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OUTLINE
= Potential model of charmonium and bottomonium
= Experiments: Belle, BaBar, BESIII
= Charmonium(-like) states
- X(3872)
- Y (4260)
- Z:*(3900)
= Bottomonium(-like) states
— Implications for potential model (- confinement)

- Zpt

= Future experiments: Belle 1, PANDA
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Charmonium vs. Positronium

~5-104 fm
~0.4 fm < >
—
virtual gluon virtual photon
\ L \
c ¢
e et

Charmonium

Positronium
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Charmonium vs. Positronium
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Decays to light quarks suppressed
— narrow widths
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POSITRONIUM

Dissociation —» et e-

23, 23,
n=2 § 2 1,01 ",
L=
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215, _~" M
et o
I 23,

differences for
higher states

n=1 1 351
[ ]
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\l X 1'%
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Static Quark-Antiquark Potential

* Coulomb-Potential
+ Confinement-Term

V(T) _ _é%Jrkr Vir) [Gev] . //

k=0.5 GeV/fm

37 !
spin-spin +327m$6 §§ —
9mn; ) | k=1.5 GeV/fm
. . 1 2048 ra
spin-orbit +m?( i 27O)LS o,
2 & 3T
1 4dovg 35,7 Sz = =
tensor 2 ( ;. — S,.5z)
" solve Schrédinger equation
(quark mass heavy — non-relativistic) _
- states Notation
U(r,0.6) = Rut(r)Yim (9. ¢) n2>+1L |
1 /(9> 20 U(+1) B PC
L (e ) -
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15[} 351 1F'1 HF'[]. 3F'1 HPQ lDz HDl 3D2 3D:—1 lF:-:. HFZ::-I:rlGnl HGHA:E

5
> Charmonium
2
s wu"u"u"
@ ! . ::3 Xf? 3,4
s [T XA Xe , Tk 4 V345
Mez_ g Y2 W3
T r e he.s X234
e h:: X;u X:: 3‘:_::._ --------
T oAe T 1e2 o o W3 DD*
. 2’ es- DD
; he Xe1 X2
Xed
J/ lines: predicted, discovered
Tle - ..
3 overall mass precision ~2-3 MeV
dashed: predicted, undiscovered
not in here:  unpredicted, discovered (XYZ)

JPC 0-f 17~ 1t~ ottt 1tt 2tt 27F 177 27 370 3t~ 2347 345
4—+
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B Meson Factories
ete — Y(4S) — BB (B ~ 99%)

1999-2008 1999-2010

SLAC injector
T

positrons _
/ _...,.._..,..’_.

] i o i .

About 1 Million B mesons per day
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BaBar at PEP- II |

Electromagnetic Calorimeter
6580 Csl(T1) crystals

Cerenkov Detector
Il 144 quartz bars

Instrumented Flux Return g K/ separation > 3.5¢

19 RPC layers

wand Ky, 1D .
t 3.1 GeV positrons

9.0 GeV electrons i

Drift Chamber

40 stereo layers

Silicon Vertex Tracker
5 double-sided layers

| | countries, 80 institutes, ~600 collaborators

~553 /fb
On-resonance samples:
Y(4S): 433 /fb

Y(3S): 30 /fb

Y(2S): 14 /fb

no Y(5S) data
Off-resonance: 54 /fb

477M B meson decays
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Belle at KEKB

Time-of-Flight Counters

oo 100pe

Electromagnetic Calorlmeler N
9736 CsI(TI) crystals -
op/E = 18% 010V

‘?\“

Aerogel Cerenkov Counters
n=1.01— 1.03

v
el . K/ separation

<,-u Detector <
4/15 RPC layers
¥y and g ID

¥ — Dr|11[ Chamber
50 axial and st: layers
» % . J op/p = 0.35% ;# GeV/c
= = "X W
" \% = \_'\‘ . _— Silicon Vertex Detector
IS "‘“—- A 4 déu.b ayers
MW T x\"‘ o ( p) 7§,m os(tag) = 140 pm
P\ .,

14 countries, 55 insti tqt@: ~400 collaborators

~952 /fb
On-resonance samples:
Y(4S): 711 /fb

Y(5S): 121 /fb

Y(3S): 3.0 /fb

Y(2S): 24 /fb

Y(1S): 5.7 /fb
Off-resonance: 87 /fb

772M B meson decays
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Charmonium Production

Direct Production

€
B Meson Decays re=1m-
B — éc cc
!
\‘ e+
in 2-body B decays, d,s Initial State Radiation
JPe=0-+, 1- -, 1++ o
in factorization limit > Y Jpe=1- -
U > U
(s b
ot
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X(3872)



%

— K* J/yrntn™
N——’
resonant state?

