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| ntroduction (1)

Present activitiesin Hadron Spectr oscopy
BaBar; BES, BELLE; CLEO; CDF; DI, FOCUS, E 835 (Fermilab)

BaBar/BELLE/CLEQ: Fixed CM-energy (Y (4s))
Non resonant qq production

e'e” - | o[nb
cC 1.30
SS 0.35
dd 0.35
uu 1.39

Resonant bb production
€€ ~ | 105
bb '

Additionally : yy—-Fusion, ISR

C
v _}J/mp,w',nc,xcl, .. B-mesons good source for charm
y s O BR =102 (indl.)

~Ves.”

S

JLdt = 400(fb)~ (BaBar/BELLE))
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| ntroduction (2)

BES, CLEO-c: Discrete Energies: Jy, ¢', ", ...
e'e - " - DD
ee - P - yx
ee - Y - yqq

CDF, D[ . PP (Eqy = 2TeV) - BB

> Charm
Focus . V(200GeV) Be —» B + X
> Charm
E 791 . T(500GeV)Pt(C) - B+ X
> Charm
E 835 . Pp (Scan mode) —» J, W', Xo Ner ---

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Open Charm States (1)

D(cq, cq) (g = u, d)- states(BELLE FOCUS, CDF)

Expectation: T Jrauion : Heavy Quark limit
éz.e—: S _— SQ
IS - [
e Cobh
] b r
22 Do* .
i EEO” Conserved: Sq, jq=L+Sq
105L : jq=1h = Broad
o1 o 120 (mnat pan) Jq= 3/, = Narrow

Two newly discovered broad states: Dn D* temodes
= (2352 +50)MeV ;[ =(261+ 50)MeV  D;(2400)?
= (2427 £ 36)MeV ;T = (384 £ 117)MeV  D,(2430)?

Ewdence (BELLE) : B —» Dmtmt

J140¢
> 120}

%100:—

=80:—

= 60
40}
201

N -\\\\\\iﬁm
2 2.5 3 35
Mp,, in(Ge Vie )

J. Compatible with 0*, 1*
|nterpretation: Missing cg-states
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Open Charm States (2)

D(cS, Cs)- states(BaBar CLEO BELLE, CDF)

Expectation:

m [GeV/c2]
=
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[D*K
'DOK

(* = nat. Par.)

Two newly discovered narrow states

1) M = (2319.6 + 0.2 + 1.4)MeV ; I < 3.8MeV!
(Mo = 2480MeV)

Evidence (BaBar). D(2317)* - D_T®

N
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D (2112)

DK threshold

l

D*, sidebands
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2.1

22 23 24 25
m(K*K " n°) GeV/c?

Decays:
~ Do (1 —violation)
Diy (Forbidden, J* =0")

4 Dg(2112)* 0 (Forbidden, J° =0%)

Dindrt (Forbidden, J* =0")
4 DL(2112)*y  (Allowed)
4 DiITt e (Forbidden, J°=0%)

Consistent with J° =0*

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005




Open Charm States (3)

Quantum numbers: B
F =0*fromB - DD_(2317) (BELLE, Angular Distr.)
| =07 No evidencefor Di1t-, Di1t-states

2) M = (2460.2 + 0.2 + 0.8)MeV : I < 3.5MeV

(M 1000 = 2560MeV)
Evidence (BaBar). D(2460)* - DItPy

250 F

events/7 MeV/
o S
(@] (@]
\ \

o
o
\

w
Q

0.2112) 77" |

Decays.
~ DZm°y(D%(2120) 1?)
S DIt
Dy (- J#0)
4 DI (Forbidden, JP =1%)
4 Dg(2317)*y (Allowed)
/, DLTOTP (Allowed)
4 Dg(2112)*y  (Allowed)
Consistent with JF =1*

02.1‘“2,2\ 2.3 24 25 26 2.7 2.8
m(D*, n° ) GeV/c?
Quantum numbers:

F=1*fromB - DD.(2460) (BELLE, Angular Distr.)

o Dsy
| =07 No evidencefor DiTT

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005




Open Charm States (4)

Inter pretation of D(2317) and D,(2460)

» 07, 1"-cg-dtates. Problem: Masses
» DK-Molecules
» Charmed Four Quark States

» Chira Multiplets of Heavy-Light Mesons (Eichten, ..., Novak, Lutz, ...)
Prediction: M(Dg-(2317)) - M(Ds) = M(Dg- (2460)) - M(Ds) = M3

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



States with Hidden Charm (1)

EXxpectation:

Mass

MeV

4300 —

wridlnd)
4100 — W A040) 2 V=-1.02/r + 0,92 7r . -
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States below DD-threshold:

Much information about J, W', X1,

Very little known about n., n', h, (Spin-Singletts), Important for spin-spin-interaction
States above DD-threshol d:

Many are undetected, lots to do
(Heavy Quarkonium Physics, N. Brambillaet al., CERN Y ellow Report; hep-ph/0412158)

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005




States with Hidden Charm (2)

N'(2'Sy) : Rediscovery (BELLE, CLEO, BaBar)

BELLE: B - K(KK*m) and e*e - J (cT)
CLEO/BaBar: yy-Fusion (yy - KKT1)
M = (36429 + 3.4)MeV ; I <30MeV (Crystal Ball: (3594 + 5)MeV)

Evidence:

M=2978 + 2, MeV/c?
r=22 + 20__, MeV/c?

stat

M=3654 + 6, MeV/c?
v | I'=15+ 24 MeV/c?

(o]
o

n,(1S)

f

D
(e}

N.(25)

Events/40 MeV/c?

Jh :
Oﬁ‘# ¢+¢+o¢¢¢¢+t+¢¢¢ ++f

2000 3100 3300 3500 3700
Mgy, (MeVic?)

Quantum numbers:
F: Probably O~
| : Probably O

Decay modes:
- KK*1T
- 7

AM,(29) = (47 + H)MeV, while AM,(1s) = (117 + 1)MeV ?

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Stateswith Hidden Charm (3)

he (1P

CLEO: y(2s) - 1°h, - 1°(Yyn.)
M = (3524.4+ 0.6 £ 0.4)MeV ; I < 10MeV

Evidence (CLEO):
. = O
: 2 F Dgeneric MC
E kL 4:_
251 C D Data
i 3:_
i3 zf_
I 15
Il N (L
| (IR ity
L1 |_| 11 |_| T |_l T |_l L1 |__ 4 3.42 3.44 3.46 3.48 3.5 3.52 354 3.56
ERT] 3.2 ERE 154 333 ? recoll h, candidats mass (GeV)
[ mayy in Gel
INCLUSIVE EXCLUSIVE
significance = 3.8¢ significance = 6.1o

Quantum numbers:
F: Probably 1*
| : Probably O

AM (1P) = < M(X)> - M, = (L0 % 0.6 + 0.4)MeV

Decays:

_’ync
- ?

In agreement with the confinement potential being a Lorentz scalar

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005




Stateswith Hidden Charm (4)
X(3872) (BELLE, CDF, DU; BaBar, BES)
M = (38715 + 0.4)MeV ; I < 2.3MeV!!

Evidence (BELLE): B* » K*(JQ1r10)

20

hep-ex/0505038

20

10 P
' o

- L] -. .-.. f’l
D .¢ - - -

1, vlee -
FY R

3800 3820 3240 3880 3880 3000
M Jiy) (MeV)

Quantum numbers:
Fe=72

2920

3840

Decays:

- JYTttTr (dominant) (Jp?)
- YJU (1 bin effect) - C=+1
S JyrreTe (JPw?)

- DD

4 YXes

Production:

0.15< REB D<1 34 (90%CL)

BELLE: Angular distributions of Jyp — Preference for JF¢ = 1**

=07

BaBar: Search for B~ - KX~ - KO(Jyp) ; B? - KEX*(B <5x 109

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005




Stateswith Hidden Charm (5)

X(3872) (contin.)
Nature of X(3872):

» Ordinary charmonium

Many assignments eliminated by the 4600r D,
small width of the X ook 48,
3 1 ] 23D 2'D,2°D, 2°D,
1°D,or1'D, ? 4200 2L e an PR g
9 g 31&0— 3S, I'F, IF; 2 ¥ T'Fy
=t narrOW ("" 1 MGV) 4000'_ 5555555521P 23P23P2
% maybe slightly lighter than X S R Bhuin 3879
. . . LT fistusas simmisrs s R S miniE S e m s B i S -~ """~~~ ~
9 expected to have radiative decay € ssoof D, R
(X decay into X, Y not observed @ e, —s T
= 3600 i'p 3 131’1_1__132
[ Py
3400} =
3 1 n [
2°P,or 2'P, 7 [
1 1 o 3200 .
¥ not expected to have radiative decay [ I'S,
2 narrow (1-2 MeV) sooof 1S
% ~100 MeV heavier than X e e e e e e
% not expected to decay into J/ Tt gPC

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Stateswith Hidden Charm (6)

» Diquark - Antidiquark (Maiani et al.)

