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Level of complexity

Hadron Physics

Ulrich Wiedner 



How to study hadrons?

• Observe them as existing particles

The results from hadron physics will lead to an understanding of 
a (non-perturbative) interaction among the fundamental quarks.

(except for antiprotons)

• Build them together in a controlled manner

γ / lepton beams are excellent probes (mostly of the nucleon)

² e+e− collider can produce vector mesons (other particles in decays)

² hadron beams have high production cross sections but little control
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• Study their interaction among each others
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The Nucleon (as composed by fundamental particles)
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Gluon polarization results from SMC, HERMES, and COMPASS
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• The gluon polarisation is rather small

• Maybe some slightly higher values from 
polarised pp data at RHIC



The W is maximally parity violating ⇒ W’s couple only to one parton helicity 
and therefore large Δu and Δd result in large asymmetries.

New investigations of the proton structure at RHIC

 
ud →W +

du →W −

very high Q2-scale
extremely clean theoretically 
No Fragmentation function 

AL
e− = σ ↑ −σ ↓

σ ↑ +σ ↓ ~
Δu (x1)d(x2 )(1− cosθ )

2 − Δd(x1)u (x2 )(1+ cosθ )
2

u (x1)d(x2 )(1− cosθ )
2 + d(x1)u (x2 )(1+ cosθ )
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Data on GEp/GMp prior to JLab

Expectation: GEp/GMp remains constant

Form factors
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Precision data on GEp/GMp at high Q2 from JLab

⇒   New theoretical effort to understand the nucleon in terms of QCD degrees of freedom.

Form factors
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Precision data on GEp/GMp at high Q2 from JLab

More high Q2 data needed!

Often interpretations invoked the importance of quark orbital angular momentum (quark OAM)

Form factors
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JLAB - 12 GeV
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Future 2015



Hall A Hall B Hall C

installation space luminosity 
1035

energy reach

hermeticity precision

11 GeV beamline11 GeV beamline11 GeV beamline

target flexibilitytarget flexibilitytarget flexibility

excellent momentum 
resolution

good momentum/angle 
resolution

excellent momentum 
resolution

luminosity up to 1038 - 1039 high multiplicity 
reconstruction

luminosity up to 1038 - 1039

particle IDparticle IDparticle ID

The planned Jefferson Laboratory Experiments
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Future 2015



More than form factors and quark distributions
⇒ Generalized Parton Distributions (GPDs)

Elastic scattering reveals
form factors:

transverse charge and 
current densities

Deep inelastic scattering:
Structure functions:
quark longitudinal

momentum & helicity
distributionsCommon description:

GPDs are correlated quark momentum
and helicity distributions in

transverse space (tomography)

Extending longitudinal quark momentum & helicity distributions
⇒ transverse momentum distributions (TMDs).Ulrich Wiedner
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terra incognita



BESIII data quality

ψ´→ γX

BESIII preliminary

χc1χc2

χc0

ηc

χc1,2 → γ J/ψ
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BàK π+π-J/ψ

M(π+π-J/ψ)−M(J/ψ)

X(3872)

BàK ωJ/ψ

M(ωJ/ψ)

Y(3940)

X(3940) X(4160)

e+e-àDD*J/ψ e+e-àD*D*J/ψ

M(DD*) M(D*D*)

Y(4260)

Y(
40

08
)?

e+e-àγISRπ+π-J/ψ

Y(4350) & Y(4660)
 
e+e-àγISRπ+π-ψ’

M(π+π-ψ’)

 
e+e-àγISRΛcΛc

M(ΛcΛc)

M(ωJ/ψ)

ψ’

X(3872
)

Y(4140)

BàK φJ/ψ

Y(4630)

M(φJ/ψ)

X and Y mesons
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X(3872)

X(3872)