& - c J/\ll
vt
< d
o
a U

Product branching fraction small
B(B decay) x B(X decay) = 107°
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e
> 1> >
% 30; Belle ] % § . \l” LHCb
w L B decays g Sl 1500 B decays
§ s A § E’- 1000
S L S S X(3872)
° T T 600
S 3 S
QO 1oF 4 0 ¢ 600
I + + 400
c# Y ? ? ] 20
T b
U b L L 08382384 3.663.88 3.9 3.92 354 3.003.00 .4 o ———— L L 1
3820 3840 3860 3880 3900 3600 3700 3800 3900
m(Jiyn+r—) — m(J/y) / MeV m{Jlyn+r—) / GeV m(JAyn+r—) / MeV
~ 30007 o % s00 ST ans % ;103 -
2 jinclusive cpp g | = P (3872) | S = 1y CMS
25001 o . t < L / . .
S ] Y’ N B (X s 30F \ inclusive
B 20001 b 600 % 25— ‘+
- X(3872) | = 5
= g o |2 X(3872)
- c e S
] - - inclusive 3 1 et et
O 10003 S 200l f;" 1(,;_’#‘;_“ e
5007 i f 5
S I 0\ 08 07 08 0% 1 06 365 37 375 38 385 39 395 4
3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00
m(Jiyn+n—) / GeV m(Jiyn+n—)-m(u+p—) / GeV mJyr+n—) / GeV
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X(3872) —» Jly n+n—

s AE — Eems _ beam
— (PE™)? . 2

+ 151+15 events

100—

g8
S

= =
s o 10 years of
A Ss data taking

3 L

s >

1 1 0 P )
5.2 522 5.24 5.26 5.28 5.3 3.8 3.85 3.9 3.95 -0.15 -0.1 -0.05 o 005 01 0.15 0.2

Mg /GeV M(J/W Tt T )/GeV AE/GeV

beam constraint and 3-dim fit (over-constraint)
— fit resolution better than detector resolution
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Precise Measurement of Mass and Width of X(3872)

Experiment Mass of X(3872)

CDF2 3871.61£0.16£0.19 MeV
Belle, Phys. Rev. Lett.91(2003)262001
CDF-ll, Phys. Rev. Lett.93(2004)072001 BABAR (B+) 3871.4+0.6+0.1 MeV

DO, Phys. Rev. Lett.93(2004)162002 BABAR (BO) 3868.7+1.5+0.4 MeV
BaBar, Phys. Rev. D71(2005)071103

LHCb, Eur. Phys. J. C72(2012)1972 DO 3871.8+3.1+3.0 MeV
CMS,  arXiv:1302.3985[hep-ex] Belle 3871.84+0.2740.19 MeV |€—
LHCb 3871.95+0.48+0.12 MeV

World Average|3871.68+0.17 MeV

= threshold m(D° )+m(D*°)=3871.84+0.28 MeV
,binding energy* —0.16+0.33 MeV
- random coincidence or ,grand design“ ?

= upper limit on width
I'< 1.2 MeV (very narrow)

XYZ States | S. Lange (Giessen) DESY Hamburg, DESY Zeuthen, 13.-14.05.2014 14



What do we know about the X(3872) ?

= Observed by 7 experiments LHCb, Phys. Rev. Lett. 110(2013)222001
bttt _

* Observed in 5 decay channels “I 1++4j:i» ;
sof 3

* Quantum numbers are JPC=1++ . .I. ___________________ |,
potential model: %1’ 10§-_T;+ e *
Barnes et al., Phys. Rev. D72(2005)054026 ]

0' MR PP B B

— predicted mass =50 MeV higher | ~ cose,
— predicted width factor 2100 larger

* Decay X(3872) — J/ymtm- 3 in
dominated by X(3872) — J/wpO(I=1)
— violates isospin
(assume initial =0)
— B factor 10—100 too large 3 +

