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How to study hadrons?

• Observe them as existing particles

The results from hadron physics will leads 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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Hadron Physics
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Hadronic Structure
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σFe/σD ratios as a function of x from EMC (hollow circles), 
SLAC (solid circles), and BCDMS (squares). The data have 
been averaged over Q2 and corrected for neutron excess (i.e. 
for isoscaler nuclei)

The EMC effect

Muons on nuclear targets to measure nuclear structure functions.
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Gluon polarization results from SMC, HERMES, and COMPASS
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• The gluon polarisation is rather small

• confirmed by polarised pp at RHIC



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



COMPASS spectrometer

SM1

SM2

RICH1

Polarised Target

E/HCAL1

Muon Wall 1

Muon Wall 2,
MWPC

h+	
  beam:	
  190	
  GeV,	
  p/π/K	
  75/24/1%
h-­‐	
  beam:	
  190	
  GeV,	
  π/K/p	
  97/2/1%
μ+	
  beam:	
  160/200	
  GeV,	
  2×107/s

	
  

Micromegas,  DC, Scifi
Straws, Gems

MWPC, Gems, Scifi, 
       W45

E/HCAL2

Hodoscopes

Scifi, Silicon
60m	
  long
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Polarized target system

solenoid	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2.5T
dipole	
  magnet	
  	
  0.6T

acceptance	
  	
  	
  	
  	
  	
  ±	
  180	
  mrad

3He	
  –	
  4He	
  diluBon

refrigerator	
  (T~50mK)

μ

	
  6LiD/NH3	
  (d/p)
	
  50/90%	
  pol.

	
  40/16%	
  dil.	
  factor
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Hall A:
Nucleon form factors

Hall B:
Nucleon structure (GPDs)

Hall C:
Quark properties in 
nucleons and nuclei
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E1-DVCS experiment (2005)
Beam : 5.766 GeV, ~80% polarized
Luminosity : 33.3 fb-1

Target : LH2
Mostly sensitive to GPD H
More data to come from 2009 run

GPDs
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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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PANDA will measure the form factors in the biggest q2 range for a single 
experiment up to values of ~14 GeV2/c4 (beam time dependent).

MC studies
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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



The	
  Mainz	
  Microtron	
  MAMI

MAMI	
  C	
  Beam	
  Parameter:
•	
  max.	
  Energy	
  1.6	
  GeV
•	
  Energy	
  Resolu4on	
  σE<0.100MeV
•	
  max.	
  100µA	
  current	
  (150kW	
  beam	
  power)
•	
  ca.	
  80%	
  Beam	
  Polarisa4on
	
  	
  	
  	
  	
  	
  

Cascade	
  of	
  3	
  Racetrack	
  Microtrons+
Harmonic	
  Double-­‐Sided	
  Microtron	
  (HDSM)
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Experiments	
  at	
  MAMI

A1:	
  Electron	
  scaNering

	
  4	
  High-­‐resoluBon	
  spectrometers
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Experiments	
  at	
  MAMI

A1:	
  Electron	
  scaNering

	
  4	
  High-­‐resoluBon	
  spectrometers

A2:	
  Tagged	
  photon	
  beam
Crystal	
  Ball,	
  TAPS

A4:	
  Parity-­‐violaBon	
  in	
  elasBc	
  ep	
  scaNering
PbF2	
  Calorimeter	
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Highlights	
  A2:	
  Crystal	
  Ball	
  at	
  MAMI

Meson	
  photo	
  producWon:
Highest	
  precision,	
  all	
  spin	
  degrees	
  of	
  freedom

Meson	
  decays:
e.g.	
  slope	
  parameter	
  α	
  in	
  η→3π0

Crystal	
  Ball	
  Detector:
SLAC	
  à DESY	
  à BNL	
  à Mainz
Herme4c	
  self-­‐triggering	
  spectrometer
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Highlight	
  A1:	
  Proton	
  Radius	
  Puzzle

