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• 	  Hadron	  spectroscopy	  with	  an7protons;	  
• 	  The	  FAIR	  accelerator	  complex;	  
• 	  Low	  energy	  sector;	  
• 	  Open-‐Charm	  and	  Charmonium	  spectroscopy;	  
• 	  Exo7c	  states;	  
• 	  Baryonic	  states.	  
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Quantum	  Chromodynamics	  	  
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Quantum	  ChromoDynamics	  	  (QCD)	  is	  the	  theory	  of	  strong	  interac7ons	  that	  bind	  
quarks	  and	  gluons	  together	  to	  form	  hadrons.	  
QCD	  is	  a	  nonlinear	  theory	  that	  is	  not	  analy7cally	  solvable	  	  
	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
For	  the	  equivalent	  quantum	  field	  theory	  of	  weak	  force	  and	  electromagne7sm,	  
approxima7ons	  using	  perturba7on	  expansions	  in	  the	  interac7on	  strength	  give	  very	  
accurate	  results.	  However,	  since	  the	  QCD	  interac7on	  is	  “so	  strong”,	  perturba7ve	  
approxima7ons	  o`en	  fail.	  	  

From	  F.A.	  Wilczek	  QCD	  Lecture	  
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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	  crea7on	  of	  the	  Chiral	  Symmetry	  Breaking	  
picture	  in	  which	  the	  	  ground	  state	  mesons	  and	  baryons	  can	  be	  explained	  well	  with	  the	  
cons7tuent	  (valence)	  quarks	  and	  the	  sum	  of	  the	  quark	  masses	  roughly	  gives	  the	  
hadron	  mass.	  
	  
At	  very	  high	  energy,	  in	  the	  heavy	  quark	  sector	  asympto7c	  freedom	  allows	  accurate	  
calcula7ons	  at	  high	  energy	  with	  perturba7on	  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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La5ce	  QCD	  
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Science	  322	  (2008)	  1224	  [arXiv:0906.3599	  [hep-‐lat]].	  

In	  order	  to	  solve	  QCD	  at	  long	  distances,	  Wilson	  [PRD	  10:2445-‐2459,	  1974]	  introduced	  la5ce	  
gauge	  theory,	  	  in	  which	  the	  space-‐7me	  con7nuum	  is	  discre7zed	  on	  a	  la5ce	  keeping	  the	  
gauge	  symmetry	  intact.	  	  
	  
This	  discre7za7on	  allows	  a	  non-‐perturba7ve	  approxima7on	  	  
to	  the	  theory	  that	  is	  successively	  improvable	  by	  increasing	  	  
the	  la5ce	  size	  and	  decreasing	  the	  la5ce	  spacing.	  
It	  also	  makes	  the	  gauge	  theory	  amenable	  to	  numerical	  simula7on	  by	  computer.	  	  

The	  simula7on	  of	  the	  quark	  interac7ons	  requires	  
the	  computa7on	  of	  a	  large,	  highly	  non-‐local	  
matrix	  determinant,	  	  which	  is	  extremely	  7me	  
consuming.	  This	  determinant	  arises	  from	  the	  
dynamics	  of	  the	  quarks.	  The	  simplest	  way	  to	  
proceed	  is	  thus	  to	  ignore	  the	  quark	  dynamics	  and	  
work	  in	  the	  so-‐called	  quenched	  approxima7on,	  
with	  only	  gluonic	  degrees	  of	  freedom.	  	  

Nowadays	  the	  agreement	  with	  the	  measured	  masses	  	  is	  
at	  the	  few	  %	  level.	  	  
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Effec7ve	  Field	  Theories	  
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Effec7ve	  Field	  Theories	  (EFT)	  are	  based	  on	  the	  assump7on	  that	  scales	  much	  
smaller/bigger	  than	  those	  under	  study	  shouldn’t	  maoer.	  
	  

i.e.	  One	  can	  calculate	  the	  hydrogen	  atom	  spectrum	  very	  precisely	  without	  knowing	  
top	  quark	  mass!	  	  
	  

Classical	  dynamics(mechanics)	  v	  <<	  c(Ext>>ℏ)	  can	  be	  seen	  as	  an	  EFT	  because	  it	  does	  
not	  consider	  the	  contribu7on	  of	  the	  terms	  that	  are	  related	  with	  c(ℏ).	  

