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Outline	
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• 	
  Hadron	
  spectroscopy	
  with	
  anFprotons;	
  
• 	
  The	
  FAIR	
  accelerator	
  complex;	
  
• 	
  Low	
  energy	
  sector;	
  
• 	
  Open-­‐Charm	
  and	
  Charmonium	
  spectroscopy;	
  
• 	
  ExoFc	
  states;	
  
• 	
  Baryonic	
  states.	
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Quantum	
  Chromodynamics	
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Quantum	
  ChromoDynamics	
  	
  (QCD)	
  is	
  the	
  theory	
  of	
  strong	
  interacFons	
  that	
  bind	
  
quarks	
  and	
  gluons	
  together	
  to	
  form	
  hadrons.	
  
QCD	
  is	
  a	
  nonlinear	
  theory	
  that	
  is	
  not	
  analyFcally	
  solvable	
  	
  
	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
For	
  the	
  equivalent	
  quantum	
  field	
  theory	
  of	
  weak	
  force	
  and	
  electromagneFsm,	
  
approximaFons	
  using	
  perturbaFon	
  expansions	
  in	
  the	
  interacFon	
  strength	
  give	
  very	
  
accurate	
  results.	
  However,	
  since	
  the	
  QCD	
  interacFon	
  is	
  “so	
  strong”,	
  perturbaFve	
  
approximaFons	
  o\en	
  fail.	
  	
  

From	
  F.A.	
  Wilczek	
  QCD	
  Lecture	
  

g	
  	
  
coupling	
  constant	
  

gluon	
  field	
  

masses	
  of	
  the	
  
6	
  quark	
  
flavours	
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Hadron	
  structure	
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The	
  quark	
  flavors	
  can	
  be	
  divided	
  into	
  two	
  categories,	
  depending	
  on	
  their	
  masses:	
  
the	
  light	
  flavors	
  (u,	
  d,	
  s),	
  and	
  the	
  heavy	
  flavors	
  (c,	
  b,	
  t)	
  

The	
  study	
  of	
  the	
  light	
  hadron	
  sector	
  has	
  led	
  to	
  the	
  creaFon	
  of	
  the	
  Chiral	
  Symmetry	
  Breaking	
  
picture	
  in	
  which	
  the	
  	
  ground	
  state	
  mesons	
  and	
  baryons	
  can	
  be	
  explained	
  well	
  with	
  the	
  
consFtuent	
  (valence)	
  quarks	
  and	
  the	
  sum	
  of	
  the	
  quark	
  masses	
  roughly	
  gives	
  the	
  
hadron	
  mass.	
  
	
  
At	
  very	
  high	
  energy,	
  in	
  the	
  heavy	
  quark	
  sector	
  asymptoFc	
  freedom	
  allows	
  accurate	
  
calculaFons	
  at	
  high	
  energy	
  with	
  perturbaFon	
  theory.	
  	
  

Charm	
  sits	
  between	
  heavy	
  and	
  light	
  quarks	
  è	
  it	
  allow	
  a	
  test	
  of	
  theory	
  methods	
  and	
  physics	
  
phenomena	
  it	
  is	
  then	
  the	
  best	
  playground	
  to	
  understand	
  QCD.	
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The	
  hadron	
  spectrum	
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The	
  whole	
  set	
  of	
  theoreFcal	
  approaches	
  rely	
  on	
  approximaFons	
  and/or	
  free	
  
parameters	
  that	
  must	
  be	
  constrained.	
  Furthermore,	
  They	
  all	
  predict	
  states	
  with	
  
explicit	
  gluon	
  content.	
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The	
  experimental	
  point	
  of	
  view	
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•  Can	
  we	
  observe	
  experimentally	
  gluonic	
  degrees	
  
of	
  freedom?	
  

	
  
•  How	
  would	
  these	
  manifest	
  themselves	
  in	
  terms	
  
of	
  the	
  excitaFon	
  spectrum	
  and	
  also	
  in	
  the	
  strong	
  
decays	
  of	
  hadrons?	
  

	
  Three	
  are	
  the	
  main	
  goals	
  of	
  hadron	
  spectroscopy:	
  

•  IdenNfy	
  the	
  physical	
  states	
  and	
  their	
  quantum	
  
numbers,	
  and	
  measure	
  their	
  masses	
  and	
  widths.	
  

	
  
•  Determine	
  their	
  decay	
  modes	
  and	
  branching	
  ra8os.	
  
	
  

•  Study	
  the	
  underlying	
  dynamics	
  of	
  produc8on	
  and	
  
decay.	
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Facility	
  for	
  AnFproton	
  and	
  Ion	
  Research	
  

UNILAC	
  
FRS	
  

ESR	
  

Super 
FRS New Existing 

SIS	
  18	
  

50 m 

Antiproton production 
   Proton Linac 70 MeV 
   Accelerate p in SIS18 / 100 
   Produce p on Cu target 
   Collection in CR, fast cooling 
   Accumulation in RESR  
   Storage and usage in HESR 

HESR: Storage ring for p 
   Injection of p at 3.7 GeV/c 
   Slow synchrotron (1.5-15 GeV/c) 
   Luminosity up to L~ 2x1032 cm-2s-1 

   Beam cooling (stochastic & electron) 
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  power	
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• 	
  e+e−	
  interacFons:	
  

• 	
  pp	
  reacFons:	
  
_	
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  power	
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• 	
  e+e−	
  interacFons:	
  

• 	
  pp	
  reacFons:	
  
