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m Introduction: charmonium spectroscopy
m New (conventional) charmonium state: g, (13D5)
m Exotic charmonium(-like) states: the X, Y, &Z
m Summary and Outlook
Not covered in this talk:

Baryon spectroscopy: see Beijiang Liu’s talk on Tuesday
Light hadrons: partially covered by Andrzej Kupsc’s talk
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QCD bound systems

States found in nature: colour-neutral combinations

mesons and baryons

’ QCD also allows ‘

molecules/multi-quarks 3 (a

e

hybrids

glueballs

O oL oo

and more

Totalitarian principle of guantum mechanics:
Everything not forbidden is compulsory

—
)
(=
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Multi-quark states: seen on page 1 of the quark model
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If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "‘eightfold way'" 1- , we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical "bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means
of dispersion theory, there are still meaningful and
important questions regarding the algebraic proper-

ber n¢ - nf would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin 3 and

z = -1, so that the four particles d-, s~, u® and b®
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -3, and baryon number 3.
We then refer to the members u3, d-3, and s-3 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from quarks by using the combinations
(aqq), (@qqqd), etc., while mesons are made out
of (qd), (@aqd), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.

A formal mathematical model based on field
theory can be built up for the quarks exactly as for
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Where are they?

The absence of exotics is one of the most obvious features of QCD.
R. Jaffe, hep-ph/0409065

The story of the pentaquark shows how poorly we understand QCD.
attributed to F. Wilczek, see T. Barnes, hep-ph/0510365
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Where are they?
The absence of exotics is one of the most obvious features of QCD.
R. Jaffe, hep-ph/0409065

The story of the pentaquark shows how poorly we understand QCD.
attributed to F. Wilczek, see T. Barnes, hep-ph/0510365

in the past few years, compelling evidence for states beyond simple qg!
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Charmonium Spectroscopy

Charmonium and charmonium-like states useful for this search:

m mc =~ 1.3GeV: probe transition region from perturbative to non-perturbative regime

B separation between states larger

m states presumably less mixed than in light quark sector

m can be produced copiously in ete~ collisions
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Heont( 1)
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Exciting possibility to find exotics among new states

| 2 r(fm)

r DO* K K¥ #8,p Agpgd h

Godfrey & Isgur,
Phys. Rev. D 32, 189 (1985)
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Charmonium spectrum

Mass [GeV/c?]

4.2 (2°D1)
38k "(19D1)
"pb
3.6
3.4
3.2
J/yp(1°S1)
3O0F [raisy
ot 1  1t=  0oft qtt  oft
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Charmonium: cc

Example potential

= 4 wg 327 2 =
cc _ _ Tl -
V§e = 37 +br+ o2 8(r)ScSs
1 20 b\ - = 4das
Vspin—dep. = mfg {(fT — E) L-S+ rTT

+ relativistic corrections!

Godfrey & Isgur, PRD 32, 189 (1985);
Barnes, Godfrey & Swanson,
PRD 72, 054026 (2005)

Use well-established states to fix
parameters, then predict remainder of
spectrum, and transitions

= Remarkably good description
above DD threshold: some mass shifts




Charmonium spectrum
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BESIII: a T-charm factory






A t-charm factory
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BESIII detector

FPC- 9 Electro Magnetic
ayers Calorimeter

SC
Solenoid

Barrel
ToF

Endcap
ToF

SC
Quadrupole

= =

RPC: 8
ayers

Completely new detector
Comparable performance to CLEO-c, + muon ID
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BESIII data sets
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+ 104 energy points between 3.85 and 4.59 GeV
+ ~ 20 energy points between 2.0 and 3.1 GeV
(ongoing)

Direct production of 17~ states studied
with world’s largest scan dataset

jGlu






Higher charmonium states

4.4t

4.0~

385 ¥/(1°D1)

¥ (@s) Mp5

Mass [GeV/c?]

3.2

predicted, discovered
predicted, undiscovered

o+ 1= 1+= ottt 1++ o++ o+ 2—— 3
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The X (3823) at Belle

D
PRL 111, 032001 (2013)

Using full Belle data set of

30r 772 x 10°BB
)
520 B — KyXet
s simultaneous fit to B+ and B°
0o
E 3.80 evidence
§ 10 o evi
A

O :.-.\- L | " n %‘.J; --------- " n
3.75 38 3.85 39 M =3823.1 £1.8 £ 0.7 MeV
Mx v (GeV/cz) very narrow

Mass (and width) compatible with
o (1°D,) state

—
)
[
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preliminary
arXiv:1503.08203

ete” — mmr X(38823) — T Y X

reconstruct xe12 — YJ/tp — Yl

look in mass recoiling against 771~ system, Myecoi (1 717)

Use 5 large data sets (total luminosity ~ 4.1 fb”)
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ete” — mmr X(38823) — T Y X

Events /5 MeVic?

Events /5 MeV/c?

BESII

V'S = 4.23, 4.26 GeV preliminary

arXiv:1503.08203

VS > 4.36GeV
£ Data-I e %
A = - - Background =
F THc1 \]J(ZS) Sideband wn
2
2
w

_... PR

—+-Data
Data-l —Fit
s - - - Background
1) | Sideband

Events /5 MeV/c?

M) (GeV/ic?)

