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The dynamics of QCD!

Strong coupling
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The dynamics of QCD!

Strong coupling
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Ordinary versus “exotic” matter




Ordinary versus “exotic” matter

Baryon

proton, neutron, ...

Meson

q

pion, kaon, ...



Ordinary versus “exotic” matter

Baryon Tetraquark

Glueball

Pentaquark
proton, neutron, ...

Meson

Dibaryon

q

pion, kaon, ...



Ordinary versus “exotic” matter
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“ordinary matter” “matter at extremes”



Charmonium - the “positronium” of QCD

S=S,+S,

J=L+S

P=(-1)L+1

+radial excitations



Charmonium - the “positronium” of QCD

44 - S,
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7)) +radial excitations
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= 2 q,l(2331)| Open charm threshold
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Xe2(1°Pa2)
T i)
34 Xeo(1°Po)

established cc states
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30 I [niisa |

O+ 1-— 1+ O++ 1++ 2++
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Example from Barnes, Godfrey, Swanson:
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MASS [GeV/c?]

S=S,+S,
J=L+S

P=(—1)L+1

+radial excitations

' Xc2(13P2) I

|Xc1(13P1) |

4.4

4.2 +

4.0

MD"‘MD' as
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‘¢'(2331)|

|nc’(2‘So)

3.6

34

3.2
JP(13S1)

established cc states

1+-

JPC

O+ 1++ 2++

* Symmetric e*e collider:
> Vs=2.0-4.6 GeV

* Design luminosity:

> 1x1033 cm2s1 (at y(3770),
achieved in 04/2016)

* Data taking started in 2009
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+radial excitations
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e N——
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JPC

* Symmetric e*e collider:
> Vs=2.0-4.6 GeV

* Design luminosity:

> 1x1033 cm2s1 (at y(3770),
achieved in 04/2016)

* Data taking started in 2009



BESII

Charmoniume-like particles - terra incognita ™
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X(3872) - "Poster Boy” of a hew era!

BESII
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X(3872) - “"Poster Boy” of a new era!

BESII

MASS [GeV/c?]
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Surprisingly narrow JPC=1++ state:

[' <1.2MeV ((T(¢")=27MeV)

Suspiciously close to DD* threshold:

AE — (0.01 =0.18 MeV

Particle seen by *many* experiments,
including BESIII!

No isospin partners found (yet)

... but hints towards isospin breaking:

: 2013
, | Xc2(3*P2)
[ Y(a260) | N=(3'P) Xc1(32P1)
-
[X(4160) | w(2=D) |
| [nisg ] 4&S)]
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..................... o ol o YOS F ) o o
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..................... ¢,,(1BD1)

P’(23S) |
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Xe2(1°P, )|
|Xc1(13P1) = -
=
established cc states
predicted, undiscovered
JIp(12S
neutral XYZ mesons
-
O+ 1-—- 1+ O++ 1++ 2++

B(X — pJ/¥)~ B(X — wJ/¥)
B(X — 1°x1) = B(X = mrJ/¥ )

BESIII: arXiv:1901.03992



The mysterious “Y"” states: Y(4260, 4360, 4660)
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The mysterious “Y"” states: Y(4260, 4360, 4660)

[PRD 86, 051102(R) (2012)]
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The mysterious “Y"” states: Y(4260, 4360, 4660)
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[PRD 86, 051102(R) (2012)]
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The mysterious "Y" states: Y(4260, 4360, 4660)
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Lattice calculations

Hadron Spectrum Collaboration -
—_ JHEP 1207, 126 (2012)

0—+ 1—— 2—+ 1—+ 0++ 1+— 1++ 2++ 3+— 0+— 2+—4
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Z(3900) - APS highlight of 2013!
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PRL110, 252001, 252001, 252002 (2013)
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Z(3900) - APS highlight of 2013!
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established cc states
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neutral XYZ mesons
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2++

PRL110, 252001, 252001, 252002 (2013)

L —4- Data 70
< BESI, "= s
r ---- Background fit S 60 —Fit
80 L .= PHSP MC [0} 50 — Background
[ [ sideband N " PHSP MG
601 + S 40
r 4 o 30
r ~
40, ho% P e, ®
LA y i § 20
20 = L 10 E
0 0 >y
3.7 3.8 3.9 4.0 37 38 39 41 4.2
Mpax(m=JAp) (GeVic?) My ax(wAp) (GeV/c?)
P N s