_	
  

-­‐	
  Only	
  1−−	
  states	
  are	
  formed	
  
-­‐ 	
  Other	
  states	
  only	
  by	
  secondary	
  	
  
	
  	
  decays	
  (moderate	
  mass	
  resoluFon	
  
	
  	
  related	
  to	
  the	
  detector	
  5÷10	
  MeV)	
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  power	
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• 	
  e+e−	
  interacFons:	
  

• 	
  pp	
  reacFons:	
  
_	
  

-­‐	
  Only	
  1−−	
  states	
  are	
  formed	
  
-­‐ 	
  Other	
  states	
  only	
  by	
  secondary	
  	
  
	
  	
  decays	
  (moderate	
  mass	
  resoluFon	
  
	
  	
  related	
  to	
  the	
  detector	
  5÷10	
  MeV)	
  

-­‐ 	
  Most	
  states	
  directly	
  formed	
  
	
  (very	
  good	
  mass	
  resoluFon;	
  p-­‐beam	
  can	
  
	
  be	
  efficiently	
  cooled	
  Δp/p	
  ~	
  10-­‐5)	
  



AnFproton	
  power	
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• 	
  e+e−	
  interacFons:	
  

• 	
  pp	
  reacFons:	
  
_	
  

-­‐	
  Only	
  1−−	
  states	
  are	
  formed	
  
-­‐ 	
  Other	
  states	
  only	
  by	
  secondary	
  	
  
	
  	
  decays	
  (moderate	
  mass	
  resoluFon	
  
	
  	
  related	
  to	
  the	
  detector	
  5÷10	
  MeV)	
  

-­‐ 	
  Most	
  states	
  directly	
  formed	
  
	
  (very	
  good	
  mass	
  resoluFon;	
  p-­‐beam	
  can	
  
	
  be	
  efficiently	
  cooled	
  Δp/p	
  ~	
  10-­‐5)	
  

e+e- →   ψ(2S)	
  
→	
  γχ1,2	
  

→	
  γγe+e-
→	
  γγJ/ψ →	
  γJ/ψ

→	
  γe+e-

p	
  p→	
  χ1,2	
  
_	
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• 	
  e+e−	
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• 	
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  Only	
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  to	
  the	
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  states	
  directly	
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  (very	
  good	
  mass	
  resoluFon;	
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  can	
  
	
  be	
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  cooled	
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Br(e+e-	
  →ψ’) ·∙Br(ψ’	
  →	
  γηc)	
  =	
  2.5	
  10-5pp	
  →	
  ηc)	
  =	
  1.2	
  10-3Br(	
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Spectroscopy	
  with	
  anFprotons	
  

Produc3on	
  

all	
  JPC	
  available	
  

All ordinary quantum numbers  
can be reached σ ~1 µb 

p	
  

p	
  
_	
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Even exotic quantum numbers  
can be reached σ ~100 pb 

Two	
  are	
  the	
  mechanisms	
  to	
  access	
  parFcular	
  final	
  states:	
  

Forma3on	
  

only	
  selected	
  JPC	
  

p	
  

p	
  
_	
  

p	
  

p	
  
_	
   H	
  

p	
  

p	
  
_	
   H	
  G	
  

We can play with the two different mechanisms to  
determine quantum numbers 



HESR	
  in	
  the	
  MSV	
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•  The	
  intensity	
  in	
  the	
  HESR	
  in	
  the	
  MSV	
  is	
  limited	
  to	
  1010	
  p-­‐bars	
  due	
  to	
  
the	
  cooling	
  and	
  injecFon	
  efficiencies	
  (RESR	
  will	
  not	
  be	
  present	
  and	
  is	
  
work	
  will	
  be	
  done	
  in	
  the	
  HESR).	
  

•  This	
  means	
  for	
  PANDA:	
  
1.  Less	
  intensity	
  (only	
  high	
  resoluFon	
  mode)	
  
2.  Worse	
  duty	
  cycle	
  due	
  to	
  20	
  minutes	
  accumulaFon	
  Fme	
  



The	
  low	
  energy	
  range	
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In	
  the	
  last	
  20	
  years	
  many	
  steps	
  forward	
  in	
  the	
  field	
  were	
  possible	
  
thanks	
  to	
  the	
  variety	
  of	
  faciliFes	
  available	
  all	
  over	
  the	
  world.	
  

Nowadays	
  confirmaFon	
  of	
  predicFons,	
  together	
  with	
  unexpected	
  results,	
  are	
  
sFll	
  coming	
  out	
  mainly	
  from	
  e+	
  e−	
  collider.	
  

Main non-qq candidates 

f0(980) 4q state, molecule  

f0(1500) 0++ glueball candidate 

f0(1370) 0++ glueball candidate 

f0(1710) 0++ glueball candidate 

η(1410); η(1460) 0-+ glueball candidate 

f1(1420) hybrid, 4q state 

π1(1400) hybrid candidate 1-+

π1(1600) hybrid candidate 1-+ 

π (1800) hybrid candidate 0-+ 

π2(1900) hybrid candidate 2-+

π1(2000) hybrid candidate 1-+ 

a2’(2100) hybrid candidate 1++ 

φ(2170)	
   hybrid 	
  candidate 1−−, 4q state 
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YS(2175)	
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The	
  YS	
  [X](2175)	
  [or	
  φ(2170)	
  on	
  PDG]	
  was	
  first	
  observed	
  by	
  BABAR	
  in	
  the	
  process	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  idenFfied	
  as	
  a	
  1−−	
  state,	
  M	
  =	
  (2.175±0.010±0.015)	
  
GeV,	
  Γ	
  =	
  (58±16±20)	
  MeV.	
  Then	
  was	
  confirmed	
  by	
  BES	
  in	
  the	
  decay	
  	
  
with	
  M	
  =	
  (2.186±0.010±0.006)	
  GeV	
  and	
  Γ	
  =	
  (65±25±17)	
  MeV.	
  	
