BESIII: the latest data harvest




The big question

Structure and mass of proton?
Proton consists of 3 quarks

But:

m Only 2% of
proton mass from quark masses
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The big question

Structure and mass of proton?
Proton consists of 3 quarks

But:

m Only 2% of
proton mass from quark masses

m 98% from complex binding
due to strong interaction
not sufficiently well understood

Inner structure of hadrons?

Binding force between quarks? = Potential
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Running coupling constant as(Q?)

Non-abelian nature of QCD gluon self-coupling
makes as large at small energies = large distances

0.5

adQ)

July 2009

» a Deep Inelastic Scattering

04| oe g'e Annihilation
o® Heavy Quarkonia

03}
02}
01}
=QCD ag(My)=0.1184 + 0.0007
1 100

Y Q[Gev]

jGlu
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QCD bound systems

States found in nature: colour-neutral combinations
We know

mesons and baryons

oo

QCD éiso allows .

molecules/multi-quarks

hybrids

glueballs

Qo

O o Go

O 3L
=

and more

Totalitarian principle of quantum mechanics:
Everything not forbidden is compulsory

‘...while mesons are made out of (qq), (qqqQq), etc.’ Gell-Mann, Phys. Lett. 8, 214 (1964).

jGlu
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Analogy: Atomic spectroscopy

-8 - b t 3 =3 ned

BALMER-Serie
(1wilwoise sichtbar)

LT =l
LYMAN-Serie

)
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Information on bound systems by
observing

m Energy levels

m Transitions between levels
(selection rules ...)

Discovery of discrete spectral lines
= Discrete energy levels in atoms

1 1
Enmzﬂ(n*z*ﬁ)

Precision measurements
= Fine structure, Lamb shift ...

jGlu



Hadron spectroscopy: Charmonium

910

Hydrogen Positronium Charmonium
— ¢ b ¢ »
~ 1010m ~ 1010m ~ 10 m

BESII new harvest | W.Gradl | 7



Observables in hadron spectroscopy |
Observe states in their decays A — B+ C(+- - -)
e.g. as peaks in mass spectrum (often, PWA needed)

20

Events/0.01 GeV

Classify states according to
m Massm

m Width T o 77 (1 lifetime)

® Quantum numbers J©

S total spin (~ sum of quark spins)

-~
L orbital angular momentum
J total angular momentum, J = |L —S]|,--- ,L+S
spectroscopic notation n25+1L
e.g. J/y: 133y (ground state, spin triplet, S wave, vector particle)
J6lu
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Observables in hadron spectroscopy

Further, multiplicative, quantum numbers:
behaviour under space inversion P and charge conjugation C

For ‘ordinary’ mesons made of qq :

m For elementary fermions: P(f) = —P(f)
mP= (1)
m C=(-1)*S

Example; J/ (18S1): L =0,S=1=JC =1~

‘Natural’ quantum numbers: accessible for gg
JPC =0t 07F A7 1 1 2t

‘Exotic’ quantum numbers: cannot be made from qG
JFC =0t 1t 2t
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The hunt for new states

Search for non-qqq or non-qq hadrons:
some states with ‘exotic’ quantum numbers seen,
e.g. m1(1600), exotic 1~ P-wave state (COMPASS, CLEO, ...)

Light hadron spectrum very complicated: broad, overlapping states
Charmonium and charmonium-like states useful for this search:

® m. =~ 1.4GeV: probe transition region from perturbative to non-perturbative regime
m separation between states larger

m states presumably less mixed than in light quark sector

can be produced copiously in ete~

m Exciting possibility to find exotics among new states
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Charmonium spectrum

Charmonium: cc

4.4 Example potential
4.2 z 4 s 32mas ., 2z
Vo' =—35 Thr+ o2 5(r)ScSs
1 2, b\- a2 4da
4.0F . _ s s
B Voo = 2 [ (B2 - £) .5 1]
N
&)
> 38}
% yooo| Barnes, Godfrey & Swanson,
0] V@) Mo5 PRD 72, 054026
@
g he(11Py)
Use well-established states to fix
3.4 parameters, then predict remainder of
spectrum, and transitions
3.2 .-
= Remarkably good description
ot 1 1+= o+t 1++ o++
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Charmonium spectrum

Mass [ GeV/c?]

4.4

4.2

4.0

3.8

3.4

3.2

3.0

y"(1°Dy)

y'(2°81)

Xe1(1°P1)
=

Xco(‘SP_z)l

predicted, discovered
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1+= o+t 1++ o++

Charmonium: cc

Example potential

= 4 wg R2rag ., = =
Vo' =—35 Thr+ o2 5(r)SeSs
1 20 b\~ =z das
Vspin—dep. = mig {(fT — E) L-S+ I’TT]

Barnes, Godfrey & Swanson,
PRD 72, 054026

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

= Remarkably good description




Charmonium spectrum

4.4

4.0

3.8

Mass [ GeV/c?]