A charged and charmonium-rich state

At least 4 quarks involved

Confirmed by CLEO-c data

Spin-parity 1*:

[BESIII, PRL119, 072001 (2017)]

More Z states discovered afterwards!
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Z(3900) and beyond...
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Z:(3900): PRL110, 252001 (2013)

BGS ]I[ Z,(4040): PRL112, 132001 (2014)

Z,(3885): PRL112, 022001 (2014)
X(3872): PRL112, 092001 (2014)

Z,(4020)0: PRL113, 212002 (2014)
X(3823): PRL115, 011803 (2015)

Z+(3900)°;: PRL115, 112003 (2015)
Z,(4025)0: PRL115, 182002 (2015)
Z:(3885)0: PRL115, 222002 (2015)

Multiplet(s) of new matter

discovered!
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Break-through! It is just the beginning...

XYZ particles: tip of the iceberg?

Internal structure?

Level scheme?

Spin-parity JPC?

Width/lifetime?

Production and decay?
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From discovery towards precision

BESII

w [ . i
o

= 1%L "high lumi |} o« _

I = XYZ data" |: . o« o -

102 E_ L (Y} _E

- AR S

| e o ® . % . ® _

0% ° Sl cumpumetngoe |

- 5 -

® o 5 "R scan data" .

i c i

1= | O | |

2 3 4 5

E.., [GeV]

* XYZ region: 3.8 ~ 4.6 GeV, integrated luminosity: 12 fb-1
* 104 energy points between 3.85 and 4.59 GeV (R scan)
* ~20 energy points between 2.0 and 3.1 GeV
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Precision Y" spectroscopy at BESIII

BESII
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BESII

[PRL 118, 092001 (2017)]

Precision Y" spectroscopy at BESIII
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44 | sy 0es)] 5 [ XV BEST
LT 2 e - S
C cl 1 5_ K .
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4 e
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—_ T 40
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0 [
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lk e y B I
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k ,Y* T +$ :
e+ \6 :
32 L : o, ,  *
v 38 4 4.2 4.4 46
JI(19S1) Is (GeV)
3.0 -
» 1 ; . 1 , Two resonances!
—+ —_ +- ++ ++ ++

JPC



16

Precision “Y"” spectroscopy at BESIII

BESIH

[PRL 118, 092002 (2017)]

250 — .o BESIII: R-scan data sample e+e_ N h n"‘n‘
_ | =BESIIL XYZ data sample ¢
g 2’00:_ —Fit curve: Total
g C Fit curve: Y(4220)
'§ IS0 gt curve: Y(4390)
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e _
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T 50— 3
E 0: 1 T T; EH - -
8 0 T
50
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[PRL 122, 102002 (2019)]
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200 | i \ -
= v o ]
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[PRL 118, 092001 (2017)]
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BESIH

Precision “Y"” spectroscopy at BESIII

Ryan Mitchell
RS =
é 220 = )(4160)_
= 200 “Y (4260)” }(4415)
_C —
5 180 - was here "Y(4220)" "
; : n llnn
160 :_ Y(4320) ard/p
140 - V(220"
120 F- Y(4330)" o)
= "Y(4220)"
100 - nath,
= "Y(4390)"
80 — ' mthc
60 —
40 — ¢
20 :_I I I I I I I I
4150 4200 4250 4300 4350 4400 4450 4500

Mass (MeV/c?)
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The next generation...

BESIII: 2008-?7?

BESIII at IHEP, China

> electron+positron, upgrade foreseen
> couples to JPC=1- states

> clean environment
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The next generation...

BESIII: 2008-?7? X PANDA: 2025-?7?