  

e+e� ! �(1020)f0(980)

We	
  performed	
  a	
  preliminary	
  	
  study	
  for	
  this	
  channel	
  looking	
  to	
  the	
  following	
  
reacFon:	
  
	
  	
  

with	
  X	
  being	
  a	
  π0	
  or	
  π+π−	
  

assuming	
  different	
  hypotheses	
  for	
  the	
  signal	
  cross-­‐secFon	
  and	
  the	
  decay	
  
B.R.	
  	
  

p̄p ! YS(2175) +X

This	
  is	
  an	
  example	
  of	
  “meson	
  producFon”	
  where	
  we	
  can	
  invesFgate	
  
different	
  decay	
  channels.	
  	
  	
  

�⇡+⇡�,�⇡0⇡0



Light	
  meson	
  spectroscopy	
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Assuming	
  cross	
  secFons	
  of	
  about	
  10	
  nb	
  for	
  glueball/hybrid	
  candidates	
  important	
  
topics	
  of	
  the	
  PANDA	
  light	
  hadron	
  spectroscopy	
  program	
  can	
  be	
  addressed:	
  
•  with	
  an	
  integrated	
  luminosity	
  of	
  about	
  2	
  pb-­‐1	
  /channel;	
  
•  for	
  new	
  resonances,	
  which	
  do	
  not	
  require	
  a	
  ParFal	
  Wave	
  Analysis,	
  results	
  can	
  

be	
  obtained	
  with	
  data	
  samples	
  of	
  0.1	
  pb-­‐1.	
  	
  

Two	
  data	
  samples	
  of	
  2	
  pb-­‐1	
  recorded	
  in	
  the	
  low	
  and	
  high	
  energy	
  region,	
  will	
  allow	
  
to	
  start	
  first	
  spin-­‐parity	
  analyses	
  for	
  spectroscopy.	
  	
  
These	
  corresponds	
  to	
  	
  5	
  days	
  with	
  a	
  Luminosity	
  of	
  1031	
  cm-­‐2	
  s-­‐1	
  that	
  is	
  foreseen	
  for	
  
the	
  PANDA	
  Day-­‐1.	
  



ExoFc	
  hadrons	
  

13	
  

In the light meson energy range exotic  
states overlap with conventional states  

The identification of exotic states is an important key to understand  
hadron spectrum and the process of mass generation.  
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In the charmonium energy region 
the density of states is lower and  

also the overlap 

The identification of exotic states is an important key to understand  
hadron spectrum and the process of mass generation.  
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X(3872)	
  

9.4σ

Discovered	
  in	
  2003	
  by	
  Belle	
  (+	
  CDF,	
  D0,	
  BaBar,	
  LHC	
  …)	
  in	
  B+→X	
  K+	
  X→J/ψπ+π−	
  is	
  the	
  big	
  
brother	
  of	
  the	
  new	
  “charmonium	
  like”	
  states.	
  The	
  mass	
  is	
  currently	
  known	
  with	
  <	
  	
  1.0	
  MeV/c2	
  
precision.	
  For	
  the	
  width	
  we	
  have	
  only	
  an	
  upper	
  limit.	
  

X(3872)	
  lays	
  0.42	
  MeV	
  below	
  D*0D0	
  .	
  Width	
  is	
  narrow	
  <	
  1.2	
  MeV/c2	
  @	
  90%	
  C.L.	
  

Backup: X (3872) mass measurement

I
In the X (3872) ⇥ J/⇥�+��

channel,

using ⇥(2S) ⇥ J/⇥�+��
as a control

I
May gives some hint on the nature of

X (3872):

I
in the molecular state hypothesis, the

mass should be below the D⇤0
¯D0

threshold (3871.94± 0.32 MeV/c2)

]2X(3872) mass [MeV/c
3867 3868 3869 3870 3871 3872 3873 3874

CDF
+BaBar B
0BaBar B

D0

Belle

 0.22±PDG Average 3871.56 

LHCb preliminary

 0.20±New average 3871.63 

)*)+M(D0M(D

]2X(3872) mass [MeV/c
3867 3868 3869 3870 3871 3872 3873 3874

Results:

NX (3872)

= 585± 74

MX (3872)

= 3871.96± 0.46 (stat)± 0.10 (syst)MeV/c2

Systematics are dominated by momentum calibration,

detector description and alignment

Joël Bressieux
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X(3872)	
  has	
  been	
  
observed	
  in	
  several	
  decay	
  
channels	
  
J/ψπ+π−,	
  D∗D0,	
  γJ/ψ,	
  ωJ/ψ	
  
InterpretaFons	
  oscillate:	
  
-­‐	
  	
  	
  	
  charmonium	
  state;	
  
-­‐  D∗D0	
  molecule;	
  	
  
-­‐  tetra-­‐quark	
  state.	
  

What is the X(3872) ? 
Ø Charmonium  
  13D2 or 13D3. 
Ø D0D0* molecule. 
Ø Charmonium hybrid 
  (ccg). 
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JPC	
  =	
  1++	
  

Recently	
  LHCb	
  using	
  a	
  sample	
  of	
  313	
  ±	
  26	
  candidates	
  
performed	
  a	
  full	
  five-­‐dimensional	
  amplitude	
  analysis	
  
of	
  the	
  angular	
  correlaFons	
  between	
  the	
  decay	
  
products:	
  B+-­‐>	
  K+X(3872); 	
  X(3872)	
  -­‐>	
  	
  J/Ψ	
  π+π−	
  	
  

	
   	
   	
   	
   	
   	
  J/Ψ-­‐>μ+μ−.	
  