Weak	  interac7on:	  

Within	  this	  framework	  ChPT	  is	  the	  EFT	  of	  
QCD	  in	  the	  light	  quark	  sector	  and	  it	  has	  
significantly	  contributed	  to	  our	  
understanding	  of	  strong	  interac7on	  at	  
hadron	  scale.	  

Dalitz	  plot	  and	  decay	  
width	  for	  the	  channel	  	  
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The	  hadron	  spectrum	  
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The	  whole	  set	  of	  theore7cal	  approaches	  rely	  on	  approxima7ons	  and/or	  free	  
parameters	  that	  must	  be	  constrained.	  Furthermore,	  They	  all	  predict	  states	  with	  
explicit	  gluon	  content.	  

4

5

6

7

8

9

10

11

12

JPC 0-+ 1-- 1+- 0++ 1++ 2++ 2-+ 2-- 3-- 3+- 3++exotic
1.5

2

2.5

3

3.5

4

4.5

5
2S+1LJ

1S0
3S1

1P1
3P0

3P1
3P2

1D2
3D2

3D3
1F3

3F3 n.a.

m
 r 0

m
/G

eV

1-+

ηc
J/Ψ

hc χc0
χc1

χc2

0+-

2+-

0+-

glueballs

experiment
DD**
DD

CP-PACS
Columbia

hybrids

G.	  S.	  Bali,	  Int.J.Mod.Phys.	  A21	  (2006)	  5610-‐5617	  

LQCD	  spectrum	  

(qq)(qq)	  

qq	  Mesons 

(qq)	  g Hybrids 

Glueballs 

Multiquarks 

	  gg 

Baryons qqq	  

Paola	  Giano5	  –	  INFN	  LNF	  



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	  excita7on	  spectrum	  and	  also	  in	  the	  strong	  
decays	  of	  hadrons?	  

	  Three	  are	  the	  main	  goals	  of	  hadron	  spectroscopy:	  

•  IdenTfy	  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	  An7proton	  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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An7proton	  power	  
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p-‐beams	  can	  be	  cooled	  →	  Excellent	  resonance	  resolu7on	  
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is	  a	  convolu7on	  of	  the	  
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CM Energy 
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and	  the	  beam	  energy	  distribu7on	  func7on	  f(E,ΔE): 
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The	  resonance	  mass	  MR,	  total	  width	  ΓR	  and	  product	  of	  branching	  ra7os	  into	  the	  
ini7al	  and	  final	  state	  BinBout	  can	  be	  extracted	  by	  measuring	  the	  forma7on	  rate	  for	  
that	  resonance	  as	  a	  func7on	  of	  the	  cm	  energy	  E.	  



An7proton	  power	  

Paola	  Giano5	   20	  

is	  a	  convolu7on	  of	  the	  

Measured 
rate 

The	  produc7on	  rate	  of	  a	  certain	  final	  state	  ν	  

CM Energy 

Resonance 
cross 

section 

BW	  cross	  sec7on	  	  

Beam 

and	  the	  beam	  energy	  distribu7on	  func7on	  f(E,ΔE): 
{ }∫ +Δ= bBW EEEdEfL σσεν )(),(0

The	  resonance	  mass	  MR,	  total	  width	  ΓR	  and	  product	  of	  branching	  ra7os	  into	  the	  
ini7al	  and	  final	  state	  BinBout	  can	  be	  extracted	  by	  measuring	  the	  forma7on	  rate	  for	  
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§  e+e−:	  typical	  	  mass	  	  res.	  ~	  10	  MeV	  
	  
§  Fermilab:	  	  	  240	  keV	  

§  HESR:	  	  	  	  	  	  	  	  	  ~50	  keV	  



An7proton	  power	  

Paola	  Giano5	  –	  INFN	  LNF	   8	  

• 	  e+e−	  interac7ons:	  

• 	  pp	  reac7ons:	  
_	  
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	  	  decays	  (moderate	  mass	  resolu7on	  
	  	  related	  to	  the	  detector	  5÷10	  MeV)	  
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	  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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C
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83
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χc1 

Br(e+e-	  →ψ’) ·∙Br(ψ’	  →	  γηc)	  =	  2.5	  10-5	
pp	  →	  ηc)	  =	  1.2	  10-3	
Br(	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
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Spectroscopy	  with	  an7protons	  