BESIII at IHEP, China PANDA at FAIR, Germany
> electron+positron, upgrade foreseen > anti-proton+proton or light nuclei
> couples to JPC=1- states > couples to all conventional JPC states

> clean environment > hadronic environment, background



" epued

High Energy Storage Ring -

Helix dipole g] Stochastic

magnet 1 kickers
g — I ( : ' . fih srta gl (.
\0"\'\ El | l.%"/
\0 ectron cooler Q/
J - : %
i Dipole magnet < z‘
i— B Quadrupole magnet g’_ 'i
'-.- [ Sextupole or steerer magnet T i
1 [] Solenoid magnet _C_% ]
-i O Injection equipment %) 7
i E RF cavity / stochastic cooling device O "‘
"/‘ [l space reserved for | e '\i
“, s
/~I r “ \'\
iy — -
p,pbar injection | |« i :
from CR (ESR)_ _ BANDA | plokups
0 50m
High resolution mode: High intensity mode:
» e~ cooling : p<8.9 GeV/c » Stochastic cooling
» 1010 antiprotons stored « 101 antiprotons stored
* Luminosity up to 2x1031 cm-2s-1 * Luminosity up to 2x1032 cm-2s-1
» dp/p = 4x10- » dp/p = 2x10-4

Phase 1+2: max. 1010 antiprotons stored
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Versatility of antiprotons

S-EI_I cda

p momentum [GeV/c]
4 6 8 10 12 15

T T T T I

qqaq ccqq

nﬁ:g,s§g ccg

nng,ssg cCg

999,99

999

lightqq cC

"Iplwle’K’K* . les rlc’ XcJ

1 2 3 4 5 6
mass [GeV/c?]
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Versatility of antiprotons

S-EI_I da

Large mass-scale coverage
- center-of-mass energies from 2 to 5.5 GeV
- from light, strange, to charm-rich hadrons
- from quark/gluons to hadronic degrees of freedom

p momentum [GeV/c]
4 6 8 10 12 15

qqqq

I I I I I ;

AN, Q0.
3 M

=c=cC

nfig,s3g

nng,ssg

999,99

999

cC
le! rlcs XcJ

4 5 6
mass [GeV/c?]
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Ppanda
Versatility of antiprotons

Large mass-scale coverage P momentum [GeV/c]
- center-of-mass energies from 2 to 5.5 GeV 0 2 4 6 8 1012 15
- from light, strange, to charm-rich hadrons ! N_I 'Qﬁ ! DB' 'A_' QE_
- from quark/gluons to hadronic degrees of freedom §z§ Db, zc‘% e
| == ==,
High hadronic production rates qadd ccqq
- charm+strange factory -> discovery by statistics!  p— -
- gluon-rich production -> potential for new exotics nng,ssg ccg
_ 0 13 _ " . - - -
good perspectives already at “Day-One"! - o
999,99
999
light qq cC
"Iplwle’K’K* JI\I’; rlc’ XcJ
I I I I I I
1 2 3 4 5 6

mass [GeV/c?]
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Ppanda
Versatility of antiprotons

Large mass-scale coverage p momentum [GeVi/c]
- center-of-mass energies from 2 to 5.5 GeV 0 2 4 6 8 1012 15
- from light, strange, to charm-rich hadrons ! N_I l:z?z ! DB' 'A_' QE_
- from quark/gluons to hadronic degrees of freedom §z§ Db, zﬁj £
| == ==,
High hadronic production rates qedd ccqq
- charm+strange factory -> discovery by statistics!  p— -
- gluon-rich production -> potential for new exotics nng,ssg ccg
- 1 1] _ "' :
good perspectives already at “Day-One"! | T oS
Access to large spectrum of JPC states 999,99
- direct formation of all conventional JPC states :
- large sensitivity to high spin states . Sl
lightqq cC
Tl,p,w,fz,K,K* § le! rlc! XcJ
I I I I I I
1 2 3 4 5 6

mass [GeV/c?]
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Versatility of antiprotons

Séﬁ cda

Large mass-scale coverage

- center-of-mass energies from 2 to 5.5 GeV
- from light, strange, to charm-rich hadrons
- from quark/gluons to hadronic degrees of freedom

High hadronic production rates

- charm+strange factory -> discovery by statistics!
- gluon-rich production -> potential for new exotics
- good perspectives already at “Day-One"!