The	
  result	
  of	
  the	
  mulFdimensional	
  likelihood-­‐raFo	
  test	
  
favors	
  JPC	
  =	
  1++	
  with	
  more	
  than	
  8σ	
  significance.	
  
This	
  ruled	
  out	
  some	
  interpretaFons.	
  Nowadays,	
  the	
  
most	
  accredited	
  ascripFons	
  are	
  a	
  four-­‐quark	
  state	
  
(ccqq)	
  or	
  a	
  D0D0*	
  molecule.	
  

A	
  precise	
  knowledge	
  of	
  the	
  state	
  width	
  will	
  help	
  in	
  constraining	
  these	
  hypotheses.	
  

Sca�ering	
  length	
  
for	
  the	
  	
  
D0D0*→X→D0D0*	
  

process	
  as	
  a	
  
funcFon	
  of	
  the	
  X	
  
total	
  width.	
  	
  
[J.M.P.	
  4	
  (2013)	
  1569]	
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Thanks	
  to	
  the	
  precise	
  HESR	
  momentum	
  definiFon,	
  widths	
  of	
  known	
  states	
  can	
  be	
  precisely	
  
measured	
  with	
  an	
  energy	
  scan.	
  

All	
  narrow	
  widths	
  of	
  the	
  states	
  in	
  the	
  charmonium	
  energy	
  range	
  will	
  be	
  precisely	
  determined.	
  
	
  

Input	
  parameters:	
  
m 	
  =	
  	
  3.872	
  GeV/c2	
  
Γ 	
  =	
   	
  1	
  MeV/c2	
  
pp→X(3872)	
  (σBW=	
  50	
  nb)	
  
pp	
  →	
  J/ψ	
  π+π−	
  (σ=	
  1.2	
  nb)	
  
	
  
	
  

Mass	
  resoluFon	
  ~	
  5	
  keV/c2	
  
Width	
  precision	
  ~	
  10-­‐20%	
  	
  
	
  

Martin Galuska 
(Giessen)
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The	
  	
  study	
  of	
  charmed	
  hadrons	
  give	
  access	
  to	
  interesFng	
  aspects	
  of	
  strong	
  and	
  
weak	
  interacFons.	
  Predicted	
  cross	
  secFons	
  vary	
  from	
  nano	
  to	
  micro	
  barns	
  
	
  InteresFng	
  physics	
  in	
  
producFon	
  
mechanisms.	
  

arXiv:1403.6011	
  

Two	
  soluFons	
  for	
  the	
  cross	
  secFon	
  	
  
are	
  obtained:	
  	
  
•  (9.8+11.8−3.9)	
  nb,	
  is	
  compaFble	
  with	
  a	
  

simple	
  scaling	
  from	
  J/ψ	
  
•  (425.6+42.9−43.7)	
  nb,	
  is	
  two	
  order	
  of	
  

magnitudes	
  larger.	
  

σ(pp)→ψ(3770)	
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DS	
  

DS
*	
  

DS1	
  

DS2	
  

DS(2317)	
  	
  

DS(2460)	
  	
  

DS(2860)	
  	
  

DS(2710)	
  	
  

DSJ(3040)	
  	
  

B.	
  Aubert	
  et	
  al.,	
  PRD74,	
  032007	
  (2006).	
  

For	
  the	
  states	
  c(u/d) theory	
  and	
  
experiment	
  were	
  in	
  agreement,	
  
but	
  the	
  discovery	
  of	
  new	
  DSJ	
  states	
  
has	
  brought	
  into	
  quesFon	
  
theoreFcal	
  models.	
  
	
  The	
  quantum	
  numbers	
  of	
  Ds0(2317)	
  
and	
  Ds1(2460)	
  are	
  not	
  yet	
  really	
  
established,	
  and	
  in	
  order	
  to	
  answer	
  
important	
  quesFons	
  related	
  to	
  their	
  
interpretaFon,	
  we	
  need	
  to	
  measure	
  
their	
  widths.	
  	
  
	
  	
  
	
  



	
  opportunity	
  Ds	
  meson	
  	
  
spectroscopy	
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Ds0*(2317) Energy Scan

4287.5   √s MeV

σ 

4285.5 4286.0 4286.5 4287.0 

Simulated
sum mass spectrum
 

Background Signal

Ds0*(2317)	
  world	
  average	
  (PDG)	
  
•	
  	
  Mass:	
  2317.8	
  ±	
  0.6	
  MeV/c2	
  

•  Width:	
  <	
  3.8	
  MeV/c2	
  

p̄p ! D±
s D

⇤⌥
s0 (2317)

D±
s ! �⇡±,� ! K+K�

Marius Mertens (FZJ)

 
 

Excitation function

D⇤⌥
s0 (2317) ! D⌥

s ⇡
0
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The	
  first	
  has	
  been	
  the	
  Z(4430)	
  observed	
  in	
  the	
  
invariant	
  mass	
  Ψ’π±	
  by	
  Belle,	
  followed	
  by	
  other	
  
states	
  in	
  the	
  bo�omomium	
  energy	
  range.	
  
Recently,	
  BESIII	
  collaboraFon	
  discovered	
  an	
  other	
  
charged	
  charmonium-­‐like	
  axial	
  meson	
  Z+c	
  →J/Ψπ±	
  
(M=	
  3899±6	
  MeV,	
  Γ	
  =	
  46±22	
  MeV),	
  confirmed	
  by	
  
Belle	
  and	
  CLEO.	
  The	
  simplest	
  quantum	
  numbers	
  
assignment	
  is	
  JPG	
  =	
  1++,	
  G	
  being	
  the	
  G-­‐parity.	
  