0E T '11111.‘ A R T I VI
04 045 05 055 0.6 065 0.7 0.75 0.8
M(nr) (GeV)
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Is the X(3872) exotic?
MOLECULE

PION

Tornqvist; Swanson; Braaten, Kusonoki,
Wong; Voloshin; Close, Page

TETRAQUARK

Diquarks Threshold CUSP: Bugg
can be Intriguing Analogon
colored
1.8 GeV 2 GeV
[Qq][Qq] Maiani, Riquer, Piccinini, Polosa, — —
Burns; Ebert, Paustov, Galkin; Chiu, Hsieh;
Ali, Hambrock, Wang PlON
1 GeV 1 GeV
PION

XYZ States | S. Lange (Giessen) DESY Hamburg, DESY Zeuthen, 13.-14.05.2014 1¢



Can the X(3872) be a mixture ?

X(3872) >= c1|cE > +co|D D >

X1
JPC=1++

XYZ States | S. Lange (Giessen) DESY Hamburg, DESY Zeuthen, 13.-14.05.2014 17



s there cc admixture inside the X(3872) 7

NEW, Belle, 711 fb-1
Search for X(3872) =% T E. Panzenboeck (Gottingen/Nara)
Hadron 2013. LLWI 2014

No signal observed MC simulation, assuming
(no indication of admixture) B()cq ©tn) = B(J/v )
% 10— M > 14‘_ a=-0.000219792 + 0.00000093
= [ DATA < | b= 0.18404+ 0.00052 M
o sl predicted 10 12 | bka= 191214
g : by potential model g 1of- g Tazias
> g / g r
oL x@s72) Xel D e Ul
a— 6— [
i o | "IHM
2l B ”
| WHM% e ik
9_ HHH |_|| . I AT | B S | R " 1] 1]
8 3.85 39 3.95 a 205 9% 288 30 ] 05
M(xc1mtn)/GeV M(xc1mt)/GeV
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Y(4260)

Note: recent notation
by PDG as X(4260)



Y(426()) initial state radiation

" |nitial state radiation events

eTe” — yrsr J/¢YmT T
resonant state?
" m>4GeV
- far above D()D() threshold, = Phys. Rev. Lett. 95(2005)142001
but decay to open charm e | ' .

not observed

Events / 20 MeV/c”
|

" Quantum numbers
(based upon

production mechanism)

L 1 1 I 1 1 1 1 L 1 i L ‘. T 1 1 i 1
—_]— — 8.8 4;- 4.|2 4.4 4.|6 4.8 5
JPC=1 m@ T IN) (GeVIcd)

XYZ States | S. Lange (Giessen) DESY Hamburg, DESY Zeuthen, 13.-14.05.2014 2



Y(4260) Parameters

BaBar CLEO-c Belle Belle BaBar BaBar [6]
L 211 fb~" |13.3 fb™" |[553 fb~* 548 fb~ " 454 fb~" |454 fb~"
N 125423  |14.17532 165424 324421 344+39 |—
Significance |~8c ~4.90 >To >150 — —
m / MeV |4259+8"7 (428311744 |429541073° (42474127137 | 42524673 |42444-5+4
I' / MeV  |88423"% |70132 133426723 [108419+10 1051872114718
[1] BaBar Collaboration, arXiv:hep-ex/0506081, Phys. Rev. Lett. 95(2005)142001.

CLEO-c Collaboration, arXiv:hep-ex/0611021, Phys. Rev. D74(2006)091104.
Belle Collaboration, arXiv:hep-ex/0612006.
Belle Collaboration, arXiv:0707.2541hep-ex|, Phys. Rev. Lett. 99(2007)182004.
BaBar Collaboration, arXiv:0808.1543hep-ex].

BaBar Collaboration, arXiv:1204.2158[hep-ex|, Phys. Rev. D86(2012)051162.
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Events / 20 MeV

Events / 20 MeV

- 'Y.SR Jhy (y’) Tt~ : Y States

80

60 -

BO—

N | E L]

Belle !

M@y )/ GeV

70E
60
50—
401
300
20§

105§

BaBaL

A IEY AN

Events / 50 MeV

==, s SRRR RN Nl BB

M@/y =7 )/ GeV
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Events / 25 MeV

T T T T

Y(4350)

i
.