3.2

3" (1°D1)

¥/ (2°51)

U/ (1984

predicted, discovered
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1+= o+t 1++ o++
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Charmonium: cc

4000

COUNTS /(1% bins

Crystal Ball at SLAC
discovery of #¢

| n, condidate
- L
100 200
Ey  (Mev)

PRL 45, 1150 (1980)




BESIII: a T-charm factory



BEPCII and BESIII
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BEPCII and BESIII
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BEPCII storage rings: a t-charm factory

P e i ==x
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e <
i *
” L)

i W
/] L\
H] n
" - - "

- - B i

" — 2 "
"y = e 4
n -y - # - i
W 1™ - L Sen i
i i
\:\ ’ff

'’
» 4
™ &
T 7
s P
Taor e e———mrmsF

Upgrade of BEPC (started 2004,
first collisions July 2008)
Beam energy 1...2.3GeV
Optimum energy 1.89 GeV
Single beam current 0.91 A
Crossing angle: +11 mrad
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Design luminosity: 1038 cm—2s~!
Achieved: 8 x 10% cm—2s~"
Beam energy measurement:

Laser compton backscattering

AE/E~5x107°

(~ 50keV at T threshhold)




A t-charm factory

10 = i | y(2s) -
1021 -
R - ® ¢ E
10 | }‘ l | ;
= [} P " E
¢
e s BESIII (direct) .
= & E
| < .-'”. P BEsn (ISR) . 1
0 L ] =-
! 10
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BESIII detector

SC magnet, 1T

Magnet yoke

RPC

Be beam pipe

MDC, 120 mm
0.5% at 1 GeV/c

<o

| Total weight 730 ton,
= ~40,000 readout chnls,
Data rate: 5kHz, 50Mb/s

CslI(TI) calorimeter, 2.5% @ 1 GeV

3

Completely new detector
Comparable performance to CLEO-c, + muon ID
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BESIII data sets

T T TTT T T T
| '
A 0% e E
1500 — ° °
o)
1000 o
=
500 é 102k i
0 5 o ° ° .~ ° ° [} °
e b b sy e by e by by
3.8 39 4 4.1 42 43 4.4
Ecm (GeV)
oot M y(3770)
2900 + 104 energy points between 3.85 and 4.59 GeV
000 + ~ 20 energy points between 2.0 and 3.1 GeV
2000 (ongoing)
sl J_____________-__ Direct production of 1~ states studied
o — — rd . P
0 - T ¥ with world’s largest scan dataset
S
& F

jGlu
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The BESIII Collaboration

11 countries
55 institutions
400 members
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Higher charmonium states

4.4F
4.2~
4.0
<
2
% 3.8 (%01
9. = ¥'(2°S1)
PR ) [GES]
3 .
©
=
3.4
3.2
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The X(8823) at Belle PRL 111, 032001 (2013)

30¢ using 772 x 10888

)

>20 B — Kyxe

= simultaneous fit to B+ and B°
w

% 10 3.80 evidence

>

il

M =3832.1+1.8+0.7MeV

Mass (and width) compatible with
P2 (13D, state
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Search forete™ — n™ X (3823) — w7 yxc1 BESII

reconstruct xe1.0 — YJ/p — YT~ preliminary
look in mass recoiling against 7w 7w~ system, Meeoi (777 777)
Use 5 large data sets (total luminosity ~ 4.1fb~")
EL,, =4.23 GeV E,,=4.26 GeV E.,=4.36 GeV
ina.s_ —ACT :_| | T ¥ TAET Y & T ;i ™)
N . : 34 ¢
:533 ..................... wiswmetbocens l"‘."'-'.L.‘"' .-.A.‘_.
8 P Lt
|87 BELRIE | ST W IPYC [ B
B . R ' 1
538 2 ks ; ] 3
| 1 b . ]
| as i L : -
3.9 TR F

'ti._; : : XE3823F
|12 38 =
e
"5 37
‘Ea.a
|~ a5k, N, | ] TR | K S BN S R AT

3.45 35 3.55 36 345 a5 36 3.45 a5 3.55 36

My Jhy) (GeVic’) Miy, Jhy) (GeWc’} Miy, Jhy) (GeVic?)
E.,=4.42 GeV E.,=4.60 GeV Sum

jGlu
BESII new harvest | W.Gradl | 24



Search forete™ — n™ X (3823) — w7 yxc1 BESII

“.?_-l.. s ~4- Data
> 25
=
w
@
5
o
36 a7 aa a9
M) (GeVic?)
2
2
w
:
5
a
3

6 3T 38 39
M) (GeVic?)

Events / 5 MeVic®

Events /5 MeV/c?

preliminary

25

—$- Data
20 Dra—ta_” BESM :':;:ﬂiglo\lﬂﬂ
{dc1 | preliminary wy sigetana

& a7 aas a
M) (GeVic?)

2

0
3.6 3.7 3.8 3.9

M ) (GeVicD)

Simultaneous fit to two blocks of data (Data-I: > 4.36 GeV, Data-Il: 4.23, 4.26 GeV)

M = 3821.7 +£ 1.3+ 0.7 MeV, significance 6.7
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Search forete™ — n™ X (3823) — w7 yxc1 BESII

preliminary

Energy-dependent cross section for
gy-cep Mass and width ~ in agreement

ete™ — mtmX(3823) — T X with potential model
E 3r Production ratio
— . BESIII —+data
) — Y(4360) Ryy = B(X(3823) — vxc2)
8 ¢ A oo wiasts) B(X(3823) = vxo1)
& ; ~0.2 prediction
i 1.5F < 0.43 at90% C.L.
& -
3 1
>3 - Exclusion:
B 051 11Dy — yxc1 forbidden
2 0: ,..l i s 13D3 — vxc1 has zero amplitude
w 42 43 44 45 46

Eem (GeV) Not enough statistics to distinguish

Compatible with both Y (4360) and (4415) line Sand D wave from data

shapes

jGlu
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Higher charmonium states — new family member?