DD* molecule
threshold effect
tetraquark

?
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JPC = 1++ (or 2−+)
M = 3871.68 ± 0.17 MeV
Γ < 1.2 MeV
> 10 σ

file://localhost/wiedner/Documents/Hadron_physics/Meetings/Spectros_Muc_08/NewHadronsInteractive.key%3Fid=BGSlide-35
file://localhost/wiedner/Documents/Hadron_physics/Meetings/Spectros_Muc_08/NewHadronsInteractive.key%3Fid=BGSlide-35


CMS: PoS EPS-HEP2011 (2011) 177

EPJC 72, 1972 (2012) 
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Γ = (0.044+0.017 (stat)+0.030 (syst)) GeV     −0.011         −0.011

M = (4.433 ± 0.004 (stat) ± 0.001 (syst)) GeV

B (B → KZ(4430) × B (Z → π+ψ’) = (4.1 ± 1.0 (stat) ± 1.3 (syst)) × 10−5

Z+ (4430) - a new state of matter (tetraquark) decaying into π+ψ’ 

7σ

PRL 100, 142001 (2008) 
arXiv:0708.1790 [hep-ex]

BELLE
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BESIII data samples

225 M J/ψ events   (×4 BESII)

2009 :             106 M ψ(2S) events  (×4 CLEOc)

2010 - 2011 :   2.9 fb-1 ψ(3770)

~ 30 pb-1 τ mass scan

2012:               ~ 0.4 billion ψ(2S) events 
           ~ 1 billion  J/ψ events
           R scan [2.0, 3.65] GeV

2013:               ~ 1.1, 0.8, 0.5 fb-1 @ 4.23, 4.26, 4.36 GeV 
                        and scan in vicinity
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Observation of Zc(3900) at BESIII

M = 3899.0±3.6±4.9 MeV

Γ = 46±10±20 MeV

307 ± 48 events

BESIII: PRL110, 252001 (2013)

... quickly confirmed
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Observation of Zc(3885) in e+e− → π− (D*D)+

BESIII: 1310.1163

M = 3883.9±1.5±4.2 MeV; Γ = 24.8±3.3±11.0 MeV

525 pb-1 @ 4.260 GeV
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e+e− → πZc(4020) → π+π−hc

BESIII: 1309.1896

Simultaneous fit to 4.23/4.26/4.36 GeV data, 16 ηc decay modes:

M  = 4022.9±0.8±2.7 MeV/c2      Γ = 7.9±2.7±2.6 MeV

8.7±1.9±2.8±1.4 pb @ 4.230 
7.4±1.7±2.1±1.2 pb @ 4.260 
10.3±2.3±3.1±1.6 pb @ 4.360
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BESIII: 1308.2760

Fit to π± recoil mass yields 401±47 Zc(4025) events   ⇒    >10σ
M(Zc(4025)) = 4026.3±2.6±3.7 MeV;  Γ(Zc(4025)) = 24.8±5.6±7.7 MeV

 
R = σ (e+e− →π ±Zc

∓ (4025)→π ± (D*D*)∓ )
e+e− →π ± (D*D*)∓

= (65 ± 9 ± 6)%

e+e−→ πZc(4025) → π− (D*D*)+
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A new class of particles have been observed:

• At least 4-quarks   

• Charged

• Close to threshold DD thresholds

• They couple to DD final states larger than to charmonia
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Transition from color forces to colorless nuclear forces ?
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cu
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4-quark state



Bannikov, Gornuschkin, Kopeliovich, Krumshtein 
and Sapozhnikov, JINR E1-92-344 (1992)

Proton-Antiproton contains already 
a 4-Quark-System

Idea: Dilepton-Tag from 
Drell-Yan-Production

Advantages
l Trigger
l less JPC-Ambiguities
l 1200 E./day @ 12 GeV
l 300 E./day @ 5-8 GeV 

 antiproton-Beam
 (for L=1032cm-2s-1)
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The future: PANDA



It is important to determine the resonance curve precisely ...

Phys.Rev. D81 (2010) 014019

How to progress further in the understanding of the new states?