5.5

. M(W Jz*:r)/GeV
f{;E-Y(43!r’O) : BaBar
IGE— :
14F
o Y(4660) ,

B i a6 48 s 52 54 qb 58

M(y ot )/ GeV
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Overpopulation of JP¢=1-~ States

Mass / GeV
5.0 N T
Y (4660) 3 30 Belle
N T st 1 & I No additional states
0 more states. | %25:_ P J/yntn- with JPe=1--
Y (4350) P(4400) F up to 7 GeV
Y(4260) 20
V(4008 l (4140) B
10 (005) | (4040)  p C——
15
(3770)
Y 10
A G SR
I/ | 1 iIF-L!"’iI"TF';: THA]
3() ,/( 0 \4I [ AR | | | L (AN | 14

55 6 6.5 7
M Jdly) (GeVic?)

* Non-trivial pattern, not understood

* No mixing with conventional  states

" No mixing among them
— Y(4260) seems not to decay to y'ntn-
— Y(4350) seems not to decay to J/ymtm-

XYZ States | S. Lange (Giessen) DESY Hamburg, DESY Zeuthen, 13.-14.05.2014 23



Is the Y(4260) exotic ?
TETRAQUARK

higher excitation ?

R

[Qq][Qq ] Maiani, Riquer, Piccinini, Polosa, Burns

MOLECULE
heavier mesons (DD+(2460)) ?

Zhu; Kou, Pene; Close, Page;
‘ ' Lattice QCD, Bernard et al.; Mei, Luo

[Qq] [@] Swanson, Rosner, Close
[QQ][qq] .Hadro-Charmonium*
Guo, Hanhart, Krewald, Meissner

XYZ States | S. Lange (Giessen)
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Z.* States

If there are exotic neutral states,
are there also exotic charged states ?
(= cannot be charmonium!)

Example: [c cu d]*

XYZ States | S. Lange (Giessen) DESY Hamburg, DESY Zeuthen, 13.-14.05.2014 25
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o
(=]

not
o Z(4430) |6,4(5 BY — KT T confirmed
.. N——" by BaBar
3 H{ J/( H resonant state? (Pzrg:)sé)Re\Z/O%N
s wf il 112001
Wﬂﬁw {H;H m=4433+£4+2 MeV, I'=4511511] MeV
ﬁ%’ﬁ Hﬁ%{ Belle, Phys. Rev D80(2009)031104

0 + not
B — K Xcl’”:F confirmed
S by BaBar

resonant state”

m(Z1)=4051£1475" MeV, I'(Z1)=82T1155 MeV

. +44 4180 . +54+316
g et sheilenalan® - Belle, Phys. Rev D78(2008)072004

M (%, %), GeV/c?

Events / 0.024 GeV/c®

Problem: understanding of 3-body decay dynamics
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Beumg EIectron P05|tron Collider Il

§ BESIII
Y detector

= 2004 started BEPCII upgrade
,-/ BESIII construction
¥ ”'j,, 2008: test run
O R 2009 - now: BESIII physics run
P o DR Y

XYZ States | S. Lange (Giessen) DESY Hamburg, DESY Zeuthen, 13.-14.05.2014 3



Beulng EIectron Positron Collider Il

Satelilte view of BEPCII /BESIII :
g i

"N—,‘i‘f_

bl

"'-hl.!r e f T
= St e

BESIII Experlment (IHEP Beulng)

il ..

\ etem — (Y (4260) ) — J/gnt  aF
N——’

resonant state?

¥ BESII
| detector

w""’ 2004 started BEPCII upgrade
N~ ; BESIII construction
W4 2008: test run
\ N S isn MR- 2009 - now: BESIII physics run

XYZ States | S. Lange (Giessen) DESY Hamburg, DESY Zeuthen, 13.-14.05.2014 37




q'srﬂg BESIII Experiment BGS]]I

360 members, 52 institutions, 11 countries
Germany: Univ. Bochum, GSI Darmstadt, Univ. Giessen, Univ. Mainz

RPC: 8

FPC: 9 i Electro Magnetic ‘ avers
SC
Solenoid
Barrel
Endcap e W//////////é :
ToF iy
] l" | /'
SC 4
Quadrupole
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BESIII Data Taking at different Vs
(e.g. adjust Beam Energies to Y(4260))