37 3.9

M =3821.7+1.3£0.7MeV,

I'<16MeV at90% C.L.
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+Data
ok F Data-ll BGS]]I Bacj(ground
E Thc preliminary . sigevana

25

—+-Data
Data-ll —Fit
F o oam - -- Background
E 71 Sideband
15F

M’“"’"(m) (GeV/ic®)

significance 6.7¢



ete™ — mTm X(3823) — T Yxc BESTT

Energy-dependent cross section for

ete” — mta X(38828) — ' w yxe

25

0BT X(3823) > YY) (Pb)

BESII

preliminary

+-data
— Y(4360)

42

4.3

24
Een (GEV)

45 4.6

Compatible with both Y (4360) and 1(4415) line

shapes
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preliminary
arXiv:1503.08203

Mass and width ~ in agreement
with potential model prediction for
13D,

predicted to be narrow!

Production ratio

B(X(3823) — vxc2)
B(X(3823) — 1Xo1)

~ 0.2 prediction
< 0.43 at90% C.L.

Ro1 =



ete™ — mTm X(3823) — T Yxc BESTT

Angular distribution 8 = Z(7t7t, ¢2)
assuming 717 system in S-wave: 1 4 cos? 6 for spin 2

—— Data
BES]]I — D-wave MC

preliminary ----- S-wave MC

Events /0.1

cos6

Not enough statistics to distinguish S and D wave
from data
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preliminary
arXiv:1503.08203

Mass and width ~ in agreement
with potential model prediction for
13D,

predicted to be narrow!

JP by exclusion:

11Dy — yxc1 forbidden
18D3 — yxc1 has zero amplitude

Good candidate for 1o (13D5)

—
Q
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Higher charmonium states — a new family member!

aaf
;
42r $o(2%D5)
¥(2°Dy)
‘o
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> 38f
® L____ yeoo] = |
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©
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3.0 Mas
=
predicted, undiscovered
o+ 1= 1+= ottt 1++ o++ o+ 2—— 3

BESIII Spectroscopy | W.Gradl | 19






Surprising discoveries: the XYZ states

Mass [GeV/c?]

sal
4.2~
4.0
3.8
a6k 1(2"So)
3.4F
3.2
3.0

$(2°D1)

3,
xe2(3°P2)

" (1°D;)

¥/(2°S)

hc(2‘P1)| - Xet (22Py)
Xe0(2°Po)
)

D

S

not predicted, discovered
predicted, discovered
predicted, undiscovered
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Most of the ‘XYZ' states discovered
at Belle and BABAR ineTe™
collisions in bottomonium region
e.g. in B decays:

ol

Sy
+

Kt




Surprising discoveries: the XYZ states

Most of the ‘XYZ’ states discovered
at Belle and BABAR ineTe™
collisions in bottomonium region

Mass [GeV/c?]

L [7('s0)

3,
xe2(3°P2)

[rPn ]

IR
TR PRETY)

4.2
$(2°Dy)
:
$(@@s
a0l
385 ¥/(1°D1)
¥ (2°51)
a6l LE2)
3.4
i
3.2
3.0f

X(3872)

DD

Xe2 (19P2)

xeo(1°Po)

not predicted, discovered
predicted, discovered
predicted, undiscovered
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ot+ 4+t o+t

Events/0.010 GeV

Bt - Ktntrn J/y

300 f—‘ N - —
200 ; 7
100 ; 7
g
0.40 W 1.20

M@ TIT) - M(I'T) (GeV)

Belle, PRL 91, 262001 (2003)




The X (3872)

Extremely narrow, sits at or just
below the DD* threshold

44k
s
g 35)
42 2
e
S30)
H
401 £25
w
C\‘g 20
3 %fr ¥ (D) N
o ¥@s) o5
8 10)
8
5
34k ;
| | | |
3.82 3.84 3.86 3.88 39 3.92
o M1y ) (GeV)
32p
3.0F

M — 3871.69-£ 017 Me/c?
predicted, undiscovered
I <1.2MeV

o+ 1 1+= ott+ 1++ o++
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The Y (4260) — J/ptm—

Mass [GeV/c?]

4.4t

4.2

4.0~

3.8~

3.4

Xe1 (2°Py)

" (1°D;)

¥/(2°S)

X(3872)

he(1'Py)

not predicted, discovered
predicted, discovered
predicted, undiscovered
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eTe™ collisions near Y (4S)

in ISR production
ete™ — YisrJ/P e

= JC =1~

_ VISR
e
A
€+




The Y (4260) — J/pttm

Mass [ GeV/c?]

he(1'Py)

not predicted, discovered
predicted, discovered
predicted, undiscovered

BESIII Spectroscopy

W. Gradl

1+= ott+ 1++ o++
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Events / (0.020 GeV/c?)

eTe™ collisions near Y (4S)

in ISR production
ete™ — YisrJ/P ntm

= JC =1~

‘:\ TrrroroT T T T T T ‘:

F (a) * E

]

r\"‘Hlumu.mum.muh.‘ ik

3.8 4 46 4.8 5 52 54
m(yr ) (GeV/c?)