3,
it : weEw)
[x@on]
;
o
' he(2'P 1 (29P
o 1e2(1D2) ¥5(19D5)
3 s y'(1°D)
o)
o rr---- e
>, v2°s1) M5
2 o
1] o 3
X2 (1°P2)
3.4F XCO(‘SPO_)I
32l
U/ (1351)
ot 1 1+= o+t 1++ o++ 2=+ 2—— 3~
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Surprising discoveries: the XYZ states

Most of the ‘XYZ’ states discovered
at Belle and BABAR inete™
collisions in bottormonium region
e.g. in B decays:

BT S

K+

Xe1 (2°Pr)

‘\‘8 X(3872)
3 % ¥ (1°D1)
g ¥ @s) o5
1)
9]
g he(11Py)
3.4
3.2
not predicted, discovered I—
ot 1 1+= o+t 1++ o++
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Surprising discoveries: the XYZ states

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

Mass [ GeV/c?]

3.8

3.2

3.0

y"(1°Dy)

Xe1 (2°Pr)

Y'(2°81)

he(11Py)

X(3872)

predicted, undiscovered
predicted, discovered

BESIII new harvest |
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not predicted, discovered I—

1+= o+t 1++ o++

29

Events/0.010 GeV

Bt - Ktntn J/y

300 f—‘ L —
]
100 f— —
g
0.40 W 1.20

ML) - M(I'T) (GeV)

Belle, PRL 91, 262001 (2003)




The X (3872)

Mass [ GeV/c?]

3.8

3.2

Xe1 (2°Pr)

" (1°Dy)

Y'(2°81)

X(3872)

predicted, undiscovered
predicted, discovered

BESIIl new harvest

W. Grad!

1+

30

not predicted, discovered I—

ot++ 1++ o+

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

) w
S &

Ev:ms 1(0.005 GeV )
&

T T e

382 384 38  3.88 39 392
M(J/ y Tm) (GeV)

M = 3871.69 £ 0.17 MeV/c?
T <1.2MeV




The X (3872)

Mass [ GeV/c?]

3
w0
’ [e2rP)] Xer (2°P1) 3
Xc0(2%Po) Xc2(2°P2)
[
3.8[ §/(1D;)
¥ (2381) "pb
y
'
3.4t
atr
3.2
U/ (13S1)
not predicted, discovered I—

ot 1
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1+= o+t 1++ o++
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Seen by BABAR, CDF, DO, LHCb,

Decays into J/y 7ttt D°DP 70,
Y, vp(2S)

LHCb: unambiguously J7© = 14+
Phys. Rev. Lett. 110, 222001 (2013)

no obvious place in spectrum
~ 50MeV too light to be x¢1(2P)?

but see Achasov and Rogozina,
arXiv:1501.03583




The Y (4260) — J/p

eTe™ collisions near Y (4S)

in ISR production
ete™ — YisRJ/ P 7T s

=JC=1""
. o (2P1) _ VISR
b X(3872) &
NS | . =
3 38 ¥ (1°D1) c
g v2°s1) M5
@ ~F
2 A I
=
3.4 et
32l

predicted, discovered
not predicted, discovered I—

ot 1 1+= o+t 1++ o++
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The Y (4260) — J/p

eTe™ collisions near Y (4S)

in ISR production
ete™ — YisrRJ/ P atn

= JC =1~

Xe1 (2°Pr)

X(3872)

Mass [ GeV/c?]

he(1'Py)

Events / (0.020 GeV/¢?)

3.4 g

3.2

MO TN GeV/E)
[ rotoeoceo dacoees |- BABAR, PRD 86, 051102(R) (2012)

ot 1 1+= o+t 1++ o++

3.0
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The Y (4260) — J/p

eTe™ collisions near Y (4S)

in ISR production

3,
ete” — 'YISRJ/QU ntm

¥/(4360)
(3'P1)
—

2 X = JPC = 1=

.| E s o
7 [P ] —— [=en)] =7y Mass greater than 2m(D),
b X(3872) expect OZ| favoured decay
> ssp T to DD; but find
e r---- syl T T T T T T s _
P = oD B(v(4260) > 0D)  _,
§ ' B(Y(4260) — J/pmtm—)

3.4 ek

compare with
ol o ~ 500 for 1(3770)

Uy (13S1)
3.0F [mtisy) predicted, undiscovered
predicted, discovered
not predicted, discovered I—

ot 1 1+= o+t 1++ o++
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The Y (4260) — J/p

Mass [ GeV/c?]

T
:
42
¥(201)
o
¥(3]S1)
4.0
[e2rP)] Xer (2°P1) 3
Xxc0(23Pg) Xc2(2°P2)
[
88 v (Por)
¥ (2s1) "ob
o
’ xc2(1P2)
7]
3.4 ek
Tt
3.2
4
U/ (13S1)
not predicted, discovered I—
ot 1 1+= o+t 1++ o++
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Y (4260) — J/p it
Y (4360) — ¢(2S) ™
additional state at 4460 MeV

Do not correspond to peaks in
o(ete™ — hadrons)

But: BESIII can run at these
energies;
maybe produce them directly?




ete” — J/P Tt at 4.26 GeV BESIII, PRL 110, 252001 (2013)

m Running at /s = 4260 MeV: simple and straightforward
m J/y(— (70 )mt 7 four charged tracks
m very clean sample, high efficiency, reliable MC simulation

m dominant background: continuum ete™ — mtm- ™
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ete” = J/yntn at4.26GeV

Mass [ GeV/c?]