Produc)on	  

all	  JPC	  available	  

All ordinary quantum numbers  
can be reached σ ~1 µb 

p	  

p	  
_	  

G	  

M	  

p	  

M	  

H	  

p	  
_	  

p	  

M	  

H	  

p	  
_	  

Even exotic quantum numbers  
can be reached σ ~100 pb 

Two	  are	  the	  mechanisms	  to	  access	  par7cular	  final	  states:	  

Forma)on	  

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	  injec7on	  efficiencies	  (RESR	  will	  not	  be	  present	  and	  is	  
work	  will	  be	  done	  in	  the	  HESR).	  

•  This	  means	  for	  PANDA:	  
1.  Less	  intensity	  (only	  high	  resolu7on	  mode)	  
2.  Worse	  duty	  cycle	  due	  to	  20	  minutes	  accumula7on	  7me	  



The	  low	  energy	  range	  

8	  

In	  the	  last	  20	  years	  many	  steps	  forward	  in	  the	  field	  were	  possible	  
thanks	  to	  the	  variety	  of	  facili7es	  available	  all	  over	  the	  world.	  

Nowadays	  confirma7on	  of	  predic7ons,	  together	  with	  unexpected	  results,	  are	  
s7ll	  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/tetraquark	  candidate 1−− 
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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	  iden7fied	  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	  
reac7on:	  
	  	  

with	  X	  being	  a	  π0	  or	  π+π−	  

�⇡+⇡�,�⇡0⇡0

assuming	  different	  hypotheses	  for	  the	  signal	  cross-‐sec7on	  and	  the	  decay	  
B.R.	  	  

p̄p ! YS(2175) +X

This	  is	  an	  example	  of	  “meson	  produc7on”	  where	  for	  which	  we	  can	  
inves7gate	  different	  decay	  channels.	  	  	  



Light	  meson	  spectroscopy	  
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Assuming	  cross	  sec7ons	  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	  Par7al	  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.	  



Exo7c	  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.  

E	  x
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	  t	  i
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	  	  l	  i
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	  q	  
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	   c	  
	  	   c	  
c	  

1	  -‐-‐	   1	  -‐+	  
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MeV/	  c	  2	  

10	  -‐2	  

1	  

10	  2	  

(qq)(qq)	  
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(qq)	  g Hybrids 
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Baryons qqq	  
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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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Charmonium	  states	  
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Charmonium	  states	  are	  under	  study	  since	  many	  years	  since	  this	  is	  the	  energy	  range	  where	  
poten7al	  models	  are	  tuned.	  

Hyperfine	  spli5ng	  of	  charmonium	  states	  
give	  access	  to	  VSS	  component	  of	  quark	  
poten7al	  model	  

Recently	  η’C(21S0)	  has	  been	  iden7fied	  by	  Belle	  
[PRL89(2002)102001]	  and	  the	  mass	  measured	  also	  by	  
CLEO	  and	  BaBar	  in	  two	  photon	  fusion.	  	  

The	  only	  measured	  hyperfine	  spli5ng	  was	  	  	  

Paola	  Giano5	  –	  INFN	  LNF	  



hC(1P1)	  charmonium	  state	  
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The	  process	  ψ’→π0hc	  is	  the	  only	  way	  to	  produce	  hc	  from	  ψ’	  decay	  è	  Limited	  phase	  space	  	  

From	  the	  assump7on	  of	  a	  small	  VSS	  interac7on	  it	  
was	  expected	  	  

0 

There	  were	  aoempt	  to	  produce	  hc	  in	  pp	  annhilita7on	  at	  Fermilab	  
(E760,E835)	  but	  the	  sta7s7c	  was	  very	  poor.	  	  	  
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hC(1P1)	  charmonium	  state	  
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))((' 0
cchee γηγγπψ →→→−+

The	  ψ'	  decay	  mode	  is	  isospin	  viola7ng	  	  

The	  CLEO	  experiment	  was	  able	  to	  find	  it	  with	  a	  significance	  of	  
13	  σ	  in	  	  ψ’	  decay	  by	  means	  of	  an	  exclusive	  analysis.	  	  	  	  

The	  width	  and	  the	  BF	  ψ’→π0hc	  were	  not	  measured.	  