BABAR, PRD 86, 051102(R) (2012)




The Y (4260) — J/ptm—

Mass [ GeV/c?]

aaf
¥/(4360) 3
DD [55] = [0
4.2
$(2]01)
$(3S1)
o EEED 3
he(2'P;
( |)| P Xet (2°P1)
X(3872)
88r v (oo |
¥ (@si) M5
gl LEEs) |
' xe2(19P2)
3.4 s Xeo(1°Po)
T
3.2
4
Jp(1°81)
el
301 [e'so)
predicted, undiscovered
o+ 1 1+= ott+ 1++ o++
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R Value

Y (4260) — J/pmtm—
Y (4360) — p(2S)t

. additional state at 4660 MeV

supernumerary states:
all 1=~ slots already taken

do not correspond to peaks in
o(eTe™ — hadrons)

by
4 Hﬂﬁ%ﬁ% #E}}{%HHH

[} }}
it
B } ) ‘ BES“,PRL88,1?1802
3.8 4 42 44 46
Ecm (GeV)
= produce them directly at BESIII!

J6lu



ete” — yX(3872) = yJ/wrtt~

2

03

BESIII, PRL 112, 092001 (2014)

o1 % 10° -
- *  —+data = —+data
Qo1eeY) |l background Q4286eY) i background
8 f § S t
o 10F t } o 10F Y t
e bl E ki
W 36 37 38 39 4 W 36 37 38 39 4
M+ J/y) (GeV/c?) M J/y) (GeV/c?)
31035 ‘“31035
gt 4.26 GeV + data 9 4.36GeV| ° + data
- * [ background - * [ background
o r o [
S 10F *ﬁ* * =RTI
[%2] [ %) L T
S qr H S qr
IR ULATR 1R N [
W 36 37 38 39 4 W 36 37 38 39 4
M Jhy) (GeV/c?) M Jhy) (GeV/c?)
Clear ISR ' signal for validation
X(3872) signal around 4.23 - 4.26 GeV jslu
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ete — (),X(3872) - ")/J/IIJ T BESIII, PRL 112, 092001 (2014)

15 ' '
aaf w | Fom
xe2(3P2) S ]
beeel | = T - Background ]
< 10 .
421 3 1
o 1
2 I '
e 0 3. - + E
P(3°S)
- a g ]
o (2'Py o1 (2°P1) 5 > - R
— Xc2(2°P2) i
. =iz bl
> | H} - T - Ly 7T
3 3.8 (%D T LW T
O prore i %.8 3.85 3.9 3.95
= $'(2°S1) ; KsY%) _ 0.
PPN I FEED) T M(m*rJ/y) (GeV/c?)
9 a6
ke P
3.4 20.1 £4.5 events
significance 6.3c
. M = 3871.9+0.7 + 0.2 MeV/c?
J/p(13Sy)
a0 [PDG2013:
' 3871.68 £ 0.17 MeV/c?]
predicted, undiscovered

(o 1 1+= ot 1++ o++
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ete™ — yX(3872) — yJ/ymtm

Mass [ GeV/c?]

4.4

4.2

4.0

3.8

3.6

3.4

3.2

3.0

BESIII Spectroscopy

33,

2°P,
B2
X(3872)
r §//(1°D;)
/(238 mo~
] s mht bb
-)cz(13F’z)
he(1'P1) X (0P| =
-
J/¢(|331)
[ | 7e(1'S0)
predicted, undiscovered
o+ 1 1+= ott 1++ o++
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68(yX(3872)—>yr'nJ/y) (pb)

BESIII, PRL 112, 092001 (2014)

0.6
—+-data
0.5 — Y(4260)
----- Phase Space

0.4 --- Linear

0.3

0.2

0.1

4.‘2 413
Een (GeV)

44 45

Suggestive of radiative transition
Y (4260) — X (3872)

Direct connection between the two
states?







ete” —» J/yntn at4.26 GeV

Mass [ GeV/c?]

70 (4'So

4.4}
42+
4.0
3.8

1:(2'So)
a6l

3.4 T

[velsn

33

Xer (2°P1)

v (fo]
Vs |

xeo(1°Po)

X(3872)

xe2(2°P2)

c1(19P1)

3.2
J/p(1°81)
8O0F [tsy)
predicted, undiscovered
(o 1 1+= ot 1++ o++
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160
140
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Events / 0.002 GeV/c?

120

A O ®
o O O

Events / 0.002 GeV/c?

n
o o
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BESIII, PRL 110, 252001 (2013)

:Z//

- Data
—+,,— — Fit
Y optp e Background

305 31 315 82
M(uw) (GeV/c?)

W g

...have hundreds of events!

- Data
— Fit.
-+ Background

S AN

305 84 315 32
M(e*e) (GeV/c?)