2 neutral states Xy =[cu][cu] Xg4=[cd][cd] AM =(7+2)MeV
2 charged states *=Jcu][cd] X~ =[cd][cU]

Neutral states produced in B°, B*-decays have different masses and rates.
Slight experimental evidence. No evidence for charged states

> s-Wave D° D"0 molecule (Braaten, Kusunoki, Swanson, Tornquist)
Mpo + My« = (3870.3 £ 2.0)MeV AM = (+1.2 £ 2.0)MeV

Model predictions:
BO . KX suppressed by one order of magnitude wrt B* —» K*X

J¢ = 1" isfavored
(X - yIP)<T (X - mtrd/y)

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Stateswith Hidden Charm (7)

X(3940) (BELLE, BaBar)
M=(3943 £ 6 £ 6)MeV ;I <52MeV
Evidence (BELLE): e'e - J(cC)

=

&

=
I

Quantum numbers:
|, Fc=7?

Nature: ?

N/20 MeV/c?

=
=
=

50

Y (3940) (BELLE, BaBar)
M=(3943 £ 11+ 13)MeV ;I =(87 £ 22)MeV
Evidence (BELLE): B - K(wJ\)

Quantum numbers:
JFe=2
|=0

Nature:
(Ccg)-Hybrid?

Decays:
- DD

4 DD

(96%)

4 JPw (<26%)

(<41%)

a0

4080 4280
M(eJhy) (MeV)

Decays:
- WY
4 DD

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005




Stateswith Hidden Charm (8)

Z(3940) (BELLE, BaBar)
M=(3931t£4%2)MeV ;I =(20+ 8 £ 3)MeV
Evidence (BELLE): e'e~ - e*e(yy) ; yy — DD

Quantum numbers:
Fe=7?
Nature:
X' (2 3P,)?

EvertsH0 MeWac?

;+L@_ﬁw; b 1

I'-.-iI.'l:l' l,'Ge'v‘."o?

Y (4260) (BaBar)
= (4259 + 8%8)MeV ;I = (88 + 23" ))MeV
Ewdence (BaBar): ete - y(ete) ; €' € WWJ/LU (ISR)

Quantum numbers: E ;
Fc=1- o
| =72 El”’:

—
=
T T T

Nature;

Decays.
-~ DD

1-- cC-resonance?

s
iz =

6 48 5
m(rrIhy) (GeVic?)

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005

Decays:
S JPrtt T
- 7




Future Per spectives (1)

BaBar: (Y(4s); — 2008)
BELLE: (Y(4s); - ? )
CLEO: (¢(29), W(3s), I ?; - = 2 years)
BES: (W(2s), Jy; — ? )
COMPASS: (Hadron- Program; - ? )

PANDA: (1.5 < p < 15GeV; From 2013)
Super B-Factory: (Y(4s); - ? )

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Future Per spectives (2)
FAIR-Project at GS|

«10%%/s; 1.5 GeV/u; 23828+
«1019/s 23873+ yp to 35 GeV/u
*3x10%3/s 30 GeV protons

| Secondary Beams |
» Broad range of radioactive beams up to
1.5 - 2 GeV/u; up to factor 10 000 in
intensity over present

 Antiprotons 3 (0) - 30 GeV

» Radioactive beams
1011 stored and cooled 1 - 15 GeV/c antiprotons

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Futur e Per spectives (3)

Antiprotonsat FAIR

H ESR . 8 MeV Electron Cooler m e from SIS100

RF Cavities Inj. Kicker
Beam Momentum 1.5-15 GeV/c

High Intensity Mode:
Luminosity 2x10%2cm2s1 (2x107Hz)
dp/p (st. cooling) ~10-4

High Resolution Mode: 0
Luminosity 2x1 031 Cl’]’]'zs‘1 Forschungszentrum lilich

Sp/p (e‘ COO”ng) ~10-5 i e Heimeia- STt
Target and Detectors

0 20m

Formation: p(scan)p - X - ...
Production: p(fixed )p - X +nrm+ ...

PANDA-Collaboration:;
370 scientists from 8 countries
and 30 institutions

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Future Per spectives (4)

QCD systemsto be studied with PANDA

Rates

P momentum [GeV/c]

0 2 4 6 8 10 12 15
| ] 1 1 L1 1|

Agh . i A P
Two-hody IZ. 008; Db =& Qh
Thresholds EgEs EcEe
Molecules qqaq.
Gluonic iddg,uig,ssg ccy
Excitation ‘ 999, 99
aq #g:t ﬂl‘\)l!e;f)ns i g:’harmonizusm
Mesons o, f.a, h K v, o w(2S)
LEARE
.
| | | | | |
1 2 3 4 5 6
Mass [GeV/c?]
Production Rates (1-2 (fb)!/y)
Final State cross section # reconstr. events/v
Meson resonance + anything 100ub 1010
AA 50ub 1010
EE(—=ArA) 2ub 108 (105)
DD 250nb 107
Jy(—ete,utu-) 630nb 109
2 (= Iv+7y) 3.7nb 107
AcAe 20nb 107
Q.Q. 0.1nb 105