M(hC)	  =	  3525.40	  ±	  0.13	  MeV/c2	  
Γ(hC)	  =	  0.73	  ±	  0.45	  	  MeV/c2	  
	  
	  
	  
	  
	  

	  

A	  similar	  analysis,	  with	  higher	  sta7s7c,	  was	  also	  done	  by	  BES	  

PRL	  101,	  182003	  (2008)	  

Paola	  Giano5	  –	  INFN	  LNF	  



Center	  of	  gravity	  of	  P-‐states	  
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−0.10± 0.13± 0.18MeV/c2

hC(1P1)	  charmonium	  state	  

17	  

))((' 0
cchee γηγγπψ →→→−+

The	  ψ'	  decay	  mode	  is	  isospin	  viola7ng	  	  

The	  CLEO	  experiment	  was	  able	  to	  find	  it	  with	  a	  significance	  of	  
13	  σ	  in	  	  ψ’	  decay	  by	  means	  of	  an	  exclusive	  analysis.	  	  	  	  

The	  width	  and	  the	  BF	  ψ’→π0hc	  were	  not	  measured.	  

M(hC)	  =	  3525.40	  ±	  0.13	  MeV/c2	  
Γ(hC)	  =	  0.73	  ±	  0.45	  	  MeV/c2	  
	  
	  
	  
	  
	  

	  

A	  similar	  analysis,	  with	  higher	  sta7s7c,	  was	  also	  done	  by	  BES	  

PRL	  101,	  182003	  (208)	  

34	  
Paola	  Giano5	  –	  INFN	  LNF	  
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Charmonium	  states	  width	  

Energy scan of 10 values around the hc mass; each point represents a 5 day 
data taking in high luminosity mode, for the channel: hc⟶ηcγ⟶φφγ⟶4Kγ	

with a S/B 8:1. 
Cross section  
	  

Thanks	  to	  the	  precise	  HESR	  momentum	  defini7on,	  widths	  of	  known	  states	  can	  be	  precisely	  
measured	  with	  an	  energy	  scan.	  

Sensitivity 
Γ	  R,MC[MeV]	   Γ	  R,reco[MeV]	   ΔΓR[MeV]	  

1	   0.92	   0.24	  

0.75	   0.72	   0.18	  

0.5	   0.52	   0.14	  

Paola	  Giano5	  –	  INFN	  LNF	  

This holds for all known states in 
the charmonium region 
δp/p	  2×10-‐5	  ⟶	  	  Γ	  50	  KeV	  

�p̄p!hc!⌘c+� = 40nb



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

PANIC, 28/07/2011 19 / 19

19	  

X(3872)	  has	  been	  
observed	  in	  several	  decay	  
channels	  
J/ψπ+π−,	  D∗D0,	  γJ/ψ,	  ωJ/ψ	  
Interpreta7ons	  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). 

Paola	  Giano5	  –	  INFN	  LNF	  



The	  X(3872)	  at	  LHCb	  
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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	  correla7ons	  between	  the	  decay	  
products:	  B+-‐>	  K+X(3872); 	  X(3872)	  -‐>	  	  J/Ψ	  π+π−	  	  

	   	   	   	   	   	  J/Ψ-‐>μ+μ−.	  

The	  result	  of	  the	  mul7dimensional	  likelihood-‐ra7o	  test	  
favors	  JPC	  =	  1++	  with	  more	  than	  8σ	  significance.	  
This	  ruled	  out	  some	  interpreta7ons.	  Nowadays,	  the	  
most	  accredited	  ascrip7ons	  are	  a	  four-‐quark	  state	  
(ccqq)	  or	  a	  D0D0*	  molecule.	  

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

Scaoering	  length	  
for	  the	  	  
D0D0*→X→D0D0*	  

process	  as	  a	  
func7on	  of	  the	  X	  
total	  width.	  	  
[J.M.P.	  4	  (2013)	  1569]	  
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X(3872)	  @	  
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Thanks	  to	  the	  precise	  HESR	  momentum	  defini7on,	  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	  resolu7on	  ~	  5	  keV/c2	  
Width	  precision	  ~	  10-‐20%	  	  
	  

Martin Galuska 
(Giessen)