4.21-

4.0

3.0

¥(4260)

[x3en

Xe1 (2°P1)

J/p(1°S)

X(3872)

predicted, undiscovered
predicted, discovered

BESIII new

not predicted, discovered |—

14— ot 1++ o+

BESIII, PRL 110, 252001 (2013)

Events / 0.002 GeV/c?

- Data

—Fit

- Background

0 bl T el 4y
3 3.05 3.1 3.15 3.2
M) (Gevrc?)
. r
S 1200 +0ata
[ C — — Fi
S 1000/ — eTe  masrons
o b
g sof
o [
; 60~
e [
G>> 40~
w L
20F
oh % TS
3 3.05 3.1 3.15 3.2
M(e'e) (GeV/c?)

...have hundreds of events!




ete” = J/yntn at4.26GeV

Mass [ GeV/c?]

33

xco(1°Po)

23P,
Xc1(2°P1) 2 (2P2)

X(3872)

xe2 (1°P2)
xe1 (19P1)

predicted, undiscovered
predicted, discovered

Y (4260)
421
¥(2|p1)
i
$(3]S1)
4.0
[e2'P0]
88 ¥ (pon)
¥ (2s1)
116(2'So)
3.6
3.4 g
3.2
J/tp(ﬂS‘)
8OF [heatsy
0~ * 1 1=
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ot++

not predicted, discovered |—

1++ o+

BESIII, PRL 110, 252001 (2013)

1

(=) aan R RN AR AR AR

111215 14 1516 17 18 1820
M(m+iy) (GeV/c?)?

Non-trivial substructure in

J/p ot i Dalitz plot

Resonant substructure in decay!
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w
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J/yrtr Dalitz plot

1.4
1.2

0.8
0.6
0.4
0.2

M3(n*) (GeV/c?)?

[= Saanaan e s R s R LAy nans o

1
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12 13 14 15 16 17 18

W. Gradl

M (n+J/y) (GeV/c?)?

34

M2(mJhy) (GeV/c?)?

18
17
16
15
14
13
12
11
10,

BESIII, PRL 110, 252001 (2013)
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J/IIJ 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
T 3 = 3 6
& 25 E E 5
< o0 2 £ 3 4
= E ™ E
F 1.5 = 3 3
] 1 : 2
<t 05 3 1
901112 15 14 15 16 17 18 ° 19071112 13 14 15 16 17 18 °
M (n+J/y) (GeV/c?)? M (n+J/y) (GeV/c?)?
1207 +data
100 ~"MC H
a0l — 2,(3900) MC H+_:
Bsecomre ﬁ : Model 7+ 7t~ -system with known structure:
60 k}'&“ Ly 75(500), f5(980), non-resonant
“or i ! iy obtain good fit of 7+ 7~ mass projection
o Myt £
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
3 12f 4 > b 8
S 35 O E 7
= F 3 < 15 6
> E
£ 08 25 S 1af 5
< 06 2 & 3 4
= 0.4 15 = F 3
1 E 2
02 i 0.5 3 1
901112 15 14 15 16 17 18 ° 1067925 T4 s T 17 18 ©
M (n+J/y) (GeV/c?)? M (n+J/y) (GeV/c?)?
1200 4o + “ 100F f;ac‘a " 100 f;ac‘a
100 “~"MC } B sof- —zoooue| S sol- * — 23900 MC
— 2,3900) MC H + 8 E * * * [sideband 8 [Msidebana
ZZ* [ sicabana ﬁ | N eof m T w 8 o[ Hm H H
E U S - AT = Tt
U PR - L S B e
o M8 & =f g N by
! : [ L i 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 3.8 39 4 4.1 4.
M(r') (GeV/c?) M(rJhy) (GeV/c?) M Jhy) (GeV/c?)

jGlu
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ete” — J/l/] ™ at 4.26 GeV BESII, PRL 110, 252001 (2013)

100 —+4-Data
A Z(4430)* — Total fit
i ¥ (4360) +--+ Background fit

80

- PHSP MC

4.2 60

40
4.0

[e2'P0] o1 (2P1)

Events / 0.01 GeV/c?

E X(3872) 20 F
3.8 V' (1°Dy) 0 i [ PR Y Mol
e mos 3.7 3.8 3.9 4.0

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

Mass [ GeV/c?]

3.6~
Charged charmonium-like structure
3.4
M = (3899.0 + 3.6 + 4.9) MeV/c?
3.0k I = (46 =10+ 20) MeV

Iy (1°51) Confirmed by Belle PRL 110, 252002
3.0 sy and with CLEOc data PLB 727, 366
Close to DD* threshold
not predicted, discovered |—

o+ 1-- 14— ot 1++ o+
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ete” = J/yntn at4.26GeV

Mass [ GeV/c?]

xe1 (2°P1)

" (1°D)

y'(2°S1)

3.6

3.4

J/p(1°S)

X(3872)

Xe2(2°P2)

predicted, undiscovered
predicted, discovered

(ORRE B R
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ot++

1++

not predicted, discovered |—

o+

BESIII, PRL 110, 252001 (2013)

One of
APS highlights of 2013

a) pion




Z-(3900) " in other datasets?