GE

GM

Form	
  Factor	
  for	
  elasWc	
  ep	
  scaZering:

MAMI:	
  <rE>	
  =	
  0,879(8)	
  fm

Proton	
  radius	
  puzzle:
Recent	
  PSI	
  measurement	
  of	
  muonic	
  hydrogen
in	
  conflict	
  with	
  ep	
  sca\ering	
  results	
  :
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New, high resolution 4π detectors

Crystal Barrel
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700000 events = 6×700000 entries

pp → π0π0π0 Dalitz plot
Crystal Barrel
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γγ collisions from ALEPH
(anti-glueball filter)

 no f0(1500)

upper limit:

Phys. Lett. B472 (2000) 189.
Γ(γγ → f0 (1500)• BR( f0 (1500)→π +π − ) < 0.31 keV



The 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



AdS/CFT Correspondence

Maldacena 1997, AdS: Anti de Sitter space, CFT: conformal field theory

• Duality Quantum Field Theory  <–> Gravity Theory

• Arises from String Theory in particular low-energy limit

• Duality: Quantum field theory at strong coupling

     <–> Gravity theory at weak coupling

• Works for large N gauge theories at large ‘t Hooft coupling λ

Conformal field theory in four dimensions

    <–>  Supergravity theory on AdS5×S5

taken from Johanna Erdmenger (MPI Physik München)
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...

...

see also: JHEP 9901:017,1999



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



Crystal Barrel
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Properties of the π1(1400)

Decay: (ηπ)L=1
Mass: 1400 ± 30 MeV
Width: 310 ± 70 MeV
Quantum numbers: JPC = 1−+

not possible from qq

Previous indications of this resonance:

π−p → (π0η)n	

 	

 (GAMS/CERN, 100 GeV/c, 1988)
π−p → (π0η)n	

 	

 (VES/Serpukhov, 100 GeV/c, 1993)
π−p → (π0η)n	

 	

 (E852/Brookhaven, 18 GeV/c, 1997))

M: 1300 - 1400 MeV/c2, Γ: 150 - 400 MeV

Crystal Barrel
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r
J =
r
L +
r
S

P = (−1)L+1

C = (−1)L+S



JPC=1−+ ‒ Pb vs H Target

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

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)]

π− Pb → π− π− π+ Pb π− p → π− π− π+ p π− p → π− π0 π0 p
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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)]

• 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



The charmonium spectrum

terra incognita
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The charmonium spectrum

terra incognita

Ulrich Wiedner

E835/CLEOc



BaBar detector

Detectors at B-factories



BàK π+π-J/ψ

M(π+π-J/ψ)−M(J/ψ)

X(3872)

BàK ωJ/ψ

M(ωJ/ψ)

Y(3940)

X(3940) X(4160)

e+e-àDD*J/ψ e+e-àD*D*J/ψ

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

Y(4260)

Y(
40

08
)?

e+e-àγISRπ+π-J/ψ

Y(4350) & Y(4660)
 
e+e-àγISRπ+π-ψ’

M(π+π-ψ’)

 
e+e-àγISRΛcΛc

M(ΛcΛc)

M(ωJ/ψ)

ψ’

X(3872
)

Y(4140)

BàK φJ/ψ

Y(4630)

M(φJ/ψ)

X and Y mesons

Ulrich Wiedner



X(3872)

X(3872)

DD* molecule
threshold effect
tetraquark

?
Ulrich Wiedner

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) 



E 760 (Fermilab)

σm (beam) = 0.5 MeV

The formation of resonances (ALL non-exotic q.n.) in antiproton annihilations 
allows precision studies

Ulrich Wiedner 

→  Future antiproton beams with HESR @ FAIR + PANDA



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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D-D-“molecule”

c
u

c
u

π

4-quark state



Transition from color forces to colourless nuclear forces ?
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Decay	
  of	
  charmonium	
  hybrids
Lattice results*

*UKQCD, C. McNeile et al.; Phys.Rev.D 65:094505, 2002; C. Michael, hep-lat/0207017.