L] L] L] L] I ¥ L] L] ¥ I L] L] L) I I ] I ¥ L] I ¥ ¥ L) L) l L) L] L) ] I ] I

1090 pb-1
10°F ~20 pb-Lperday ® i
- (L=0.7x 108 cm—2s1) o :
— s ® m Q @ i
Ny . <+ 3 .
a f 9 N 3
— )
:E‘ B $ < -
n Qo
2 =
g 107 3 E
= : ]
° ° ®e o
3 e S o ° ° o
o= i9) o -
ER T S8 2 28]
T 3I¥ 0« 3
1 1 1 1 I 1 1 1 1 I. L L L L I. 1 1 [ L I L L 1 I 1 1 1 1 I L L
3.8 3.9 4 4.1 4.2 4.3 4.4

Ecm (GeV) | v(4260)
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ete~ - Jymrm-

MARK I, 1977 BESIII, 2013
ete” - y'- Jyntn- ete— - Y(4260) - Jy tt 1
Vs=3868 MeV Js=4260 MeV

ete™ = (Y (4260) ) — J/yr~ =T

resonant state?

XYZ States | S. Lange (Giessen)
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Z.(3900)

100 i mé_BeIIe + data

i BESI” _;"‘:"‘ o | i 60 — — Fit
> = -=== Background fit = oG
8 80:_ -.=. PHSP MC 8 50;—ISR S
S S 40F
= 2 30f
o2 0 E
= S 20
Q P
LI W 10y/

87" ~ag -39 " ug 0™=37 38 39 4 41 42
m(J/ypr) / GeV m(J/yr) / GeV

m = 3899.0%3.6+4.9 MeV m = 3894.516.614.5 MeV

[ =46+10+20 MeV I'=63+24+26 MeV

307148 events' >80 159449 eventS, >5.2¢6

arXiv:1303.5949, PRL 110(2013)252001 arXiv:1304.0121, PRL 110(2013)252002

Confirmed with CLEO-c data, but different Vs = not Y(4260)
S. Dobbs et al., Phys. Lett. B727(2013)366

Tetraquark state predicted at m=3.882 GeV
Ali, Hambrock, Wang, Phys. Rev. D85(2012)054011
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Z.(3900)

70
- —4- Data - e
100: BESIII — Total fit 60:— Be”e _t:nta
> i «=== Background fit > = )
8 80 - == PHSP MC 8 50— :;gr:cnd
) i Sideband ol =
C! 60_— + . B g 40 :
= B =
@ 40} = 30f
12 40 % E
o0 W 10}

3.7

3.8 3.9
m(J/ypr) / GeV

4.0

3.8

3.9 4
m(J/yx) / GeV

" Y(4260) - [Jlyn*] =t~
charged — no C-parity
1- 0~ and assume L=0 - J"=1*, similar to X(3872)
* D'D*® threshold 3877 MeV
measured: 3899 MeV (BESIII), 3894 MeV (Belle)
— higher than threshold
— no binding energy (,virtual state®)
= There is no state at [D9D#] threshold !
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Notes from the Editors: Highlights of the Year

Published December 30, 2013 | Physics 6, 139 (2013) | DOI: 10.1103/Physics.6.139

New Particle Hints at Four-Quark Matter

® » ¥

Published 17 June 2013

Two experiments have detected the signature of a new particle, which may combine
quarks in a way not seen before.

This Is the first charged Z state
observed by 2 experiments!

named ,,APS Highlight of the year 2013"
among others, e.g. extra-solar neutrinos by IceCube
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L.t states at BESIII

L 0 —
100~ M = 3899.0£3.6£4.9 MeV 2 O = 4026.3+2.6:3.7 Mev
- ['=46+10£20 MeV O 0P '=24.8+5.6+7.7 MeV
E 80|~ PRL 110(2013)2520¢ I 60 arXiv:1308.2760 [hep-ex]
i 50F
- o Z.(4025)
= :
F- 30}
= 20}
S z
L 10
0 37 3.8 3.9 40 4.02 404 4.06 4.08
N :
m@/yr) / GeV it recoil mass / GeV
w0 [
' = 20 m = 4022.9+0.8+2.7 MeV
£ %: m = 3883.941.5+4.2 MeV 2 100 ['=7.9£2.7%2.6 MeV
g 70%_ ’'=24.843.3+11.0 MeV L - aI’XIV.1309.1896[hep-eX]
TR ] + PRL 112(2014)022001
s0¢ 3885)
30F WLt
20F it
10E | .- f ] !
05 AT RPN YRS A SR
3.85 3.90 3.95 4.00 4.05 4.10 4.1/ £95 400 405 410 415 420 425
OMy*—
m(D°D*-) / GeV mass{h.t)/GeV
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Confirmation of the Z(4430) in BY — K+ y' 7t~
LHCb, arXiv:1404.1903[hep-ex]

I LHCb
L 1.0< mzm_ < 1.8 GeV?