J/ψπ+π−

D0D0π0

D0D0π 0

D*0D0

The line shapes for virtual state and bound state are the same above 
threshold but differ dramatically below threshold.

Ulrich Wiedner



Ri = L0•σ(pi)•K (Δp/p, |pi – pR|)

Measure rate of final state under study:

(K takes overlap between beam and resonance into account)

Resonance scan with varying p momentum at PANDA
(possible for states with all quantum numbers)
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Are glueballs configurations of twisted or knotted colored flux?

GLUEBALLS, FLUXTUBES AND η(1440).
L. Fadeev, A. Niemi and U. Wiedner 

Phys.Rev.D70:114033, 2004 

The structure of glueballs
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Other QCD states: Glueballs



A possible glueball spectrum
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A few % of a hadron (proton) mass is generated due to the Higgs mechanism.

Most of the proton mass is created by the strong interaction.

Glueballs gain their mass solely by the strong interaction and are
therefore an unique approach to the mass creation by the strong
interaction.

Glueballs →  Creation of Mass

Ulrich Wiedner



Open Strings Closed Strings

representing gauge theories representing gravitation

String World

Hadron World

meson glueball
Ulrich Wiedner 



Hadron physics is the place on earth to study non-Abelian massless 
gauge boson - gauge boson interaction in a controlled manner.

Ulrich Wiedner

Feynman lectures on gravitation:



Gluons contribute to the quantum numbers of the particle.

Mesons are fermion-antifermion systems, which follow rules:

 

!
J =
!
L +
!
S

P = (−1)L+1

C = (−1)L+S not possible from qq

      possible from qq

Ulrich Wiedner

Hybrids



Crystal Barrel
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JPC=1−+ ‒ Pb vs H Target

[Alekseev et al., Phys. Rev. 
  Lett. 104, 241803 (2010)]

[F. Haas, arXiv:1109.1789 (2011)]

π− Pb → π− π− π+ Pb π− p → π− π− π+ p π− p → π− π0 π0 p

Ulrich Wiedner



JPC=1−+ ‒ Pb vs H Target

[Alekseev et al., Phys. Rev. 
  Lett. 104, 241803 (2010)]

[F. Haas, arXiv:1109.1789 (2011)]

• Peak at 1.67 GeV/c2 for both targets
• Phase motion indicates resonant behavior
• Structure at 1.2 GeV/c2 unstable w.r.t. fit model
• No fit to spin-density matrix yet for H target
• Production of M=1 states enhanced for heavy target
• Non-resonant background to be understood

π− Pb → π− π− π+ Pb π− p → π− π− π+ p π− p → π− π0 π0 p

Ulrich Wiedner



Gluonic Excitations – Hybrids at JLAB 12 GeV
ground-state 
   flux-tube
       m=0

excited flux-tube 
           m=1

Gluonic Excitations provide an
experimental measurement of 
the excited QCD potential.  

... at Hall D
Ulrich Wiedner



Hybrids ?
What we know:

π1(1400)

Mass: 1400 ± 30 MeV
Width: 310 ± 70 MeV
Decay: (ηπ)L=1

JPC = 1−+

Decay: (ρπ)
JPC = 1−+

π1(1660)

A. Abele et al.,  
Phys. Lett. B 423 (1998) 175.

M.G. Alekseev et al., 
PRL 104 (2010) 241803

ss hybrids

Y(4260)
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Is the Proton radius different if 
tested with electrons and muons?
g−2 of the muon?



Highlight	  A1:	  Proton	  Radius	  Puzzle

GE

GM

Form	  Factor	  for	  elas=c	  ep	  sca?ering:

MAMI:	  <rE>	  =	  0,879(8)	  fm

Ulrich Wiedner



Ulrich Wiedner



Looking forward to a bright and interesting 
future of hadron physics –

and to many more interesting Hirschegg 
meetings on this topic.
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