PRL 110, 252002 (2013) 

par3cle	
   decay	
   collabora3on	
  

Z+(4430)	
   ψ(2S)	
  π+	
   Belle	
  

Z+(4050)	
  
Z+(4250)	
  

χc1	
  	
  	
  π+	
   Belle,	
  
unconfirmed	
  

Zc+(3900)	
   J/ψ	
  	
  π+	
   BESIII,	
  Belle,	
  
CLEOc	
  

Zc+(4020)	
   hc(1P)	
  π+	
   BESIII	
  
preliminary	
  

Zc+(4025)	
   (	
  D*	
  D*)+	
   BES	
  III	
  
preliminary	
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PANDA	
  can	
  study	
  the	
  Z±	
  states	
  in	
  both	
  producFon	
  and	
  formaFon	
  experiments.	
  
	
  
In	
  the	
  producFon	
  experiment,	
  the	
  Z±	
  would	
  be	
  produced,	
  e.g.,	
  in	
  the	
  reacFon	
  	
  
	
  
	
  
The	
  subsequent	
  decay	
  chain	
  could	
  then	
  be:	
  Z+(4430)	
  →	
  ψ(2S)π+	
  →	
  J/ψπ+	
  π−	
  π+	
  →	
  e+e−	
  π+	
  π−	
  π+	
  
	
  	
  
The	
  reconstrucFon	
  efficiency	
  for	
  the	
  	
  Z+(4430)	
  channel	
  	
  
has	
  been	
  studied	
  in	
  Monte	
  Carlo	
  calculaFons	
  and	
  is	
  ~	
  24%.	
  
	
  

]4/c2 [GeV2)�(2S)�m(
14 16 18 20 22 24 26 28

]4
/c2
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2 )
�
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)
�

m
(
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20

22

24

26

28

In	
  formaFon	
  mode	
  Z±	
  states	
  can	
  be	
  produced	
  by	
  
using	
  a	
  deuterium	
  target:	
  
	
  

The	
  reconstrucFon	
  efficiency	
  for	
  this	
  
channel	
  studied	
  in	
  Monte	
  Carlo	
  
reacFons	
  is	
  ~	
  35%.	
  	
  

]2) [GeV/c�(2S)�m(
4 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9 5

2
En

tri
es

 / 
10

 M
eV

/c

0

5000

10000

15000

20000

25000

FWHM: 50 MeV
Efficiency: 24%

p̄d ! Z�p
spectator

p̄p ! Z±⇡⌥
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The	
  invesFgaFon	
  of	
  the	
  baryon-­‐baryon	
  interacFons	
  is	
  
crucial	
  for	
  a	
  deeper	
  understanding	
  of	
  nuclei,	
  structure	
  of	
  
neutron	
  ma�er	
  and	
  astrophysics	
  aspects,	
  etc...	
  

Chiral	
  effecFve	
  field	
  theories	
  have	
  tried	
  since	
  long	
  Fme	
  to	
  
describe	
  baryon-­‐baryon	
  interacFon	
  and	
  recently	
  also	
  la5ce	
  
QCD	
  	
  calculaFons	
  allowed	
  to	
  approach	
  nuclear	
  physics	
  in	
  terms	
  
of	
  fundamental	
  theory	
  of	
  the	
  strong	
  interacFon.	
  

The	
  experimental	
  invesFgaFon	
  of	
  the	
  nature	
  
of	
  baryon	
  bound	
  states	
  has	
  gone	
  in	
  parallel	
  
with	
  meson	
  spectroscopy,	
  nevertheless	
  there	
  
are	
  sFll	
  many	
  open	
  problems	
  and	
  there	
  is	
  
lack	
  of	
  high	
  quality	
  data.	
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In	
  the	
  quark	
  picture	
  hyperon	
  pair	
  producFon	
  either	
  involves	
  the	
  creaFon	
  of	
  a	
  
quark-­‐anFquark	
  pair	
  or	
  the	
  knock	
  out	
  of	
  such	
  pairs	
  out	
  of	
  the	
  nucleon	
  sea.	
  	
  
	
  
Hence,	
  the	
  importance	
  of	
  quark	
  degrees	
  of	
  freedom	
  with	
  respect	
  to	
  the	
  
hadronic	
  ones	
  can	
  be	
  studied	
  by	
  measuring	
  the	
  reacFons	
  of	
  the	
  type	
  

pp	
  →YY 

σ
 [

µb
]

pp → ΛΛ
→ ΛΣ  + c. c.
→ Σ− Σ
→ Σ Σ
→ Σ Σ−

→ Ξ Ξ
→ Ξ Ξ−

Λc ΛcΞΞ ΩΩΛΣ ΣΣΛΛ

1.4      1.5      1.6      1.7      1.8      1.9      2.0     2.1   2         4          6          8        10        12        14
Momentum [GeV/c]                            Momentum [GeV/c]

1000

100

10

1

0.1

0.01

0

0

0 0

0 0

+

+

+
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The	
  experimental	
  data	
  set	
  available	
  is	
  far	
  from	
  being	
  complete.	
  All	
  strange	
  hyperons	
  
and	
  single	
  charmed	
  hyperons	
  are	
  energeFcally	
  accessible	
  in	
  pp	
  collisions	
  at	
  PANDA.	
  	