10°

m2,. [GeV?]

200

—_
=
o

Candidates / ( 0.2 GeV?)

= data set 3 fb-1, Vs=7 and 8 TeV

= significance >13.9¢6

= JP=1+ unambigously established
(0-, 1—, 2+, 2— ruled out
by 9.76, 15.80, 16.1G6 and 14.6G)

= mass and width consistent with Belle
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Spectrum of Z.+ States

DD] [DD*] [DD;] D" D*] D" D]
l=0 1 ©O0 1 ©o0o 1 o o o0 1 1 1
5
>
(D]
(W)
—
o Z(4430)
4]
S A
'Z"' ZCE4025%
4 --];- ZC 4020 E*D*
— DD’
Z-(3900) DD
Z.(3885)

o 1~ 4+ 2= 1~ 2t o 1t 2 17 27 37 JP
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All measured Z:* masses are above D)D) thresholds.

State m/MeV Threshold | Am /MeV
7..(3900) |3899.04+3.64£4.9 |[DTD”"  |+22.4
7..(3900)|3899.04+3.64£4.9 [D°D "~ |+23.9
7.(3900) [3894.546.6+4.5 | DD |+17.9
7..(3900) |3894.54+6.6+4.5 |[D°D "~ |+19.4
7.(3900) | 3885+5+1 DtD™  |4+84
7..(3900) |3885+5+1 MeV | DD |+9.9
7..(3885)|3883.941.544.2 [ DT*D”  |+74
7..(3885)|3883.94+1.544.2 [ DD |+8.8
7.(4020)[4022.940.842.7 | DD |+5.6
7..(4025)[4026.342.6+3.7 [ DD~ [+9.0

— not explained yet
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Is there a decay from an XY/Z to another XY/Z?

Y = 72
/- are observed in Y(4260) decay

(cross section vs. Vs peaks at Y(4260))

Y —- X

— X(3872) in Y(4260) decay 7 | .
1= = — 1++ | parity flip, AL=1 g

— search for radiative decay ¢ < c
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e+e—— Y(4260) —» X(3872) vy

BESIII, Phys. Rev. Lett. 112(2014)092001

—————
15 —
% = —4- Data
= i — Total fit
Nk 10 === Background
\ — ]
n i i
i)
c . J
) i ]
Hﬂh’ IR USRI
%.8 3.85 3.9 3.95

Mass(J/yy) / GeV

B(Y — v X) is factor <50 higher

Confirmation of X(3872)

20.0 £ 4.6 events

m = (3871.9 £ 0.7 £ 0.2) MeV
6.30

Cross section peaks at Y(4260)

than for E1 charmonium transition with same quantum numbers
(assume: no additional Y decay and B(X - J/ynn)=5%) )
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Bottomonium
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IS[] 351 1F'1 HF'[} 3F'1 :iF'g IDQ 3D1 HDQ 3D3 lF:{. HFZ:H:in; HG:-IA:E

=
2
~ BELLE
411 adjust accelerator to Vs=10.86 GeV
= T(59) .
B.B*
B.B.
i
ntn— transitions
10
= reconstructed o
T . _ *x )2 * 2
: AJIIHSS(X) — \/(Ecm _ EX) T pX

oot 17— 1t~ ott 1t 2t 2ot 17 270 370 3t 234%F 34577
4—+
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Y(5S) Decays

T+ T- missing mass

First observation of Belle, 121.4 fb~
H (1P())band ﬁ(gp)o Phys. Rev. Lett 108(2011)032001
b . arXiv:1103.3419
3 Y(2S) &
= 40000 | : %
= ool i a =
e ! Y(1S) ' ' h,(2P)
20000 | _—
10000 |
0-' A%
- o2
Mm]SS(GEV/Cz)
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1 : : Z : Z : : 3 3
5[1 -151 lpl ipu ipl ipg ng iD] iDg iD:-} 1F:-1 FE:.’-}:rle; G.’-IA:E-