Ulrich Wiedner



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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Exotics
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Exotics
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
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Width: 310 ± 70 MeV
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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

Y(4260)

Belle

BàK ωJ/ψ

BaBar

Y(3940)
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JLAB@12 GeV PANDA
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σ TOF ≈ 80ps

Δpt
pt

= 0.5% @ 1GeV

σ (dE dx) = 6%
ΔEγ

Eγ

= 2.5% @ 1GeV

To Tiananmen Square (~10 km)

BESIII BEPCIIe+

e-

高能物理研究所 

BES in Beijing



BESIII data samples

≈1.2 billion  (225M analyzed)



BESIII data quality

ψ´→ γX

BESIII preliminary

χc1χc2

χc0

ηc

χc1,2 → γ J/ψ



BESII PRL 95, 262001 (2005)

BESIII PRL 106, 072002 (2011)

The X(1835) at BES

JPC consistent with 0–+

J /ψ →γ ′η π +π −



BESII PRL 95, 262001 (2005)

BESIII PRL 106, 072002 (2011)

The X(1835) at BES

JPC consistent with 0–+

Confirmation of X(1835)

J /ψ →γ ′η π +π −



BESII PRL 95, 262001 (2005)

BESIII PRL 106, 072002 (2011)

2 mp

The X(1835) at BES

JPC consistent with 0–+

Confirmation of X(1835)

J /ψ →γ ′η π +π −



BESII PRL 95, 262001 (2005)

BESIII PRL 106, 072002 (2011)

2 mp

The X(1835) at BES

X(1835) M=1836.5±3.0+5.6
-2.

1

Γ=190.1±9.0+38
-36    >20σ

JPC consistent with 0–+

Confirmation of X(1835)

J /ψ →γ ′η π +π −



BESIII PRL 108, 112003 (2012)

- JPC= 0–+ > 6.8σ better than other assignments

Partial wave analysis:

J /ψ →γ pp



Fermi & Yang in 1949 
(7 years before p discovery):

    If NN potential is attractive, they 
  could bind to form π-like states.



Expectation for pp bound-state meson

mp + mp

above threshold:

X è pp ~ 100% 

below-threshold: p and p 
annihilate to mesons

I=0, JPC = 0-+ init. state:
pp à π+π-η’ is common

_

_

_

_

Phys. Rev. C 72, 015208 (2005)  G.J. Ding and M.L.Yan 
Comm. Theor. Phys. 42, 844 (2004)  C.S. Gao and S.L. Zhu 



Picture: Wikipedia

Baryonium: the H-particle

R.L. Jaffe; Phys. Rev. Lett. 38: 195 (1977)
Ulrich Wiedner 



LEPS @ SPring-8

SPring-­‐8
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SchemaBc	
  view	
  of	
  the	
  LEPS	
  facility
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previous

new

Proton	
  rejected

M(NK+)	
  for	
  exclusive	
  samples

・Peak	
  is	
  seen	
  in	
  tagged	
  events	
  for	
  the	
  previous	
  data	
  while	
  not	
  seen	
  in	
  the	
  new	
  data.

・An	
  enhancement	
  is	
  seen	
  in	
  proton	
  rejected	
  events	
  in	
  the	
  both	
  data.

Preliminary

Preliminary

Proton	
  tagged

Preliminary

Preliminary
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SchemaBc	
  view	
  of	
  the	
  LEPS2	
  facility
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Ξ- capture: 
Ξ- p → ΛΛ + 28 MeV

Production of double hypernuclei

Ξ-
3 GeV/c

kaons_
Ξ

trigger

p
_

1.
Hyperon
antihyperon
production at
threshold

Λ
Λ

+23MeV

2. 
Ξ− capture 
By secondary 
nucleus γ

3. 
γ  spectroscopy with 
Ge-detectors
(resolution: keV !)