  

126 PANDA - Strong interaction studies with antiprotons

Channel 1.64 GeV/c Rec. e⌅. ⇤ [µb] Signal
pp⇤ �� 0.11 64 1
pp⇤ pp⇥+⇥� 1.2 · 10�5 ⇥ 10 4.2 · 10�5

Channel 4 GeV/c
pp⇤ �� 0.23 ⇥ 50 1
pp⇤ pp⇥+⇥� < 3 · 10�6 3.5 · 103 < 2.2 · 10�3

pp⇤ �⇤0 5.1 · 10�4 ⇥ 50 2.2 · 10�3

pp⇤ �⇤(1385) < 3 · 10�6 ⇥ 50 < 1.3 · 10�5

pp⇤ ⇤0⇤0 < 3 · 10�6 ⇥ 50 < 1.3 · 10�5

Channel 15 GeV/c
pp⇤ �� 0.14 ⇥ 10 1
pp⇤ pp⇥+⇥� < 1 · 10�6 1 · 103 < 2 · 10�3

pp⇤ �⇤0 2.3 · 10�3 ⇥ 10 1.6 · 10�2

pp⇤ �⇤(1385) 3.3 · 10�5 60 1.4 · 10�3

pp⇤ ⇤0⇤0 3.0 · 10�4 ⇥ 10 2.1 · 10�3

DPM < 1 · 10�6 5 · 104 < .09
Channel 4 GeV/c Rec. e⌅. ⇤ (µb) Signal
pp⇤ ⇥+⇥� 0.19 ⇥ 2 1
pp⇤ ⇤+(1385)⇤�(1385) < 1 · 10�6 ⇥ 60 < 2 · 10�4

Table 4.44: Background for pp⇥ �� and pp⇥ ⇥
+
⇥�. The reconstruction e⌅ciencies give the probability for a

generated background events to be identified as a physics event. The cross sections are taken from refs. [153, 148]
or extrapolated from the latter. The cross sections and branching ratios into the charged decay mode is taken
into account in the signal number which gives the normalised probability for a background reaction event to be
identified as a physics event.

imposing a constraint on this pattern. A channel
which has the same ��⇥+⇥� final state is the

pp⇤ ⇤+(1385)⇤�(1385)

reaction. We therefore consider it as the main
source of background. This channel has one or-
der of magnitude higher cross section. However,
the contamination from the 1 M events generated
and analysed is negligible as can be seen in Ta-
ble 4.44. The low level of remaining background is
also confirmed in the background studies made for
the pp ⇤ ⇥+⇥�⇥0 channel at a somewhat higher
momentum in section 4.2.5 where more background
channels were studied.

4.3.3.3 Simulation Results

This study shows that the benchmark channels
pp ⇤ �� and pp ⇤ ⇥+⇥� can be well recon-
structed in PANDA. There is acceptance over the
full angular range and the whole momentum range
of HESR for the �� channel. The same will most
likely hold true also for the ⇤0 channels due to the
kinematical similarities. There is also full CM ac-
ceptance for the ⇥+⇥� channel at 4 GeV/c, and

most likely over the full momentum range from
threshold.

Acceptance corrections have to be applied to obtain
the final results due to the loss of particles in the
beam pipe direction and the loss of pions below 50
MeV/c. The angular di⌅erential cross section and
the polarisation can be extracted to high precision
after those corrections.
The count rates will be high for the studied chan-
nels. Table 4.45 gives the expected count rates
for the benchmark channels in their charged de-
cay mode channels in PANDA at a luminosity of
2 · 1032cm�2s�1, ranging from a few 10 per second
for the ⇥+⇥� channel up to a thousand per second
for the �� channel.

Momentum [GeV/c] Reaction Rate [s�1]
1.64 pp⇤ �� 580
4 pp⇤ �� 980

pp⇤ ⇥+⇥� 30
15 pp⇤ �� 120

Table 4.45: Estimated count rates into their charged
decay mode for the benchmark channels at a luminosity
of 2 · 1032cm�2s�1

By	
  comparing	
  several	
  reacFons	
  involving	
  different	
  
quark	
  flavors	
  the	
  OZI	
  rule	
  and	
  its	
  possible	
  
violaFon,	
  can	
  be	
  tested.	
  

In	
  PANDA	
  pp	
  →	
  ΛΛ,	
  ΛΞ,	
  ΛΞ,	
  ΞΞ	
  ,	
  ΣΣ,	
  ΩΩ,	
  ΛcΛc,	
  ΣcΣc,	
  ΩcΩc	
  
can	
  be	
  produced	
  allowing	
  the	
  study	
  of	
  the	
  dependences	
  on	
  spin	
  observables.	
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Baryon spectroscopy  @ PANDA startup version 
 
Assumptions:  10x lower luminosity 

      PANDARoot with idealised tracking  

1.64 GeV/c 2x105 h-1 

4 GeV/c 4x104 h-1 2500 h-1 

15 GeV/c 2x104 h-1 
(≈ 1000 h-1) (30 h-1) ((5 day-1)) 

 
1. Single strangeness production:                        
2. Double strangeness production: 
3. Triple charm production: 
4. Charm production 

OK 
OK 
Probably OK 
Questionable 

p̄p ! ⇤̄⇤
p̄p ! ⌅̄⌅
p̄p ! ⌦+⌦�

⇤̄+
c ⇤

�
c

p̄p ! ⇤̄+
c ⇤

�
c

⇤̄⇤
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Different	
  theoreFcal	
  predicFons	
  esFmated	
  the	
  pp	
  →	
  Λc+Λc	
  cross	
  secFon	
  at	
  the	
  PANDA	
  
energies:	
  the	
  value	
  ranges	
  between	
  some	
  tens	
  of	
  nb	
  to	
  200	
  nb.	
  