J/l/J 7'1,'7L 1~ Dalitz p|Ot BESIII, PRL 110, 252001 (2013)

Events / 0.02 GeV/c?

o 5 o 10
© 45 ‘o 9
= 4 > 8
S} 35 O E 7
® SO 3 5
& 25 E E 5
< o 2 £ 3 4
= E ™ E
F 1.5 = 3 3
I 1 : 2
<t 05 3 1
9011 12 15 14 15 16 17 18 ° 9071112 13 14 15 16 17 18 °
M (n+J/y) (GeV/c?)? M (n+J/y) (GeV/c?)?
1207 +data
100 ~"MC H
eok — Z,(3900) MC H+_:
Bsecomre ﬁ : Model 7+ 7t~ -system with known structure:
60 k}'&“ Ly 75(500), f5(980), non-resonant
“or b ! Ky obtain good fit of 7+ 7~ mass projection
o Myt W £
8.2 : 0.4 0.6 0.8 1 .1.2 1.4
M(r'r) (GeV/c?)
jGlu
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J/l[) 7'L'+ 1~ Dalitz p|Ot BESIII, PRL 110, 252001 (2013)

Events / 0.02 GeV/c?

o r 5 o 18 3 10
© M 45 o q7p 9
> 12f 4 > b 8
S 35 O E 7
= F 3 < 15 6
EN E
£ 08 25 S 14f 5
< 06 2 & 3 4
= 0.4 15 = F 3
1 3 2
0-2¢ 3 0.5 3 1
9011 12 15 14 15 16 17 18 ° 1067925 T4 15 T 17 18 ©
M (n+J/y) (GeV/c?)? M (n+J/y) (GeV/c?)?
1200 4 ot + a 100F f;ac‘a " 100 faac‘a
100E  --MC } S ok —zomoue| S oo * —z, 000 e
—2,(3900) MC H + 8 E * * * [sideband 8 [Msidebana
ZZ* [ sicubana ﬁ P N eof m 1 w 8 o[ Hm H H
F i S T e RN RTRT
U PR - U S B e
o M8 g = 4 N T by
/ : [ L e L
8.2 0.4 0.6 0.8 1 1.2 14 8.2 3.3 34 3536373839 4 4142 g.2 3.3 34 35 3.6 3.7 3839 4 4.1 4.
M(x*x) (GeV/cd) M(x+Jry) (GeV/cd) M(xJry) (GeV/cd)
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ete” —» J/yntn at4.26 GeV

Mass [ GeV/c?]

4-

b
-V(4360) s >
1 ey >
[ree] 2
421 -
Vo) 2
~
33,
w0 | 2
he(2'P1) Xer (2°P1) 5 [
Xe0(2%Po) Xe2(2°P)
——been] | 2
3.8 RN
¥ (2°51) mh5
3.6
Xe2 (19P2)
Xe1(1°P1)
3.4
3.2
e [ owes ]
301 [eisy) =
predicted, undiscovered
o+ 1 1+= ott 1++ o++
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BESIII, PRL 110, 252001 (2013)

—4- Data
100
— Total fit
<=~ Background fit
80 .= PHSP MC

Sideband
60 =

40

20 3

3.7 3.8 3.9 4.0

Mnax(mt/y) (GeV/c?)

Charged charmonium-like structure

M = (3899.0 + 3.6 + 4.9) MeV/c?
T = (46 & 10 + 20) MeV

Confirmed by Belle PRL 110, 252002
and with CLEOc data PLB 727, 366

Close to DD* threshold
Interpretation?




A neutral partner to the Z.(3900)*? BESIT

preliminary
If interpretation of Z,(3900)* as four-quark state is correct:
expect state completing isospin triplet, with decay Z.(3900)° — 7°%J/

jGlu
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A neutral partner to the Z,(3900)*? BESII

preliminary

If interpretation of Z;(3900)* as four-quark state is correct:
expect state completing isospin triplet, with decay Z.(3900)° — 7°%J/
Study ete™ — 970U/ with large data sets at three different /s
~ 70 —~ .
= 4230 MeV gl 4260 MeV g s 4360 MeV
< 50 < s
g 40 + ?) 25
Euf g

20 -~ N

MLl ) ¢ o

0 1.‘8 A.‘O 42 0 38 4.0 4.2 38 4.0 42

M(n®J1y) (GeV/c?) M(nJ/y) (GeVic)) M@ Jy) (GeVic®)

Structure in 7%J/y invariant mass
clearly visible at all energies

- CLEOc data,
- Phase Space PLB 727, 366 (2013)
3.50

@ J/y Sidebands

M = 3894.84 2.3+ 2.7 MeV/c?
I =29.6+8.2+82MeV s
Significance 100

Counts / 15 MeV

8600 3700 3800

3900 4000"
Mo (1) (MeV)
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Z+(3900)* at DD* threshold

Mass [ GeV/c?]

3.8

3.4

3.2

3.0

Xer (2°P1)
X(3872)

$"(13Dy)

¢/ (2°S,) o5

J/p(1°81)
not predicted, discovered

predicted, discovered

predicted, undiscovered

[recso]

o+ 1—— 1+= ot 1++  o++
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BESIII, PRL 112, 022001 (2014)
Decay mode Z;(3900) " — (DD*)*?




ZC(3900)+ at DE* threshold BESIII, PRL 112, 022001 (2014)

Decay mode Z;(3900) " — (DD*)*?
4 Single tag analysis:

4360) 3,
0(3'P1) o1(3%P1)
m reconstruct 'bachelor’ 7"

42r e and D — K~ 7t or
D~ = Krn

4.0 i in missi
7 %

. - re@y) | K @P)| s B require D* in missing mass
NO ——————————— X(3872) f = === + A D*ﬁ* 0
Qi Mo m vetoete™ — ( )
3 ¥/(1°D1)
9] F-- — “EEm T o m apply kinematic fit; look in mass
@ gel LAES) recoiling against 7t
g - xe2(1°P2)
= ho(1'P1) Xe1 (18P1)

a4

3.2 é ‘D

s [ oo ] / i
—~
3.0 1 — 7'r
1c(1'S0) -
o
+
predicted, undiscovered 77 c
¥
o+ 1 1+= ott 1++ o++ Q
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Z-(3900)"

