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Brief	
  Overview	
  

•  PolarizabiliCes	
  
–  Analogies	
  with	
  atoms	
  
–  Pion	
  polarisability	
  

•  RadiaCve	
  excitaCons	
  
•  Spectroscopy	
  in	
  strong	
  interacCon	
  

–  IntroducCon	
  
–  A	
  new	
  meson	
  nobody	
  has	
  asked	
  for	
  

•  New	
  insights	
  into	
  producCon/decay	
  dynamics	
  
•  Conclusions	
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Some	
  facts	
  about	
  the	
  Pion	
  

•  Pion	
  is	
  lightest	
  composite	
  system	
  
•  ProperCes:	
  

–  Mπ+ = 139.57 MeV/c2 

–  Mπ0 = 134.97 MeV/c2 

–  Spin	
  S = 0 
–  Lifetime        τ  = 2.603⋅10-8 s 

Flightpath   Δx = 10.6 km (at	
  p = 190 GeV/c)  

–     

QuesCon:	
  what	
  is	
  it‘s	
  macroscopic	
  structure	
  ?	
  

r2 = 0.672±0.008 fm = (0.672±0.008) ⋅10−15m 
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ProperCes	
  of	
  basic	
  maOer	
  

RefracCve	
  index	
  n	
  	
  
•  Macroscopically:	
  dielectric	
  constant	
  
•  Microscopically:	
  	
  

–  Light	
  wave	
  polarizes	
  atoms	
  ➛	
  induced	
  dipole	
  moment:	
  
α:	
  electric	
  polarisability	
  	
  

–  RelaxaCon	
  ➛	
  dipole	
  radiaCon	
  (delayed	
  –	
  phase	
  shiR)	
  	
  
superimposing	
  incoming	
  field	
  ➛	
  	
  

–  Strength	
  is	
  frequency	
  dependent	
  (dispersion)	
  

!ε = ε1 + iε2 = n+ iκ

!
P =α ⋅

!
E

cmatter =
cVac
n

α(ω) = n(ω)−1
2π

Å3 ≈
9
2
aBohr
3 αHe = 9.3Å

3
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How	
  about	
  the	
  Pion	
  ?	
  

•  „stable“	
  object	
  with	
  smallest	
  „Bohr“	
  radius	
  
•  Polarizability	
  	
  

–  strong	
  interacCon	
  
–  electromagneCc	
  

–  Difference	
  in	
  sCffness:	
  	
  

απ

< remπ >
3 π( ) ≈ 1

100
αatom

aBohr
3 atom( ) ⋅ qπeff( )

2
<<

αatom

aBohr
3 atom( )

ΔE π → ρ( ) ≈ 600 MeV
ΔE H1S →H2S( ) ≈10 eV

αem

αstrong

=
1
137
0.7

≈ 0.01

•  Theory:	
  	
  	
  	
  

< rπ
em >2≈ 0.45± 0.01 fm2

χPT :    απ = 2.85± 0.5 ⋅10−4 fm3

Others :  απ = 4−10 ⋅10−4 fm3

Indicator	
  for	
  
sCffness	
  of	
  system	
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How	
  to	
  measure	
  α ?	
  

•  Atomic	
  physics:	
  deflecCon	
  of	
  an	
  atom	
  in	
  a	
  laser	
  field	
  

–  Need	
  strong	
  fields	
  and	
  strong	
  gradients	
  (laser	
  cavity)	
  

•  	
  ParCcle	
  physics:	
  scaOer	
  high	
  energy	
  π	
  from	
  photon	
  source	
  
–  Photon	
  source:	
  high	
  Z	
  nucleus	
  
–  High	
  gradients:	
  relaCvisCc	
  amplificaCon	
  

	
  
–  Charged	
  parCcle	
  is	
  deflected	
  in	
  field	
  (Born	
  term)	
  	
  

!
F =α ⋅

!
E ⋅∇E

E =106V / cm ∇E =1011V/cm2

E =105V / fm
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•  Use	
  Compton	
  scaOering	
  
•  π instable:	
  inverse	
  kinemaCcs	
  
•  µ as	
  point	
  like	
  reference	
  

COMPASS	
  Measurement	
  

.......	
  