	
  
We	
  considered	
  the	
  following	
  decay	
  chain:	
   p̄p ! ⇤+

c (2286)⇤̄
�
c (2286)

↳	
  pK�⇡+ p̄K+⇡�↳	
  

at	
  the	
  maximum	
  beam	
  momentum	
  (15	
  GeV/c;	
  √s	
  =	
  5.474	
  GeV	
  )	
  

For	
  the	
  background	
  we	
  assumed	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
extrapolaFng	
  from	
  measurements	
  at	
  	
  √s	
  =	
  7.862	
  GeV	
  	
  

@	
  

Simone Bianco (FZJ)
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p 

Ξ

Ξ

K 
K N

P	
  +	
  N➝	
  Ξ-­‐	
  +	
  Ξ+	
  :	
  	
  σ	
  ≈	
  2	
  µb;	
  
	
  

@Pbar	
  =	
  3GeV/c	
  :	
  	
  	
  σ	
  ≈	
  max	
  
@Pbar	
  =	
  3GeV/c	
  :	
  	
  	
  below	
  π produc3on	
  threshold	
  

π

Ξ+	
  +N	
  ➝	
  Kbar+	
  Kbar	
  +p	
  +	
  …	
  [	
  Ξ-­‐	
  produc3on	
  tag]	
  

Elas3c	
  sca\ering	
  in	
  nucleus:	
  

strong	
  slowing	
  down	
  (a	
  challenge)	
  

slowing	
  down	
  in	
  ma\er	
  (with	
  decay)	
  

Ξ-­‐	
  capture	
  into	
  atomic	
  levels	
  and	
  
hyperatomic	
  cascade	
  

Capture	
  into	
  nucleus:	
  Strong	
  
and	
  Coulomb	
  forces	
  

π

N 

Xray 

γ (28 MeV)

Λ

Λ

ΛΛ	
  decay	
  
(MWD,NMWD…	
  )	
  

Ξ-­‐	
  N	
  ➝ΛΛ	
  	
  
conversion	
  +	
  
ΛΛ	
  sFcking	
  

I	
  	
  
T	
  
a	
  
r	
  
g	
  
e	
  
t	
  

II	
  	
  
T	
  
a	
  
r	
  
g	
  
e	
  
t	
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Doubly	
  strange	
  systems	
  
(S=±2)	
  hyperon	
  –anFhyperon	
  	
  systems	
  are	
  fully	
  accessible	
  at	
  PANDA	
  
	
  

Double	
  Λ	
  Hypernucleus:	
  	
  

p	
  

p	
  

Λ	
  

Λ	
  
n	
  

n	
  

2	
  Λ‘s	
  replace	
  2	
  nucleons	
  in	
  a	
  nucleus	
  

p	
  

p	
  

Ξ-­‐	
  

n	
  

n	
  

Doubly	
  Strange	
  Hypernucleus:	
  	
  
Ξ-­‐	
  occupies	
  a	
  nuclear	
  level	
  
	
  

Exo3c	
  hyperatom:	
  	
  

p	
  

Ξ-­‐	
  

e-­‐	
  
n	
  

p	
  

n	
  

Ξ-­‐	
  occupies	
  an	
  atomic	
  level	
  
	
  

Ξ	
  -­‐	
  -­‐nucleus	
  interac8on	
  
• 	
  Atomic	
  orbits	
  overlap	
  nucleus	
  
• 	
  Strong	
  interacFon	
  and	
  Coulomb	
  
force	
  	
  interplay	
  
• 	
  Lowest	
  atomic	
  levels	
  are	
  shi\ed	
  
and	
  broadened	
  	
  
• 	
  PotenFal:	
  Coulomb	
  +	
  opFcal	
  

	
  Ξ	
  -­‐N	
  	
  interac8on:	
  
• 	
  short	
  range	
  interacFon	
  
• 	
  long	
  range	
  interacFon	
  
• 	
  …..	
  

ΛΛ	
  	
  	
  strong	
  interac8on	
  	
  
• 	
  only	
  possible	
  in	
  double	
  hypernuclei	
  
• 	
  YY	
  potenFal:	
  a�racFve/repulsive?	
  
• 	
  hyperfragments	
  probability	
  
dependence	
  on	
  YY	
  potenFal	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  One	
  Boson	
  Exchange	
  features	
  
ΛΛ	
  à	
  ΛΛ:	
  only	
  non	
  strange,	
  I	
  =0	
  meson	
  
exchange	
  	
  (ω,η...)	
  
	
  ΛΛ	
  	
  weak	
  interacFon:	
  hyperon	
  induced	
  
decay:	
  	
  

• 	
  ΛΛ	
  	
  àΛ	
  n:	
  ΓΛn	
  	
  <<	
  Γfree	
  	
  	
  	
  (expected)	
  
• 	
  ΛΛ	
  	
  à	
  Σ-­‐p:ΓΣp	
  	
  <<	
  Γfree	
  	
  	
  	
  (expected)	
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ΛΛ	
  Hypernuclei	
  

Nucleus BΛΛ(ΛΛAZ) [MeV] ΔBΛΛ(ΛΛAZ) [MeV] Reference Reaction 
ΛΛ

10Be 17.7± 0.4 4.3±0.4 M.Danysz et al., PRL.11(1963) 29 K- + A à K+ + Ξ-  

ΛΛ
6He 10.9±0.5 4.6±0.5 D.J.Prowse, PRL.17(1966) 782 K- + A à K+ + Ξ-  

ΛΛ
10Be 8.5±0.7 -4.9±0.7 KEK-E176 K- + p à K+ + Ξ- (q.f)

ΛΛ
13B 27.6±0.7 4.9±0.7 S.Aoki et al., PTP.85(1991) 1287 K- + p à K+ + Ξ- (q.f) 