Access to large spectrum of JPC states
- direct formation of all conventional JPC states

- large sensitivity to high spin states

Associated hadron-pair production
- access to hidden-strange/charm hadrons

- tagging possibilities

- near thresh.: good resolution and low background

p momentum [GeV/c]
4 6 8 10 12 15

2
2o | | | | | ;
‘AR 00 DD AR 9D,
i 05, I
qqqq ccqq
nﬁfg,sEg ccg
nng,ssg ccg
dJ99,99
efefe)
light qq cC
pl IfZ’K’K qu‘" rlc’ XcJ
| | | L |
1 3 4 5 6

mass [GeV/c?]
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Ppanda
Versatility of antiprotons

Large mass-scale coverage p momentum [GeVi/c]
- center-of-mass energies from 2 to 5.5 GeV 0 4 6 8 10 12 15
- from light, strange, to charm-rich hadrons ! _r 1 1Tt

2
P .
. AN Q D A o)
- from quark/gluons to hadronic degrees of freedom ’z\é e DD 5 ’z\‘% 2.
| == ==

High hadronic production rates qedd ccqq
- charm+strange factory -> discovery by statistics! :

- gluon-rich production -> potential for new exotics "F‘LQ’SEQ ccg
- good perspectives already at “Day-One"! :

=c=cC

| nng,ssg ccg

Access to large spectrum of JPC states 999,99
- direct formation of all conventional JPC states
- large sensitivity to high spin states ol
| lightqq cC
Associated hadron-pair production AEes b e
- access to hidden-strange/charm hadrons
- tagging possibilities
- near thresh.: good resolution and low background

I I I I I I
3 4 5 6
mass [GeV/c?]

Systematic and precise tool to rigorously study the dynamics of QCD
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PANDA physics: interdisciplinary

HEP underlying
elementary processes

Nucleon Structure

Spectroscopy

Generalized parton distributions:

HEP | New narrow XYZ: _
Orbital angular momentum

interference | Search for partner
of coupled | states Drell Yan process:
channels Transverse structure,

valence anti-quarks

Production of

exotic QCD states: Time-like form factors:
- Glueballs & hybrids Bound Low and high E, e and p pairs
astrophysics States of
strange n-stars
Strong .
Strangeness Interaction Nuclear Physics
Strange baryons: . .
Spectroscopy Hypernuclear physics: HI coII|§|ons
Polarization Double A hypernuclei | €OMParing
. Hyperon interaction QGP to
nuclear physics elementary
hyper-nuclear _ ) reactions
spectroscopy Hadrons in nuclei:

Charm and strangeness
in the medium
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E“-EI_I cda

Charmonium-like particles - PANDA opportunities

MASS [GeV/c?]

line shape of X(3872)
neutral+charged Z-states
X,Y,Z decays

search for h¢', SF4, ...
spin-parity/mass&width of 3D>

line shape/width of the he
radiative transitions
hadronic transitions
light-quark spectroscopy
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Note: LHCb discovery of 3Ds candidate: [arXiv:1903.12240]
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Line-shape study of the X(3872)

Strikingly narrow:

' <1.2MeV
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Panda
Resonance scanning

Resonance cross
section

Energy scan with ete™: energy resolution  1-2 MeV (primarily JPC=1--)
Energy scan with pp: energy resolution 240keV (E760/835@Fermilab)
~50 keV (PANDAGFAIR)




25

Resonance scanning, case study

Séﬁ da

arXiv:1812.05132

pp — X(3872) — J/ymtm™

Detailed Monte Carlo study

Taking into account ~50 mb
background channels

Systematic study for various input
xsections, widths, phases, ...

20 points each 2 days data taking!

events

100

0

"HR

PANDA
T, =130 keV MG study
Ty =120 = 20 keV
o5 = 100 nb

AN

-04-03-02-01 0 01 02 03 04

E - E, [MeV]
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Resonance scanning, case study arXiv:1812.05132
pp — X(3872) — J/ymtm™ .
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P1 5-107° 83.9 1170
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Resonance scanning, case study ArXiv:1812.05132
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Charming discoveries in antimatter-matter annihilations

The charm sector is hot...
- New multiplet of “exotic” charmonium-like states found.
- Hidden-charm hadrons advantageous as probes!

=-| The charm sector is challenging...

- - Nature of XYZ particles remains unclear.

N - Opportunity: precision study of the properties of

#Zi hidden-charm above and below the open-charm threshold.

¥ The future is bright...
@l - BESIII: lots of data for vector meson states,
intensity and energy increase foreseen.
- PANDA: complementary probe with a data challenge!
§ - lets not forget: B-factories (Bellell, LHCD),
) tagged-photon facilities (Glue-X),...
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