100 PRL 110, 252001 Bl % [ CLEOC data, Phys Lett. B727 366 (2013)
o BESIT| =2
g 80F -« PHSP MC £ 30 d
- o

z 60%— i_ [ sideband 3 255_
s I 20
@ 40 E
g I + 15E
W agl 10F

0 - 1 b arr—3

a7 3.8 39 4.0 ikl
Munaxlm*Jly) (GeVic?) Moam=diy) (MeV)
70E
£ PRL 110, 2520002 (D

b 60F
= E m/ MeV T/ MeV
@ 50F BELLE
o 40: ’ BESIII 3899.0+£3.64+49 46+10+£20
P Belle 38945+6.6+45 63+24+26
o CLEOc 3885+5+1 34+12+4
g 20
i

10 Belle: ete™ — yigrd/pmtn,

ok in Y (4260) region

3.8 3.9 4
Mypax(mdliy) (GeVic?)
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CLEOc data: /s = 4.170GeV



Z-(3900) " in other datasets?

B

100 PRL 110, 252001 i 3 E CLEOC data, Phys.Lett. B727 366 (2013)
BSI 3%
- 30;5_ -+ PHSP MC £ 30 i
(0] [ " = o
5 605— i_ [ sideband 8 255_
g | 2
8 40 E
S ’I_ + 1."\E
I og 102—*
\ s5F I3 5
e B s s s i e Sl B s F 7 J
37 38 39 4.0 ~ ST00 s 5900 000
Maxr®Jir) (GeVic?) Mu{=dly) (MeV)
70E PRL 110, 252002 >
% 60f . .
= st —— m Z:(3900)" — J/ym seen
g E '- at BESIII, Belle, and with
i CLEO-c data
~ 30
g m Masses and widths
2 0 compatible within
10 i i uncertainties
e A Y-S r Bl s e
Mypax(mdliy) (GeVic?) j6lu
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Interpretation of Z,(3900)7?

m Mass close to DD* threshold
m Couples strongly to cc
m Has electric charge

m [f new particle:
= necessarily exotic,
quark contents at least ccud

BESII new harvest | W.Gradl | 37
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Interpretation of Z,(3900)7?

m Mass close to DD* threshold
m Couples strongly to cc
m Has electric charge

m [f new particle:
= necessarily exotic,
quark contents at least ccud

So, what is it?
m Tetraquark L. Maiani, A. Ali et al.

m Hadronic molecule U.-G. Meissner, FK. Guo et al.

Hadro-charmonium M. B. Voloshin

Meson loop Q. Zhao et al.

[
[ ]
m ISPE model X. Liu et al.
[ ]

1(4040)

BESII new harvest | W.Gradl | 37

Qs

D, -
¥( :&<<>_£u( he)
b~~ID

e

(b)

DT
Yi1260) gD _
Faree
<o
3fuf)

(e} (d)




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™ — 970/ at different /s
'sf w 4230 MeV § E 18p ‘ 4360 MeV
= = L= (1
‘-‘_-;-' 50 = T uf
= &

a0

20

10

38 40 42 38 40 43

4.'0 2 .
MirJiy) (GeVich) M(rJhy) (GeVic’)

M’ J/y) (GeVic?)

Structure in 7%J/y invariant mass

clearly visible at all energies 10| - Phase Space CLEOc data, 3.5¢0

M = 3894.8 + 2.3 + 2.7 MeV/c?
I =29.6+8.2+82MeV

Significance = 10

Counts / 15 MeV

jGlu
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Z+(3900)* at DD* threshold

Mass [ GeV/c?]

.

Xe1 (2°P1)

3.8

" (1°Dy)

y'(2°S1)

3.4

3.0

X (8678)

xe2 (1°P2)

Xe1(19P1)

predicted, undiscovered
predicted, discovered

BESIIl new harvest

W. Grad!

4=

39

not predicted, discovered |—

o+t 4T+ o+t

BESIII, PRL 112, 022001 (2014)

Decay mode Z(3900) " — (DD*)*?




Zc(3900)+ at DD* threshold BESIII, PRL 112, 022001 (2014)

Decay mode Z(3900) " — (DD*)*?

Si )
ingle tag analysis:

a

v (4260) m reconstruct 'bachelor’ 7t

421 and D° — K~ 7t or
D™ = Ktn m~

: he(21Py) (2 ]
e P e ety |

require D* in missing mass

(’\‘_‘ —
§ el — m vetoete™ — (D*D*)°
®  |L____ 14 o _______ . . . .
O V@S, o5 m apply kinematic fit; look in mass
116(2'So) " . +
a 36 recoiling against 7t
1] 3
g
3.4 Xeo(1°Po)
32l

- redicted, undiscovered
301 [
- +
predicted, discovered T
not predicted, discovered |—

o+ 1 1+- ot+ 1++ o+ D*
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Z-(3900)"

A Z(4430)* -‘ su [[waes) |

Mass [ GeV/c?]

at DD* threshold

4.2

3.6

3.4

3.2

3.0

¥(4360)

33
- izl A
-

BESIII new h

Y(4260)
]
[pe2Pi) | [z o1 (2°P1)
+ 0
(3200}l ] —————————— X(8878) -
B ¥ (D))
¥/ (2°8y) Mp5
1(2'So)
X (1 P
- Xeo (12
J/W(TSSQ
predicted, discovered
not predicted, discovered |—
o+ 1-- 1+ ot++ 1++ o+
arvest | W.Gradl | 39

Events / 4 MeV

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

ete” — n+D°D*~ at BESIII

90
80 M = 3883.9 4 1.5 + 4.2MeV/c?
70 I =24.8+33+11.0MeV
60
50
40
30
20
10
S PP U AR AR |
LN T S LS R SE
M(DD*)
..and BESIII sees structure in DD*
J6lu



Z+(3900)* at DD* threshold

Mass [ GeV/c?]