> .
v Bottomonium
T
w
@1l
= T(55) 3 B*
B“’.Bj:
T(45) EB*
n T(38 :
Ty [_} h Yoo Xb1  Xb2 Mass I\P/Ic())tggltlal
0 |n T(25) hp(lP)  9898.2+11 4 o*10_,; 9901 MeV
= i ; ‘b2
hy  xpo Xb1 ho(2P)  10259.840.6*14_,, 10261 MeV
Ebert, Faustov, Galkin,
arXiv:hep-ph/0210381
ny Y(1S5) Phys. Rev. D67(2003)014027
Precise confirmation of
3 potential model prediction

o-t 17— 1t~ ott 1tt 2tt oot 17— 277 37— 3t 234%T 345

4—+
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Implications
of newly observed, expected bottomonium states
for potential model (confinement) 7
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Precision Test of Flavor Independence of QQ Potential
— Are the level spacings identical?

Charmonium Bottomonium
ncl Y T]b A t
A 10.1
4 $ 10.2 ) h,
43.9 56.3 I 9.8
58.9 \ 4
657 — 4 59.7
M J/v Y(1S)
LIPS
P
Mass scale ~4 GeV Mass scale ~10 GeV

Agreement to 1073 — 10~*level
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C. Quigg, arXiv:hep-ph/9707493

C. Quigg, J. L. Rosner,

Phys. Lett. B71(1977)153

C. Quigg, J. L. Rosner, H. B. Thacker,
. — i Phys. Rev. D21(1980) 234

| Am | cC | Am | bb C. Quigg, J. L. Rosner,

Phys. Rev. D23(1981)2625

Experimental observation of

is inconsistent with potential model

vi(r) [Gev]
1 .

|Am| Scaling —
Coulomb V(ir)=k/r mgolk|* |
Linear Vi(r)=kr mél/3|k|2/3 : Logarithmic
Logarithmic|V(r) =k Inr |k {4 VD =CIn(Cn)

r/fm
Explicit quark mass dependence

(except for logarithmic potentials).
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ee” — YT(59) — \hb(mP)’zri Tt

>y

resonant state?

= 12000} S 17500}
% 10000} hp(1P) % 5000k hp(2P)
o oo} Decays o 12500} Decays
Y Y 10000}
6000 F
L 4000f wn 7500f
o C  s000}
@ 2000f S 000
Lﬁ 0-.{.H Lﬁ 2500 F
-2oooiﬁ"" oF

10.4 10.4 10.5 10.6 10.7

M miss(ni) / GeV

Z,(10610)*  m=10607.2+2.0 MeV , [=18.4+2.4 MeV

2.6 MeV above BB* threshold
Z,'(10650)* m=10652.2+1.5 MeV , =11.54+2.2 MeV

2.0 MeV above B*B* threshold
confirmed in 3 additional decay modes
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Spectrum of Z,* states

[BB] (BB*] [BBy] [B BY] [B” B*]
L=0 1 0 1 0 1 0 0 0 1 1 1
>
(D)
O
T~
<1l Z,(10650) B
— B,B: BsBs
BsBs ¢
___ —  jBp* BB
BB
Z,(10610)
10 measured masses are (slightly) above thresholds
no [BB]* state observed (yet), as for Z *
JP=1* strongly favored (Belle, arxiv:1403.0992[hep-ex])

ot 1—1+ 2= 1— 2t o° 1+ 2t 1— 2= 3— JP



Future Experiments:
Belle ll, PANDA
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Belle 1 mc |
B+ - K* X(3872), X(3872) - J/ym*n-

PXD
inner vertex detector

Factor <40 higher luminosity (,, nanobeam™)
First data taking planned in 2016
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(D ] Bundesministerium
fiir Bildung
@ und Forschung

Belle I

Belle Il DEPFET Pixel Detector
Univ. Bonn, DESY, Univ. Giessen, Univ. Goéttingen, Univ. Heidelberg,
KIT Karlsruhe, HLL Munchen, MPI Minchen, LMU Munchen, TU Miunchen
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15, 35, Py %Py ®Py %Py 'Ds °Di *D: ®Ds 'Fs “F2alGs *Gaas