Common Feature : Low multiplicity events
Moderate particle energies
For Pairs : Charge symmetric conditions
Trigger on one, investigate the other

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Futur e Per spectives (5)

Physics Program
Charmonium
Search for new states above DD-threshold
Precision determination of masses and widths
(Extremly high masses resolution — 20keV)
Production cross sections
Decay branching ratios

Exotica
Glueballs, Charmed Hybrids, Multiquark states T -
F - . Predictions for Glueballs " [,. g:f;_?—: )
_ Jp— 1 8 - | {
o - __ ~ O [on O%_IF_ R
- S . =S . 1,8
= - ] 4 O™ mum— | ¥
% E — E 2 : 11
o4 L 7 i
E_.:=—DD_: Prediction for Charmed Hybrlds 0— T 0
C ] Lowest energy states: 3.9 - 4.5GeV
oY 4 Ground state: J°© = 1 (Spin exotic!)
- 1 Widths. Could by narrow in some cases (= MeV)
S P D I, =

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Futur e Per spectives (6)

Open Charm Physics
Widths of states
eg.. pp - D(2317) D (2317)

Depend on internal structure
the width of D_;* can be different:

_ Current limit
__X-doubling
__Phenomenological 1130 keV

D

n

o/|M| [MeV]
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[14.9 MeV

110 keV

K — molecule [1200 keV
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o
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N
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N
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10
Excess energy [MeV]

o/|M| [MeV]

o/|M| [MeV]

_5V- .
T =10
ML = 20keV,

0 l .
-10 -5 0 5 10

Excess energy [MeV]

T T T
I =10 keV
M; = 2.0 GeV I' =100 ke'

- dp/p=1e-3 I'=1.0 Me

<<

10
Excess energy [MeV]

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Futur e Per spectives (7)

Hadrons in matter 2000

DY.D~
1800 - TR ~ 50MeV
—~~ L D+
oz
> I
S g0l KK K
= §=100MeV
[72]
Z K
=
. _
m,m --_._-_—_-_—::_-:::n \Lz 25MeV
m 1 T

Hypernuclear Physics

p(3GeV/c)p — = (sow) = (fast)

5 ==p - AA (inside nucleus)

Further Options

Baryon Spectroscopy

CP-Violation in D-decays

Deeply Virtual Compton Scattering (DV CYS)

Proton FF in time-like region

|Not discussed: Low energy p-physics:
H, Antiprotonic Atoms, p “He|

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Futur e Per spectives (8)

Merits of Antiprotons
» Inpp-annihilation all gg-states can be formed directly (not only J€ = 1-)
> High mass resolution for all states (= 20keV)

120

Xe
L -
100 e Crystal Ball
= «E 835
o
= w| =
Q 1000
2 o |
§ r >
2 b=t
= w0l ° + 800 &
3 <
: ; - :
3 . 600 <
540 . b
S
> < GC)
] . . 400 2
&L
- uy
20 - e o
: 200 ©
+ t +4
L
0 P I AR BRI AP S7 ¥ VIR B
3490 3495 3500 3505 3510 3515 3520 3525 3530 3535
Ep (MeV)

» Pp cross sections high
- Datawith very high statistics

f, (1565)

£, (1500)

£,(980)

PANDA simulation
pp — Y (4260) — DgDg
E : rrrT T T o PPbarTwoDsJ2460::mComb
8250~ 10 days of Entries 2275
- data - taking Mean 4262
200 AMS 0.02136
r 5 I ndf 66.528/26
: Slgnal Constant  223.903 + 6.636
150 b—lﬁ ~3 Mean 4,262 = 0.000
r backgroun Sigma 0015+ 0.000
100 — ]
50— .
[} ) O R Te N

s
[
[

a.15 a2 425 43 35 .
M,,, Y(4260) [Gev/c’]

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Futur e Per spectives (9)

» High probability for production of exotic states
Example: Crystal Barrel @ LEAR; Spin exotic states (JF© = 1-*) at 1400/1600MeV

» Low final state multiplicities
- Clean spectra, good for PWA analyses

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



Conclusions

» Hadron Spectroscopy isin the focus of interest again

» Experimental developments
L ots to be expected from further running of BaBar, BELLE, CLEO,
BES, COMPASS, ...
New and very precise data to be expected from PANDA/GSI

» Theoretical developments
|attice QCD
Effective Field Theories
Chiral calculations

H. Koch, L.M.U. and T.U. Munich, Dec. 15, 2005