ΛΛ
12B 4.5±0.5 P.Khaustov et al., PRC.61(2000)027601 (12C)atomΞ- à 12ΒΛΛ + n

ΛΛ
6He 7.25±0.19 1.01±0.2  KEK-E373,NAGARA   H.Takahashi et 

al., PRL.87(2001)212502-1 
K- + p à K+ + Ξ- (q.f)

 

ΛΛ
12B σ (θ<80) ≈ 6-10nb K.Yamamoto et al., PLB.478(2000) 401 K- + 12C à K+ + 12BΛΛ

  

+0.18	
  
-­‐	
  0.11	
  

+0.18	
  
-­‐	
  0.11	
  

Status of the art: 

Features:  

§ 	
  Binding	
  energy	
  à	
  parameters	
  in	
  potenFal	
  models	
  
§ 	
  Core	
  of	
  the	
  ΛΛ	
  interac3on	
  (VΛΛ) : needs	
  of	
  several	
  A-­‐hypernuclei
§   ΛΛ interacFon:	
  only	
  I=0	
  non-­‐strange	
  mesons	
  contributes	
  (only	
  ω,η)	
  	
  
§ 	
  Weak	
  Decay	
  presents	
  some	
  peculiari3es	
  	
  

)(2)()( 1ZBZBZBV AAA −
ΛΛΛΛΛΛΛΛΛΛΛΛ −≡Δ=−

38	
  

+0.18	
  
-­‐	
  0.11	
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The	
  measurement	
  of	
  the	
  ΛΛ6He binding energy has triggered new speculations on the 
H-dibarion existence [PRL106	
  (2011)162001].	
  The	
  original	
  predicFon	
  of	
  a	
  6-­‐quark	
  state	
  
with	
  a	
  binding	
  ≃	
  81	
  MeV	
  has	
  been	
  ruled	
  out.	
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ΛΛ pΞ

ALI−PREL−33766

HI	
  collision	
  experiments	
  searched	
  in	
  the	
  
𝛬p	
  invariant	
  mass	
  system	
  for	
  a	
  possible	
  
signal.	
  	
  

Nowadays,	
  the	
  only	
  possibility	
  is	
  for	
  a	
  
baryon-­‐baryon	
  molecule.	
  

A	
  deeper	
  knowledge	
  of	
  S=−2	
  sector	
  would	
  help	
  
to	
  extend	
  models	
  that	
  have	
  been	
  successful	
  in	
  
describing	
  the	
  S=0	
  and	
  −1	
  sectors	
  to	
  account	
  
for	
  SU(3)	
  symmetry.	
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  ΛΛ	
  hypernuclei	
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Gamma-ray Energy (MeV)
0 1 2 3 4 5 6 7 8 9 10

c
o

u
n

ts

0

2

4

6

8

10

12

14

Be
11

a) Be
11

a)

Gamma-ray Energy (MeV)
0 1 2 3 4 5 6 7 8 9 10

c
o

u
n

ts

0

2

4

6

8

10

12

14

Li
9

b) Li
9

b)

Gamma-ray Energy (MeV)

0 1 2 3 4 5 6 7 8 9 10

c
o

u
n

ts

0

2

4

6

8

10

12

14

H
4

Be +
9

d) H
4

Be +
9

d)

Gamma-ray Energy (MeV)

0 1 2 3 4 5 6 7 8 9 10

c
o

u
n

ts

0

2

4

6

8

10

12

Be
10

d) Be
10

d)

 (GeV/c)HighP
0.04 0.06 0.08 0.1 0.12 0.14

 (G
eV

/c
)

Lo
w

P

0.04

0.06

0.08

0.1

0.12

0.14 ΛΛ
11 Be

ΛΛ
9Li

Λ
4+HΛ

9Be

ΛΛ
10 Be

To	
  determine	
  the	
  binding	
  energies	
  we	
  will	
  perform	
  γ-­‐rays	
  spectroscopy	
  detecFng	
  in	
  
coincidence	
  the	
  pions	
  coming	
  out	
  from	
  the	
  Λ	
  decays.	
  

We	
  assumed	
  a	
  Ξ−+p	
  à	
  ΛΛ	
  conversion	
  probability	
  of	
  5%.	
  
The	
  idenFcaFon	
  of	
  the	
  double	
  hypernuclei	
  relys	
  on	
  the	
  unique	
  assignment	
  of	
  the	
  detected	
  
γ-­‐transiFons.	
  

Paola	
  Giano5	
  –	
  INFN	
  LNF	
  



Conclusions	
  

Paola	
  Giano5	
  –	
  INFN	
  LNF	
   34	
  

•  Hadron	
  spectroscopy	
  is	
  experiencing	
  a	
  new	
  renascence;	
  	
  
•  New	
  high	
  quality	
  measurements	
  are	
  coming	
  form	
  e+-­‐e−	
  colliders	
  and	
  LHC	
  

experiments	
  reveling	
  unexpected	
  properFes	
  of	
  hadrons;	
  
•  All	
  over	
  the	
  world	
  there	
  is	
  lack	
  of	
  anFproton	
  beams	
  that	
  in	
  the	
  past	
  were	
  	
  

showing	
  great	
  capabiliFes	
  in	
  the	
  field;	
  
•  It	
  is	
  urgent	
  to	
  have	
  an	
  high-­‐quality	
  anFproton	
  

beam	
  	
  to	
  contribute	
  to	
  the	
  field;	
  
•  The	
  PANDA	
  detector	
  coped	
  to	
  the	
  HESR	
  will	
  

be	
  the	
  perfect	
  combinaFon	
  of	
  tools	
  to	
  make	
  
a	
  break-­‐through!	
  

	
  


