(3872)) = 3871.9+0.7+0.2 MeV [PDG: 55/1.06 xu.1/ V€V |
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Ecm=

BOI e 5> X (3823) Sy,

Preliminary
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List of Y-family states

State Mass (MeV/c?) | Width (MeV/c?) | Decay mode Experiment
¥(4008) 4008+121_, 226+97 Iy Belle
¥(4260) 42509 108+12 7w/ BaBar
0nlJ/y CLEO
KK-J/p Belle
Y(4360) 4361x13 74+18 7 wY2S) Belle
BaBar
¥(4630) 4634*,, 92+41 A*A: Belle
Y(4660) 4664+12 48x15 T P(2S) Belle
BaBar
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BESIT e wth (1P) at BESIII

* h.—yn., n. —hadrons [16 exclusive decay modes]
 pp, n KK, wwpp, 2(K'K"), 2(w'mw), 3('m)
¢ 2(m'm)K'K-, KPK*m+e.c., K Kfmatn+c.c., KK
o pnt!, K'Km, @', atmndnd, 2(ann, 2(x*wn?)

m(n )(GeV/c?)
m(1 )(GeV/c?)

3.05

-y
L=y

IRy
o N

8

6
4
2
0

||||||||||

3.55 3.56 3.57 3.58 3:9 36 3.56 3.57 3.58 3.59 '36
m(h )(GeV/c ) m(h )(GeV/c )

BESIII: arXiv:1309:1896, PRL111, 242001 3




BESII

Observation of e"e— st'sth (1P)

= 60 = F
S F E,,=4.26 GeV s % E,,=4.36 GeV
I s0- ! I 50
g 40 2 40F
- \ - .
30 ] ‘ 30 }
- ' \ - )
201 | } 201
ekt Wl | R TR
10 e } 1T ¢! Il ; T dhd 10 --I --'l" -- . 1
. } | !"' l ' T I L {} ll ) [ |\
95 351 352 353 354 3|55 3!56 3|57 358 3(‘g9e36 95 351 3152 3153 354 355 356 3157 3515\3/]-{3(5(% 36
N(h,)=416+28 N(h,)=357+25 Lum=544/pb
Lum=827/pb oB=52.3+3.7+£9.2 pb

oB=41.0+2.8+7.4 pb

BESIII: arXiv:1309:1896; PRL111, 242001 10



B-‘ESI[[ Observation of e'e> n’°J/AP

soF. BESII - BESIII
% "} Preliminary % 2 Preliminary NEW!
% [ 4.23 GeV % L 4.26 GeV
o L o
5| .
§ 1of 3
> M >
TR if
Sia i S ~ A +
o T T P
L___JBDLJD;JQD{_J TR S | o = B
0.9 0.95 ) 1
Myr'm/yyn't) GeVlic
16F -
14?(&) 12—(b)
E 12— * & 10— -+
> C > - >
o 10— o L
S L s 8-
O 8- 0 [
2 F 2 6
& 6 & I
= C F | -
T * I
21» 2l
o 0
3 3.05 3.1 3.15 3.2 3 3.05 3.1 3.15 3.2

M(I'T) GeV/c? M(I'T) GeV/c?
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BESII

Observation of e'e— w'mh (1P)
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Born cross section (pb)
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L 1 | L1 1 1 | | I I | | | I I | | | I I | | | I I | | | I I | | | I I | | | I I | | I I | | 1
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Ecn(GeV)

* oO(e"e—a'mwh,) ~o(e"e— n ' J/Ap) but line shape different

 Local maximum ~ 4.23 GeV

« Hint for a vector [¥]ccg hybrid? [PRD78, 056003 (Guo);
094504 (Dudek): [¥]cc in spinssinglet in hybrids!] -




BESIT No significant e*e- =2 yY(4140)
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BESIII: arXiv:1412:1867, PRD (in press)
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BESII

Observation of ete> nJ/AY
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B|€S]]I No significant e e> n’J/p

= Model predictions of ete2> nalJAp
= Hadro-quarkonium/tetraquark of Z, and Z :
oM. Voloshin, PRD 86 034013
oA. Ali et al., PRL 104 162001, PRL 106 092002 >

oL. Maiani et al., PRD 87 111102
= Y (4260) as a DD molecule: X. Wu et al., PRD 89, 054038

= Select an 1 and a nt°, then check the J/Ap signal

°F o —+ Dat
L s _4230Gey TP Q[ s=4260Ger o
Q : T Sideband 8 3 S:ldeband
G :
4L . . .
T) C
g+ BESIl prelimmary
© g © I :
0 2 i o |
u>JO : Lﬁ O_Ilg_ll¢ E'1.I..
3 305 3.1 315 32 3 305 31 315 32
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