Mass [ GeV/c?]

at DD* threshold

3.8

3.6

3.4

3.2

3.0

‘Su

BESIII Spectroscopy | W. Gradl

Xer (2°P1)

$"(13Dy)

¥ (2°51)

J/p(13Sy)

X(3872)

not predicted, discovered
predicted, discovered
predicted, undiscovered

31

ot+ 1++  o++

Events / 4 MeV

BESIII, PRL 112, 022001 (2014)
Decay mode Z;(3900) " — (DD*)*?

ete™ — m+DOD*~ at BESIII

M = 3883.9 4 1.5 + 4.2 MeV/c?
+r =24.8+33+11.0MeV

ST Y- S NNy K R K
M(D’D*)

..and BESIII sees structure in (DD*)*

Large systematics due to non-Z. signal
shape




Z+(3900)* at DD* threshold

Mass [ GeV/c?]

4-

¥(4360) 3P,
Lo | 1 [
[recten]
4.2+
$(2°Dy)
o]
$(3
4.0t ] -
(2P Xc1(2°P1) 3
Xe0(2%Po) Xe2(2°P)
o] T o | e
M~
_ DD*
3.8 RN
¥(2°s1) mp5
3.6 1:(2'So)
' w2 (13P,
he(1"P1) X1 (1°P1) e
3.4k
3.2
TR [ e ]
8O0F [tsy)
predicted, undiscovered
o+ 1 1+= ott 1++ o++
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BESII

preliminary
New: Double tag analysis
m reconstruct 'bachelor’ 7t
and D%, D~
in 4 or 6 decay modes
m kinematic fit, requiring 7= from D*
in missing mass
essentially background-free D*

m improved statistics,
much better control over
background shape,
improved systematics

n Mrecoil(n+) — M(DE*)
1) 1)
© /G
//‘/OW
D*

e
Ve

©




ete™ — 7T+(D5*)_ with double tags

Events/(4.0 MeV/c?)

Events/(4.0 MeV/c?)

Compatible with, but significantly more precise, than single-tag analysis

&

[
S

e te~ —>1T+D D*‘_

ete" - n*tp—p°

1090 pb 1@4 23GeV

395 4405

Events/(4.0 MeV/c?)

%

395 4 a0s e
M(D*ﬁ )(GeV/c)

30

M(D"D ) (GeV/ic?)
- 827 pbt

Q’w\e&’t

)

Events/(4.0 MeV/c?)

39 3.95 . 4
M(D’D") (GeV/c?)

4.05 4.1

w
=3

827 pb 1@4. 26GeV

0 4.05 l
M(D'D ) (GeVich)

395 4

Simultaneous fit with phase space shape + (BW @ R) x ¢

M = 3884.3+ 1.2+ 1.5MeV/c?
I =238+2.1+26MeV
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BESIT

preliminary




ete™ — m+(DD*)~ with double tags: Results

BESII

preliminary
BESIII single D tags BESIII double D tags
PRL 112, 022001 preliminary
Mooe| MeV/c?] 3883.9 & 1.5(stat) + 4.2(syst) 3884.3 4 1.2(stat) + 1.5(syst)
Tpole [ MeV] 24.8+3.3(stat) = 11.0(syst) 23.8 + 2.1(stat) £ 2.6(syst)
o x Blob] 4.23GeV 106.8 + 7.1(stat) & 9.5(syst)
P 4.26 GeV 83.5 - 6.6(stat) +22.0(syst) 88.0 £ 6.1(stat) + 7.9(syst)
ocxB=c(ete” — mtZ,(3885)T) x B(Z.(3885)T — (DD*)T)
J6lu
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Z+(3885)" Quantum numbers? BECSIT

0: angle between bachelor pion and beam axis in CMS preliminary
Know initial state is 17, with J; = £1. Depending on JP of Zg:

0.2 M T T T T T T T l_
- BESIII preliminary

0.15F .
2 N
> ——— - e
ER T, o i
]
E
I 0.

0" excluded by parity conservation

0~ s andZ:(3885) in P-wave, with J, = +1

17 mand Z;(3885) in P-wave
1% 7 and Z;(3885) in S or D wave.

Assume D wave small near threshold:

ete” - n*tDOD*~

0:
1
1

0 1

I 1 1 I I 1]
0 01 02 03 04 05 06 0.7 08 09
cos6,
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= dN/dcos b, « 1 —cos? 0,

= dN/dcosfy, o« 1+ cos? 0,

= dN/dcosf, « 1

Efficiency corrected event yield
in 10 bins in | cos |

data clearly favour J© = 1+
for DD* structure

confirms J” for Z;(3885) from single-tags

—
)
(=



ete” — hc(1 P) Tt BESII, PRL 111, 242001 (2013)

Exclusively reconstruct the process

ete” — 't he(1P)
he(1P) = 11c(1S)

7¢(1S) — 16 decay channels

< 60
> C
= x:(zﬁm ] soE
1) (3872) = S0E
NS L z
A veool \ oo ;, a0
o Vs, o5 z F
2 30
@ 36F £ L
o xe2(1°P2) > L
S X1 (1°P1) =205
3.4 10 {
A:H‘\H‘\H‘\H‘{\HL
3.50 352 3.54 3.56 3.58 3.60

s M, (GeV/e)