 γ

1300 Hz

8000 / month

80 / month

5600 / day
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Ξ- capture: 
Ξ- p → ΛΛ + 28 MeV

Production of double hypernuclei
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Bonn: the ELSA accelerator
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The CBELSA experiment in Bonn
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Lattice spectrum of nucleons and deltas at mπ=396 MeV

Phys. Rev. D.84.074508 (2011)
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CBELSA in Bonn: baryon spectroscopy with polarized beam and target
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           COSY – Experimental Facilities

Hadron physics with hadronic probes

Polarized Proton
and Deuterons 
up to 3.7 GeV/c

Internal and external
experiments

ANKE

TOF

WASA

PAX
EDM
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           COSY – Experimental Facilities

Selected Recent Physics Results

TOF

Λ-p scattering length

Λ−Σ cusp PAX

Spin filtering

ANKE

WASA
ABC Effect

Mass of η meson

dp → 3He X
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TOF
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Accelerator Development for COSY and HESR

WASA

2 MeV e-Cooler

Barrier Bucket Cavity

Stochastic Cooling

Residual Gas
 Profile Monitor

Pellet Target 0.1 MV e-Cooler

Cluster Target

+ Detector tests for various FAIR experiments
+ Functional Preassembly of PANDA

Ulrich Wiedner



Physics beyond the Standard Model
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Crystal Barrel@LEAR: Search for unknown bosons in particle decays 

Ulrich Wiedner



Highlight	
  A1:	
  Dark	
  Photon	
  Search

Search	
  for	
  the	
  O(GeV/c2)	
  mass	
  scale	
  in	
  a	
  world-­‐wide	
  effort

Ø	
  	
  Could	
  explain	
  large	
  number	
  of	
  astrophysical	
  anomalies	
  

Ø	
  	
  Could	
  explain	
  presently	
  seen	
  deviaWon	
  of	
  3.6σ	
  between	
  SM	
  and	
  (g-­‐2)μ	
  measurement

New	
  massive	
  force	
  carrier	
  of	
  extra	
  U(1)	
  gauge	
  group;	
  predicted	
  e.g.	
  in	
  string	
  theory

Exclusion range from
MAMI / A1 spectrometers 
during 4 days test run

A1/MAMI
Phys. Rev. Lett. 2011

Future runs A1

Ulrich Wiedner



	
  	
  	
  	
  	
  	
  	
  Outlook:	
  MESA	
  Acclerator

Ø	
  	
  Flagship	
  experiments	
  in	
  low-­‐energy	
  parWcle,	
  hadron	
  and	
  nuclear	
  physics

§	
  	
  Precision	
  measurement	
  of	
  weak	
  mixing	
  angle	
  sin2θW	
  at	
  low	
  Q2

	
  	
  	
  	
  à unique	
  precision	
  test	
  of	
  the	
  Standard	
  Model
§	
  	
  Search	
  for	
  the	
  Dark	
  Photon	
  at	
  low	
  masses
	
  	
  	
  

Ø	
  	
  Challenging	
  accelerator	
  project

§	
  	
  High-­‐gradient	
  superconduc4ng

§	
  	
  Extracted	
  beam	
  mode	
  or	
  ERL	
  mode
Energy:	
  	
   	
   <155	
  
MeV	
   	
  
Extracted	
  beam:	
  	
   LH2	
  target	
  à 1039	
  cm-­‐2	
  s-­‐1

ERL	
  mode:	
   	
   Internal	
  gas	
  target
	
   	
   	
  

Mainz	
  Energy	
  Recovering	
  SuperconducWng
Accelerator

Ulrich Wiedner



Occupancy of Hall D in January 
2012 and  of the tagger hall in 
February 2012. 
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August 2012

FLAIR

UNILAC

SIS 18 SIS 100/300

HESR
Super
FRS

NESR

CR/
RESR

GSI today Future facility

Rare-Isotope
Production Target

Antiproton
Production Target

Ulrich Wiedner
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Looking forward to a bright and interesting 
future of hadron physics.

Ulrich Wiedner