Y (4360) 5
3%Py)
e o o
=
4.2
‘
4.0
he(2'Py) Xe1(2°P1)
B | :
————————————— X(8872) + —
ma:
- DD*
88 ¥(1°01)
@) yEs) ohs}
U
3.6 =
X2 (1°P;)
3.4F Xeo(1°Po)
3.2
30 [
not predicted, discovered |—
o+ 1-- 1+- ot+ 1++ o++
BESII new harvest | W.Gradl | 39

BESIT

preliminary
New: Double tag analysis
m reconstruct 'bachelor’ ™
and D°, D~
in 4 or 6 decay modes
B require 7T from D* in missing
mass

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

m apply kinematic fit; look in mass
recoiling against 77"

D

D*




Z-(3900)"

at DD* threshold

Z(4430)* -ws s
4l u [wees) |

:
[P0 ] m) P
421
“or [n (@2'Py) 5
o\ SKal Xe1(2°P1)
N B xeo(25P0)
& BemA.o oo T ] e
NS -
% a8 " (1°Dy)
9 ¥(2°Sy) o5
PPN I FICEY)
8 T 3,
o 1 P
aaf
321
b i P
o+t 1 1+= Ot At o+

BESIII new harvest |

W. Gradl | 39

Evemsi4.0 MeVic)

Eventsti4.0 MeVic)

BESIT

preliminary
ete™ — mDOD* at BESIII

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

“ontD” D‘U

1090ph @4.23GeV |

T =D et

MDD (GeVie')

MDD .|(.ewu

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




Z:(8885)" Quantum numbers? BESII

cos 6,: angle between bachelor pion and beam axis in CMS

preliminary
0" excluded by parity conservation
0~ mandZ;(3885) in P-wave, with J, = +1 = dN/dcos 6, « 1 —cos? 0,
1~ 7t and Z;(3885) in P-wave = dN/dcos b, o 1+ cos? 0,
17 7t and Z;(3885) in S or D wave. Assume D wave small near threshold: flat
distribution in cos 6.
Event yield in 10 bins in | cos 0|
ete - +tpOD*-
0“‘ T L} L} 1 T T T I
BESIII preliminary
P _
S5k data clearly favour J” = 17
S TN s for DD* structure
I = W il
o P = R confirms J* for Z;(3885) from single-tags
I g T, H
L 0.05— I oy 11 | ~ —
bl I
I \_
0102030405706 0.7 08 09
cost,

jGlu
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Comparison between Z(3900) and Z.(3885)

7:(3885) — DD*  Z:(3900) — J/p

Mass / MeV/c® 3884.3+1.2+1.5 3899.04+36+4.9
Width / MeV 23.8+21+26 46+10+£20
o x B/ pb 88.0£6.1+7.9 13.56+21+£48

Mass and width compatible within ~ 20

If this is the same state decaying in two channels: open charm decays suppressed!

B((4040) — DHDX))
B(y(4040) — J/yy)

B(Z. — DD*)

B(Ze — J/p )

=192 £27

=6.2+29

= Different dynamics at work in Y (4260) — Z-(3900) system

—
)
(=
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ete” = h.(1P)trrt~

Mass [ GeV/c?]

3
o (39Py)| [Xe2(@P2)

Xe1 (2°P1)
X(3872)

Xe2(2°P2)

" (1°Dy)

3.8
36k 116(2'So)
3.4
3.2

3.0

y'(2°S1)

X2 (1°P;)
Xe1 (1°P1)
Xeo(1°Po)

J/p(1°S)

predicted, undiscovered
predicted, discovered

BESIII new harvest |

not predicted, discovered |—

14— ot 1++ o+

W.Gradl | 42

BESIII, PRL 111, 242001 (2013)
Exclusively reconstruct the process
ete” = ntn he(1P)
he(1P) = y1c(1S)
7¢(1S) — 16 decay channels

Events / (0.001 GeV/c?)

¢

MR
358 3.60
M, (GeV/c*)




ete” = h.(1P)trrt~

Mass [ GeV/c?]

s

4.2

3.6
3.4
3.21-

3.0

Xe1 (2°P1)
X(3872)

Xe2(2°P2)

g
[re2 P1>|

" (1°D)

y'(2°S1)

xe2 (1°P2)
Xe1 (19P1)

xco(1°Po)

J/p(1°S)

predicted, undiscovered
predicted, discovered

BESIIl new harvest

not predicted, discovered |—

14— ot 1++ o+

W. Gradl | 42

BESIII, PRL 111, 242001 (2013)
Exclusively reconstruct the process
ete” — 't he(1P)
he(1P) = y1c(1S)
7¢(1S) — 16 decay channels

~(GeV/c?)}

2
he

P L A

M2, (GeV/c?)

| | | | | | |
01 02 03 04 05 06 07 08 ’



ete” = h.(1P)trrt~

Mass [ GeV/c?]