3.0
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ete” — hc(1P) Tt BESII, PRL 111, 242001 (2013)

Exclusively reconstruct the process

ete” — 't he(1P)
he(1P) = 711c(1S)

7¢(1S) — 16 decay channels

Mass [ GeV/c?]

o 18¢
e (2F1) Xc2(2°Pp) § ;
X(3872) é 17
38 §'(1°D1) = F
_____ - ad L F
v @s) mos 16r .
3.6 [ .
Xc2(13P,) 15 " 1
Xe1(1°P1) n
3.4 14F
14: L L L L L L L
321 6.0 01 02 03 04 05 06 07 08

M2, (GeV/c?)

3.0
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ete” — he(

1Pt

A
¥(4360)

7t A ¥(4260)

4.2+

$(2°Dy)

"S0) 3
$(3°S)
. [eesn ]

he(@'Py) | Xer (2°Py)
— 2%P, Xc2(2°Ps)
5 p—
> L
3 38 (°1)
o T vEd "pb
@ apl [EES)
4 X2 (1°P)
= Xe1 (1°P1)
3.4l
321
3.0F
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BESIII, PRL 111, 242001 (2013)

—
=3
>

T T T T

*®
>

=a)
=

Events/(0.005 GeV/c?)
Events/(0.005 GeV/c?)

&
>

[*3
=

410 415 420

20 425
M, (GeVi/c?)

Charged charmonium-like structure
close to D*D* threshold

M = 4022.9 + 0.8 + 2.7 MeV/c?
[=7.94+27+26MeV

Note: no significant signal for
Z;(3900)* — mthe seen!




ete™ — he(1P) o0

.
) Y/(4360) 3
— [
i~ =1 L | e | BTN
421
9
A "So) ¥,
he(@'Py) | o1 (2°Py) 5
— Xe0(2%Po) Xe2(2°P)
5 p—
= B
% 3.8 (1°D1) O
©3 N %)
PN I [T
& v — [reP)
= Xe1 (1°P1)
3.4F
321
it [ o ]
3.0F
predicted, undiscovered

ot+ 1++
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o++

BESIII, PRL 113, 212002 (2014)

Study ete~ — n°70h, at 4.23, 4.26,
4.36 GeV
Observe structure in het® mass
distribution:
Neutral partner to Z;(4020)*

45|

40
35

Events/(0.01GeV/c?)

39 395 4 .1
il 2
MECH (GeVieh)

405 4.1

M = 4023.6 & 4.5 MeV/c?
T fixed in the fit

Isospin triplet found!




Yet another mass threshold ... BESIIl, PRL 112, 132001 (2014)
Z:(4020) at D*D* threshold

Xer (2°P1)

N& X(3872)
3 % ¥ (1°0,)
9, ¥(2°s1) M5
173
o]
>
3.4
3.2

J/p(188)
not predicted, discovered

predicted, discovered

predicted, undiscovered

o+ 1—— 1+= ot 1++  o++
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Yet another mass threshold ...

Mass [ GeV/c?]

FIREER)
¥(25) "pb
sl LE@s
' R) X2 (1°P)
341
3.2F
J/¢(1331)
301 [(r'sy)
predicted, undiscovered
o+ 1= 1+- o+t 14+ o++
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BESIII, PRL 112, 132001 (2014)
Z:(4020) at D*D* threshold

ete™ — nt(D*D*)~ at BESIII

80 . _comb.BKG —+data

5; R D*D** — total fit
Lok —_7,(4025)
Chal H .- PHSP signal
ot mws

N 40—

2 [

S 20

g 201

w L

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

...and BESIII sees structure in D*D*

M = 4026.3 4+ 2.6 + 3.7 MeV/c?
[ =248+56+7.7MeV




All the Z.s from BESIII near /s = 4.3 GeV

<+ oaa

1001
« i
HES S
&% i
=]
s
g ey
2
B

37 38 89 40
Muax( 1) (GeVic?)

ete” — - ntJ/p

ete™ — n~(DD*)*

Z:(3900)*?2

g™ 4230 MeV
= 0 Me
3 Preliminary
£
S q)
=

o

M

e .

M(@'J/y) (GeVic')

ete™ — n0r%U/p

BESI

in progress

Z:(3900)°?

Nature of these states? Isospin triplets?
Different decay channels of the same states observed?

Other decay modes?

BESIII Spectroscopy | W. Gradl |
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Events/(0.005 GeV/e)

495 400 405 410 405 4

2055
M,,, (GeVie)

ete™ — mmhe

~+ data

— total fit
—-2,(4025)

- PHSP signal
mws

Events / ( 2.5 MeV/ic? )

= 4.02 4.04 4.08 4.08
RM(r) (GeV/ic?)

ete™ — = (D*D*)*

Events/(0.01GeV/c?)

a0s ar
rrrrr I (GeVIc)

ete™ — n970h,

BESIT

in progress

Z:(4020)°?




Other decay modes?

Exploring new decay modes crucial to identify nature of structures close to threshold

= =< ===

open charm hidden charm light mesons
threshold effects!

Decay modes with c¢¢ annihilation does not involve hidden or open charm final states!