Compton	
   Extended	
  object	
  

190	
  GeV/c	
  beam	
  parCcles	
  

s = pγ
2 + pπ

2 < 2mπ( )2
elasCcity:	
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•  Process:	
  Compton	
  scaOering	
  
•  In	
  π	
  rest	
  system:	
  

–  Incoming	
  photon-­‐field	
  accelerates	
  charge	
  ➛	
  Bremsstrahlung	
  
–  For	
  extended	
  parCcle:	
  

Incoming	
  photon-­‐field	
  deforms	
  π ➛emission	
  of	
  dipole	
  radiaCon	
  

COMPASS am CERN

COmmon Muon and Proton Apparatus for Structure and Spectroscopy

LHC
SPS

• p up to 400 GeV 
• Secondary hadrons (π, K, ...): 2·107/s 
• tertiary µ (polarised): 4·107/s
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The	
  COMPASS	
  Experiment	
  

CERN	
  SPS	
  
Hadron	
  beam:	
  
•  190	
  GeV/c	
  π,	
  K,	
  p	
  
•  5·∙107	
  parCcles/SPS-­‐spill	
  
•  60	
  days	
  data	
  taking	
  2008	
  
•  Trigger:	
  RPD	
  hit,	
  beam	
  veto	
  
	
  

50m	
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COMPASS	
  Measurement	
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Rπ =
σmeas

σ point

Rµ =
σmeas

σ point

]3 fm-4 [10
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β - πα
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2χ   
Serpukhov 3.14
PACHRA 0.94
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8.63
(CL=0.03)

3 fm-4 1.5) 10±world avg.: (7.1 

GIS (2006)Theory	
  

	
  	
  	
  	
  	
  	
  	
  	
  COMPASS	
  

π  polarizability:	
  χPT	
  confirmed	
  
Long	
  standing	
  	
  puzzle	
  solved	
  !	
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p

P/R

p
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Resonant	
  ExcitaCon	
  

•  So	
  far:	
  excitaCons	
  far	
  below	
  resonance	
  region	
  (elasCc	
  scaOering)	
  
•  Higher	
  energies:	
  photon-­‐scaOering	
  inelasCc	
  

–  Atoms:	
  electronic	
  excitaCons	
  
–  Hadrons:	
  resonance	
  producCon	
  

•  Various	
  mulCpole	
  excitaCons	
  possible	
  
–  Determine	
  angular	
  distribuCon	
  in	
  de-­‐excitaCon	
  process	
  

•  For	
  Primakoff	
  reacCons:	
  wide	
  range	
  of	
  photon	
  energies	
  
–  Analysis	
  of	
  final	
  state	
  determines	
  reacCon	
  type	
  and	
  excitaCon	
  energy	
  
–  Coupling	
   	
   	
   	
  	
  	
  	
  	
  	
  ➛	
  	
  resonance	
  will	
  decay	
  via	
  strong	
  interacCon	
  (PWA)	
  

δϕout−in = π

A πγ( ) << A πππ( )

αem <<αstrong

	
  	
  	
  	
  

X -  

Pb-­‐target	
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RadiaCve	
  Width	
  
•  Study	
  resonances	
  with	
  electromagneCc	
  probe	
  

–  similar	
  to	
  photo-­‐producCon	
  of	
  Δ+	
  off	
  protons	
  
–  radiaCve	
  transiCons	
  of	
  charmonia	
  

•  CompeCCon	
  by	
  strong	
  interacCon	
  (with	
  same	
  final	
  state)	
  
–  Photon:	
  	
  