“

3.8

3.6

3.4

3.2

3.0

(4°5.
¥(4360
(

Y (4260,

(2°Dy)

)
= L] )

33

W)

N

J/p(1°S)

23P,
Xc1(2°P1) 2 (2P2)

X(3872)

xe2 (1°P2)
xe1 (19P1)

xco(1°Po)

predicted, undiscovered
predicted, discovered

BESIII new harvest |

W. Grad!

not predicted, discovered |—

o+t 4T+ o+t

BESIII, PRL 111, 242001 (2013)

120

100

80

60

T T T T

Events/(0.005 GeV/c?)

40[; Il

20

n ! limdihozdd s

395 400 405 410 415 420 425
Mn:h‘(GeV/cz)

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

M = 4022.9 4+ 0.8 + 2.7 MeV/c?
Ir=79+27+26MeV

Note: no significant
Z:(3900)" — 7tthe seen!




ete™ — he(1P) 7"

43S

Y (4360)
:

0
T

4.2

'S
4 Z(4020)°

[ne2'P)] o1 (2P1)
c0 0

(g‘ 22 (3900)" X(3872)
3.8
ST N L) I N
©)
. 1£(2'S0)
! 386
O]
=
3.4F Xeo(1°Pg)
3.2

J/p(1°S)

3.0

1+- o+t 1++
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33

Xe2(2°P2)

xe2 (1°P2)
xe1 (19P1)

predicted, undiscovered
predicted, discovered
not predicted, discovered |—

o+

BESIII, PRL 113, 212002 (2014)

Study ete~ — n°7%h, at 4.23, 4.26,
4.36 GeV
Observe structure in he1° mass
distribution:
Neutral partner to Z. (4020)*

45|

40
35|

Events/(0.01GeV/c?)
b

W% 39 395 4 405 1
recoily 2:
M (GeV/c)

M = 4023.6 + 4.5 MeV/c?

Isospin triplet found!




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

Xe1 (2°P1)

(“0 X(3872)
NS -
3 o ¥/ (°Dy)
9 ¥(2°s)) Mpp
()
8
S Xe1(19P1)
3.4
3.2

3.0

predicted, undiscovered
predicted, discovered
not predicted, discovered |—

o+ 1-- 14— ot 1++ o+
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Yet another mass threshold ... BESIIl, PRL 112, 132001 (2014)

Z:(4020) at D*D* threshold
4 +o— +D*+pE—
- — ete” — nTD*TD*~ at BESII
s
«0(3°Po) =
B - comb.BKG —+data
{ P s DD — total fit
Mpeg = gol — - Z,(4025)
----------------- % -~ PHSP signal
. Xe1(2°P1) 0 mws
b X(3872) o 40
=~ | —
3 38 v (°1) =
o _____ ¢’(23S N f; t E
o 3.6 116(2' So) . o0 g =
@ 36l |
g he(11Py)
34l 4,02 4.04 4.06
RM(m) (GeV/c?)
30| ..and BESIII sees structure in D*D*
J/p(1°S)
M = 4026.3.+2.6.4 3.7 Mo/*
= 20845647.7MeV
not predicted, discovered |—

o+ 1-— 1+= o+t 1++ o+
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All the Z.s from BESIII near /s = 4.3 GeV

il

=4 230 MeV
o o = g 4230 MeV
5 wf [ = H Prelminary
3 - mone 4
2 el [=E £
3 [
3 “fp Yee 0T~
& »|
& 2

rpa—T '
37 M Jiy) (GeVie)

ete™ — n0r%U/p

38 89 40
Muax (1) (GeVic?)

ete” = - ntJ/p

Z:(3900)0?

Nature of these states? Isospin triplets?

Events/(0.005 GeV/e)

Events/(0.01GeV/c?)

495 400 405 410 4Qs 42 i3S
M, (GeVie

ete” = mthe

5395 4 dge a1 i
M, (GeVieh)

ete™ — n%70h,

~+-data
— total it
—-2,(4025)

- PHSP signal
mws

Events / (2.5 MeV/c® )

402 404 406 408
AM(x) (GeV/c?)

ete” — = (D*D*)*

Z;(4020)*+? Z:(4020)0?

Different decay channels of the same states observed?

Other decay modes?
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Even more surprises

Quite a number of other interesting states seen, mainly by Belle collaboration:

m Z;(4430)" — p(2S)*
Seen by Belle in 2008 in B decays, not confirmed by BABAR,
recently confirmed by LHCb PRL 112, 222002 (2014)

m Z;(4050)",Z5(4250)" — xe1m
Seen by Belle in B decays, not significant in BABAR data

m Z;(4200)" — J/p
Belle, in B° — J/yK~ 7t Phys. Rev. D 90, 112009 (2014) very broad!
no Z;(3900)* visible here?!

m Z,(10610)" and Z,(10650) " — Y(2,3S)+
seen in bb sector (PRL 108, 122001 (2012))

A ‘zoo’ of exotic (i.e. non-gg) mesons seems to emerge
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ete” — yX(3872) = yJ/wrrtn~

2

03

BESIII, PRL 112, 092001 (2014)

o1 % 10° -
= *  —+data = —+data
Qo1eeY) ~ mlbackground Q4286eY)  mlbackground
8 f § S tt
o 10F t } o 10F y t
e bl E ek
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* * S 10F
[%] L %) L T
T qF H E qF
RIEULITR TR W
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” — 7)((3872) - ")/J/QD T BESIII, PRL 112, 092001 (2014)

T T
15 -
+ ~4 Data -
REB —Totalfit ]
3 Xc2(3°P2) N r 7
%, r === Background 1
2 1o s
o [ ]
e - -
2 L i
g 5 —
— ST g :
(“0 X(3872)
~ | 1 - + =TI TTIT
> e T TPt T T L
6 foo-- oo ol Ys 3.85 39 3.95
s apl LEes) e M(m*rd/y) (GeV/c?)
1%} o
xc2(1°P2)
g
P 20.1 £ 4.5 events
3.4F Xeo(1°Po) o
significance 6.3c
M = 3871.9+0.7 + 0.2 MeV/c?
3.2
J/w(1351)

not predicted, discovered |—

o+ 1-- 14— ot 1++ o+
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ete™ — yX(3872) — yJ/ymtm

Mass [ GeV/c?]