If cC in S-wave, annihilation should be ’easy’ ...
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Z:(3900)" — wnt — () ot BESIT

preliminary
Vs = 4.230GeV Vs = 4.260 GeV
< <
iﬂ [BES]II Preliminary] ;_125 [BESIII Preliminary]
= =
S 0 Sl
i"z o
510 g oL
i [
i
afi ‘ [
il 8l
ol | L Vit i
i ! iy 1
o AT TR e !uiw 4
I I L Il ll
2 I ) N 2
I
e ) -
TR TR B TR T R WA « B ¢ VIS Y ST TR R W & p ©)
Mies) (GeVic®) Miwn) (GeVic®)
olete” = Zin ,Z5 - wn') <0.27pb clete” = Zin,Z} - wn') <0.18pb

Compared to sum of Z& — J/p it and Z5 — (DD*)*:

]—‘(ZC+ — CU7T+) < 0.2%T 1ot
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ete” — 17J/ l[) BESII preliminary, arXiv:1503.06644 [hep-ex]

33— - 220F R
a2k 8= 4210 06V o 2005 BES]]I i:fa:;:v
& 32F S 128_ — Total fit
= F [} E iminary I - i
S 315k 8 1a0 preliminary -:;Z?;::"d“
@ s . 9 120¢
= 81 S 100F
4 3.05F 2 80F
S 3F & 60F
2.95F h o dob
U 20 i_.u . of G
2901702 03 04 05 0.6 07 0.8 09 8203 04 05 06 07 08 09
M(yy)(GeV/c?) M(yy)(GeV/c?)
100F —+ Belle
5 ~ BESIII(2012) Compare to e*e™ — yigryJ/y from
o 80p 4 This work Belle, Phys. Rev. D 87, 051101(R) (2013)
g o BESIT
": 40 F Good agreement,
1 E prellmlnary significantly better precision
K 20 E %—]—
o oL '\' 'l‘ + ']'_F]- Cross section peaks around 4.2 GeV
© F
'20; +a— 0
Ll Also searched for ete™ — m°J/y:
3.8 9 4 4 1 4 2 4 3 4 4 4 5 4 6

no significant signal found

Vs (GeV)
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e+e_ — 77'.//1/) VS e+e_ — 7T+7T_J/l/) BESIII preliminary,

zg 3 — Belle:n* = diy
g 70; J[ —— BESIIN2012):n Iy
‘;; 60; ][H —4— This work:n J/y
c £
ta ) BESI
g ]l H preliminary
> 300
* i ﬁ* i o
(&) E
ol Jf [ je “Jf iiH# H
3839 AT Y s i A ey
Js (GeV)

BESIIl Spectroscopy | W.Gradl | 42

arxiv:1503.06644 [hep-ex]

Compare to eTe™ — gt r~J/yp from
Belle, Phys. Rev. Lett. 110, 252002 (2013)

Very different line shape
= Different dynamics at work in

ete™ — yJ/y compared to
ete” — mtaJ/y

jGlu



Search for Y (4140) — J/y ¢

8 4 S6
CDF first reported evidence for Casl Ei
Y (4140) = J/ppin BT — J/ppK™, £ N
also claimed by DO and CMS 25 §f

< 15 18 20 2‘2 “I 11 12 13 14 15
m(Jyo) (Gev’/c) AM (GeV/c?)

Not seen by LHCb, Belle (B decays and ¢y events), CDF. PRL 102, 242002, (2009)
or BABAR

J/p ¢ system has C = +1: search in radiative transitions of charmonium or Y (4260)

If both Y'(4260) and Y (4140) are charmonium hybrids:

partial width of Y'(4260) — Y (4140) may be up to several tens of keV
N. Mahajan, PLB 679, 228 (2009)

—
)
(=
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Search for Y (4140) — J/y ¢

Use BESIII’s large data samples from 4.23 — 4.36 GeV (2.47 fo~ " in total)

Events / 0.003 GeV/c?

Events / 0.003 GeV/c?

BESIII Spectroscopy |

ete™ = yJ/ye

Jp —ete ,utu,

¢ — KK, KIK®, et m=n®

Vs = 4.23GeV

el L L
42 425 43 435

\
B
5 =
fliclency

L
8
@

Ef

M(o Jy) (GeV/c?)

5¢ .4 >
458 /s = 4.36GeV Jousd
M3 — \ E
ped - \ Jozs
; \ Ho2
\ 015
Vo
X \ —30.05
Ot iz as 43 a3 s
M(o Jy) (GeV/c?)
W. Gradl | 44

Events / 0.003 GeV/c?

Events / 0.003 GeV/c?

BESIII, PRD 91, 032002 (2015)

Vs =4.26GeV

r L ! L L
415 42 425 43 435 44

M(0 Jy) (GeV/c?)

am  BESIT

Ay L
415 42 425 43 435 44

M(0 Jy) (GeV/c?)



Search for Y(41 40) — J/l/J(P BESII, PRD 91, 032002 (2015)

No significant signal found; place upper limits on
o(ete™ — Y (4140)) x B(Y(4140) — J/ip¢)

Compare sensitivity to e e~ — X (3872) x B(X(3872) — J/prmm)

s/ GeV 4.23 4.26 4.36
o x B(X(3872))/pb  0.27+0.09 0.334+0.12 0.11+£0.09
o x B(Y(4140))/pb <0.35 <0.28 <0.33

Assuming B(Y (4140) — J/p$) ~ 30% and B(X(3872) — J/prtn~) ~ 5%:

N
ole*e” ﬁWMMO)J 01 at4.23,4.26 GeV

cleter — 1X(3872)

—
)
(=
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Mass [GeV/c?]