PANDA @ FAIR

PP — formation of

any (non-exotic) quantum number
e.g. high F-wave state (L=3, JPC=4++)
3-step radiative cascade

23.73/15

87.82+ 3.84

0.2365 + 0.0004

igma  0.009216 + 0.000367

. EYC’“S/ GeV
M. Galuska, S. Reiter, E. Prencipe, S. Spataro, S.L.
arXiv:1311.7597[hep-ex]




State Production JPY Mass Width | Decay Experiment [nterpretation
> (MeV) | (MeV)
CG K(3IBT2) B decays, pp 177 | =3872 |<1.2 [J/wp, J/ /1w Belle, BABAR , CDF |4-quark, {Dnﬁan} molecule?
Jjy, DD DO, LHCh, CMS
(@D X (3940) ete” —eEX 0+ |~3942 |~37 |DD" (not DD, J/ivw) |Belle shifted #.?
O Y (3940) B decays 7't | =3943 |~20 |[J/dw (not DDY) Belle, BARBAR shifted yvig?
fd Z.(3900) Y (4260) decays|1T | =3809 =46 R o BESIII, Belle d-quark 7 {Dﬁ*}: molecule?
Z.(3885) Y (4260) decays 7* ~3ER4 [~25 {Dﬁ'}: BESIII d-quark 7 {Dﬁ*}: molecule?
Q) Z.(4020) Y(4260) decays|?” ~4023 =8 heom™ BESIII d-quark 7 {D*ﬁ}z maolecule?
q) Z.(4025) Y(4260) decays|?” (26 =25 (D D)= BESIII d-quark 7 {D*F}: molecule?
\ Y (4140) B decays P | ~4143 |~15  |J /v CDF cESE
q) X(4160) ete” X 0°F |~4156 |~139 | D" (not DD, DD7)|Belle nit?
A (4008) ISK 17 |=4008 |=226 |J/uwtr™ Belle ceg hvbrid?
> (not BABAR )
O Y (4260) ISR 17 | =4264 |=83 |J/vwto—, BABAR , CLEQ, Belle|eEg hyvbrid?
O .I;’u’w"ﬁ",_
JIp KT R~
e X (4350) Ty 2P | ~4351 |~13  |J/ve Belle CESS
O Y (4350) ISR 17 | =4361 |=T4 |¢'wta— BABAR , Belle ceg hybrid?
C Y (4660) ISR 17 [~4664 [~48  |o0'wt o Belle c7g hybrid?
X (4630) ISR 177 | ~4634 |~92  |[A-A. Belle AcAe maolecule?
(D ZF(4050) | B decays 77 =451 =82 NelT™ Belle 4-quark?
Z7(4250) | B decays 77 = A248 =177 | yermw Belle 4-cuark?
q) Z7(4430) | B decays 7¢ ~4433 [~45 A Belle 4-quark?
S — (not BABAR )
m Zp T (10610} | T{55) decays 1+ ~1060T | ~15 T(LS)ym= Belle d-qquark? {BF): maolecule?
e T(25)m™
m T3S )™
hy(1P)ym ™
by (2P)m=
>\ ZpT(10650) | T(55) decays 1+ ~10652 | ~11 T(15) Belle 4-quark? (B* B )= molecule?
C T(25)m™
T(35)mw™
(U B (1P)m™=
By (2P)m ™
E Ye(10R89) |[eTe™ 177 | ~10890 | ~100 |0 == Belle (not BABAR ) A-quark?
TS )ywr o™ Belle 4-gquark, [bblsg hybrid?
T(2S)ymr o™ rescattering?
T(3S)ymr T
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SUMMARY

" Experiments at etTe™ colliders re-defined our understanding of hadrons
* Many unexplained states have JP(C)=1+(+)

* Probably 15t transitions between X and Y and Z observed

* Product branching fractions of XYZ states are small (B~10-5)

— next-generation high luminosity experiments are required
Belle Il, PANDA, LHCb (upgrade), more BESIII running ...

THANKYOU.
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Review Articles:

arXiv:1311.7594 [hep-ex]
arXiv:1208.6128 [hep-ex]
arXiv:1109.1699 [hep-ex]
arXiv:1010.2331 [hep-ex]
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