OpenCharm	  states	  
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The	  	  study	  of	  charmed	  hadrons	  give	  access	  to	  interes7ng	  aspects	  of	  strong	  and	  
weak	  interac7ons.	  Predicted	  cross	  sec7ons	  vary	  from	  nano	  to	  micro	  barns	  
	  Interes7ng	  physics	  in	  
produc7on	  
mechanisms.	  

arXiv:1403.6011	  

Two	  solu7ons	  for	  the	  cross	  sec7on	  	  
are	  obtained:	  	  
•  (9.8+11.8−3.9)	  nb,	  is	  compa7ble	  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	  states	  
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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	  ques7on	  
theore7cal	  models.	  
	  The	  quantum	  numbers	  of	  Ds0(2317)	  
and	  Ds1(2460)	  are	  not	  yet	  really	  
established,	  and	  in	  order	  to	  answer	  
important	  ques7ons	  related	  to	  their	  
interpreta7on,	  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	  booomomium	  energy	  range.	  
Recently,	  BESIII	  collabora7on	  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) 

par)cle	   decay	   collabora)on	  

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	  produc7on	  and	  forma7on	  experiments.	  
	  
In	  the	  produc7on	  experiment,	  the	  Z±	  would	  be	  produced,	  e.g.,	  in	  the	  reac7on	  	  
	  
	  
The	  subsequent	  decay	  chain	  could	  then	  be:	  Z+(4430)	  →	  ψ(2S)π+	  →	  J/ψπ+	  π−	  π+	  →	  e+e−	  π+	  π−	  π+	  
	  	  
The	  reconstruc7on	  efficiency	  for	  the	  	  Z+(4430)	  channel	  	  
has	  been	  studied	  in	  Monte	  Carlo	  calcula7ons	  and	  is	  ~	  24%.	  
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In	  forma7on	  mode	  Z±	  states	  can	  be	  produced	  by	  
using	  a	  deuterium	  target:	  
	  

The	  reconstruc7on	  efficiency	  for	  this	  
channel	  studied	  in	  Monte	  Carlo	  
reac7ons	  is	  ~	  35%.	  	  
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The	  inves7ga7on	  of	  the	  baryon-‐baryon	  interac7ons	  is	  
crucial	  for	  a	  deeper	  understanding	  of	  nuclei,	  structure	  of	  
neutron	  maoer	  and	  astrophysics	  aspects,	  etc...	  

Chiral	  effec7ve	  field	  theories	  have	  tried	  since	  long	  7me	  to	  
describe	  baryon-‐baryon	  interac7on	  and	  recently	  also	  la5ce	  
QCD	  	  calcula7ons	  allowed	  to	  approach	  nuclear	  physics	  in	  terms	  
of	  fundamental	  theory	  of	  the	  strong	  interac7on.	  

The	  experimental	  inves7ga7on	  of	  the	  nature	  
of	  baryon	  bound	  states	  has	  gone	  in	  parallel	  
with	  meson	  spectroscopy,	  nevertheless	  there	  
are	  s7ll	  many	  open	  problems	  and	  there	  is	  
lack	  of	  high	  quality	  data.	  
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In	  the	  quark	  picture	  hyperon	  pair	  produc7on	  either	  involves	  the	  crea7on	  of	  a	  
quark-‐an7quark	  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	  reac7ons	  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
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The	  experimental	  data	  set	  available	  is	  far	  from	  being	  complete.	  All	  strange	  hyperons	  
and	  single	  charmed	  hyperons	  are	  energe7cally	  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	  reac7ons	  involving	  different	  
quark	  flavors	  the	  OZI	  rule	  and	  its	  possible	  
viola7on,	  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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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	  theore7cal	  predic7ons	  es7mated	  the	  pp	  →	  Λc+Λc	  cross	  sec7on	  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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
extrapola7ng	  from	  measurements	  at	  	  √s	  =	  7.862	  GeV	  	  

@	  

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

experiments	  reveling	  unexpected	  proper7es	  of	  hadrons;	  
•  All	  over	  the	  world	  there	  is	  lack	  of	  an7proton	  beams	  that	  in	  the	  past	  were	  	  

showing	  great	  capabili7es	  in	  the	  field;	  
•  It	  is	  urgent	  to	  have	  an	  high-‐quality	  an7proton	  

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

be	  the	  perfect	  combina7on	  of	  tools	  to	  make	  
a	  break-‐through!	  

	  