3.8

3.6

3.4

3.2

3.0

BESIII Spectroscopy

1 (2°P1)

X(3872)

W. Gradl | 46

B ((1°01)
o o
x| AN s T o0
12 (1°P2)
he(11P1) e ()]
-
va
e [ oww ]
[ [7e(1's0)
predicted, undiscovered
o+ 1 1+= ottt 1++ o++

Quark model describes charmonium
states cC reasonably well

XYZ states: unexpected, point to
non-conventional states

(ccg, cqqc, (¢q)(gc), cerm ...)
Observation of transitions between
XYZ states

Start making connections between
new, exotic states

Dynamically generated at
thresholds, or
new kind of QCD bound states?




3.8

3.6

3.4

3.2

3.0

3,
X2 (3°P2)

BESIII Spectroscopy
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2°P,
< @P| [1a(@Po)
X(3872)
B ((1°01)
o) o
1 So) N L T ob
12 (1°P2)
he(11P1) e ()]
-
va
e [ oww ]
[ [7e(1's0)
predicted, undiscovered
o+ 1 1+= ottt 1++ o++

Structure of XYZ to be clarified;
learn more about strongly bound
systems

More detailed studies (PWA, other

channels ...)
at BESIII ongoing

Future:

More data from BESIII
LHCb spectroscopy
Belle-II will start 2017

Exciting times ahead
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BEPCII storage rings: a t-charm factory

& S
Y
Y/ N
/ W
y \
# ., 8
: “\xx //IT/D 2
— s e
! ] L
] - - Wf: e — [
W . 5n ¥ Ld 7
i i
A\ it
\ ”
A /4
o | )
N S --:557’
=z = sz
Upgrade of BEPC (started 2004, Design luminosity 10%¥ cm—2s1!
first collisions July 2008) Achieved 8 x 1032 cm—2s~1
Beam energy 1...2.3GeV Beam energy measurement:
Optimum energy 1.89 GeV Laser Compton backscattering
Single beam current 0.91A AE/E ~5x 10~%
Crossing angle +11mrad (=~ 50keV at T threshhold)
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Kinematic reflections

In multi-body decays, resonance in one subchannel can produce

peaks in other mass projections (reflections)

For example D9 — KK~ 7%: relatively easy to understand

2

m2(K+x0)

i

| k*(892)

events

®©
S
S

T
2
[o2]
(e}
N

———g

600F
400F

2007

®
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Kinematic reflections

But can be much less obvious
Example: high-statistics analysis of decay D° — K97t 7~ BABAR, PRD78,034023 (2008)

Ap(m?,m3) = Y ae? A.(m?,m?) + anpe'™®
r

Using 10 resonant amplitudes

T 2 3
m?2 (GeVZ/c?)
[ q T a \7 woﬂ,b T || 7; T C ]
30000 | ) ) f K+ (892)"& 6000 *,\ A - )
{ | 1A i AN
L | 4000 I ' L i
2000 ]‘\K*(892)* IR foL] e \/ 4
N A } | | 1r
10000 H 1 2000’: ";/ \ [ 20001*‘ 1
' r (A *‘ 1
") \‘*"’T“/\\ J | I \‘m % I | I !
v v 2 3 0 0.5 1 L5 2

m?2 (GeV/c?) m?2 (GeVZ/c?) mZ (GeV?/c?)

BESIII Spectroscopy | W. Gradl | 50



The B factories Belle and BABAR

= ¥

BELLE

15T solenoid .
(superconducting) Calorimet

SC solenoid
1.5T
Cherenkov Detector
144 quartz ba ]
11,000 PMTs

CsI(T)
16X,

TOF counter \

silican Vertex
) ackar
8 Gev Drift Chamber © 5 double-sided
11 cell +He/C,H, layers
Drift Chamber
N 40 layers
Sivex det, NN\ ]
3 1yr. DSSD " W/K, detection Totorayers X e

- 4 lyr. since summer 2003 14/15 lyr. RPC+Fe

mainly ete~ — Y(4S) — BB
Asymmetric beam energies

B KEK-B:8GeVe™ x3.5GeVer m PEP-I:9GeVe™ x3.1GeVet
B L~ 1ab™! B Ly~ 530"
m Data taking finished 2010 m Data taking finished 2008
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The Zc(4430)+ in BO — ¢/K+ﬂ_ LHCb, PRL 112, 222002 (2014)

Spin-Parity assignment Phase motion
N T T
EO-Z [ LHCb ]
<1 i . = %
=1
~ all candidates LHCb
100 -
o
'g 02 B
2 ]
=
[o}
(8] -04F L I B
G
3 . E o . . .
IS —a— Data 0.6 -0.4 0.2 0 0.2
> pC Re A%
Z ol — Simulated J =1 ]
-------- Simulated J*°=2*
50F t t t =
|cosf,,| > 0.6 behaves like a ‘true’ resonance
40| -
e JFC = 1+ preferred
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