3.8

3.4

3.0

c1(2%P1)

" (1°Dy)

y'(2°S1)

X(3872)

Xe1(19P1)

predicted, undiscovered
predicted, discovered

BESIIl new harvest

W. Grad!

4=

48

not predicted, discovered |—

o+t 4T+ o+t

6B(yX(3872)—yr"m J/y) (pb)

0.6

0.5

0.4

0.3

0.2

0.1

BESIII, PRL 112, 092001 (2014)

—+-data

— Y(4260)

----- Phase Space
--- Linear

4.‘2 413
Eqm (GeV)

44 45

Suggestive of

Y (4260) — 1X(3872)




Summary

Mass [ GeV/c?]

m Quark model describes
s charmonium states cC reasonably
Y(4360) 3 We”
| em e
421 > B XYZ states: unexpected, point to
0 | non-conventional states
J o (ccg, cqac, (cq)(gc), cen ...)
c1(2°Py) . _
2. (3900)* X'(aw') m Observation of transitions
agl T between XYZ states
[ e N R o5 = Start making connections
1(ASo) + 7 .
3.6 - between new, exotic states
ho(1'P1) P
3.4 )
= Dynamically generated at
' /- thresholds, or
3.2 .
new kind of QCD bound states?
J/p (1°Sy)
not predicted, discovered I—
ot 1 1+= o+t 1++ o++
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Summary

Mass [ GeV/c?]

m Structure of XYZ to be clarified;
s learn more about strongly bound
Y(4360) g systems
a0l 3 m More detailed studies (PWA, other
¥(2°Dy)
| channels ...)
o0 ) at BESIII ongoing
c1(2°Py) 3
" Xc2(2°P2)
ja(Ge00) X(3872)
3.8 (o) m Future:
N ¥ e ot mp5 More data from BESIII
3.6 - LHCb spectrosco
AT Pt Py
o(1'P1) Xe1 (1%P1) Belle-Il will start 2017
s4r m Exciting times ahead
3.2 %
U/ (13S1)

not predicted, discovered I—

ot 1 1+= o+t 1++ o++
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The B factories Belle and BABAR

B ¥

BELLE o=

Aemgc] Cherenkov ent. e ert bt} Calorimeter
n=1.015=1.030 pe L= . 6580 CsI(Ti) cyrstals

SC solenoid ==
15T B

Cherenkov Detector
144 quartz bars

% AS ot 3, - o)
Y € 11,000 PMTs 0 -/ ‘y‘G

CsI(TI)
16X,

TOF counter 3

; - = = " Silic:n Vertex
8 (JI.\ [ /J’ﬁ‘_‘_‘e—( ‘ § .ﬁ;—a‘[ D]“[[ Fhm 3 ISI::ugl;e-sidad
o = Wi cell +He/C, : 7 ayers
T st ¥ e
\ i . Drift Chamber
; 40 layers
Si vix. det, :
- 3lyr. DSSD W/ K, detection Instrumented Flux Retur
- 4 lyr. since summer 2003 14/15 Iyr. 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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Reflections

In multi-body decays, resonance in one subchannel can produce
peaks in other mass projections (reflections)

Striking example provided by D0 — KOK+K— BABR, Phys. Rev. D 72, 052008 (2005)
D°—K° K* K- 800 | f
‘.J -8 700 }
§ 600 [ 1 "
1.6 E 1 +
é 500 F ++ '
4 400 £ oot
X F bt
% 300 | + oyt
2 200 [ ;
100 Fo,, o +
1 CLo 0 0 T N T T T T e
1 1.2 1.4 1.6 1.8 11.11.21.31.41.51.61.71.81.9
mA(K* K) (GeV?/c*) m*(K° K*) GeV?/c*

No resonances in KTK° channel.
Structures visible in projection created from resonances in KK .

Note: Decays like B — ¢(2S)K 7t more complicated: Two kinematic variables of Dalitz
plot not sufficient to describe kinematics
e.g. BABR B — J/yK, Phys. Rev. D 71, 032005 (2005)

jGlu
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The ZC(4430)+ in BO — l/)/K+7T_ LHCb, PRL 112, 222002 (2014)

Spin-Parity assignment Phase motion
- T T
’é.,_z_ LHCb ]
gt - LHCb |
o < ol ”
"o 100f 31l candidates 7
o
‘g‘ -02 -
b+ =
= i
5 :
o i A4
) ik
'é 0t —=— Data i e -UI.-I 02 :Ir :rlz
=] ] Re A"
Z [ — simulated S°=1** 3
e Simulated S22 ]
s0F + + t =
|cosh, | = 0.6 behaves like a ‘true’ resonance
= | E JFC = 11+ preferred
1 EIIS l; 0‘5 1
cosé,
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