Helicity	
  conservaCon	
  ➛	
  Spin	
  alignment	
  of	
  resonance	
  	
  X - 	
  
–  DiffracCon:	
  need	
  angular	
  momentum	
  for	
  Spin	
  alignment	
  

Suppressed	
  in	
  forward	
  producCon	
   

IdenCfy	
  photo-­‐producCon	
  via	
  spin	
  alignment	
  
M = 1 at	
  low	
  	
  t´ < 10-3 GeV2/c2 
 

	
   σ Photo ≈ e
−bphotot´

σ diffract ≈ t '
M ⋅e−bdiff t´'

→ M = 1 is suppressed	
  in	
  diffracCon	
  

bphoto >> bdiffract

Pb-­‐target	
  

S =1 and H = ±1

p

P/R

p

⇡�
J PC M "

⇡�

L
⇠

1

⇡�

⇡+
2

u	
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EM-­‐TransiCons	
  for	
  Mesons	
  

a2(1320)	
  	
   π2(1670)	
  	
  	
  	
  

First	
  E2	
  transiCon	
  
observed	
  for	
  mesons	
  M2	
  transiCon	
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TesCng	
  Dynamics	
  
•  Consider	
  non-­‐resonant	
  inelasCc	
  γπ-➛π+π-π- 	
  scaOering	
  (t‘	
  <	
  10-­‐3	
  (GeV/c)2)	
  

–  Low	
  masses:	
  no	
  resonances,	
  just	
  pion	
  scaOering	
  
→ tree	
  diagrams	
  from	
  ChPT	
  predicCons	
  
	
  
	
  
	
  
	
  
	
  
	
  

•  Fit	
  ChPT	
  Amplitude	
  (as	
  single	
  parCal	
  wave)	
  to	
  5-­‐dimensional	
  phase	
  space	
  
	
  Describe	
  all	
  waves	
  with	
  m = 1 for	
  low	
  masses	
  
–  ChPT	
  valid	
  (at	
  least)	
  0.5	
  GeV/c2	
  <	
  m3π	
  <	
  0.7	
  GeV/c2	
  

–  Higher	
  masses:	
  Isobaric	
  decays	
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TesCng	
  Dynamics	
  
•  Results	
  

•  Next	
  Step:	
  Measure	
  effect	
  of	
  loops	
  in	
  γπ-➛π0π0π-	
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Light	
  Mesons,	
  Quarks	
  and	
  Gluons	
  

16	
  

§  Quark	
  model	
  mesons	
  (u,	
  d,	
  s	
  quarks)	
   q	
  q	
  

§  Glueballs	
  (gluons	
  and	
  no	
  valence	
  
quarks)	
  

§  MulCquarks	
  	
  (quark-­‐anCquark	
  pairs)	
  
q	
  q	
  

q	
   q	
  

§  Hybrids	
  (quarks	
  and	
  gluonic	
  excitaCon,	
  
which	
  contribute	
  to	
  staCc	
  properCes)	
   q	
  q	
  

Klempt	
  Zaitsev	
  Phys	
  Rep	
  454	
  (2007)	
  1	
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ConsCtuent	
  Quarks	
  and	
  Mesons	
  	
  

Limits for light mesons 

  
•  many missing/disputed 
  states in mass region 

  m ~ 2 GeV/c2  
 
•  Identification of heavy 
  states difficult  

−  broad states 

−  large number 

−  overlap + mixing 

    f0(500) 
f0(980) 
f0(1500) 

a4(2040) 

π2(1880) 

2	
  

2	
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More	
  Surprising	
  States?	
  

taken	
  from	
  
Mike	
  pendlebury	
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The	
  DiffracCon	
  Process	
  

p

P

p

⇡�
X�

⇡�

⇡�

⇡+

t

s

p

P

p

⇡� ⇡�

⇡�

⇡+

Calculated Beam Energy (GeV)
175 180 185 190 195 200 205

N
um

be
r o

f E
ve

nt
s /

 (5
0 

M
eV

)

0

0.1

0.2

0.3

0.4

0.5

610×  (COMPASS 2008) p+π-π-π →  p-π

generic	
  process	
  

what	
  we	
  are	
  aRer	
  
ex
cl
us
iv
e	
  
re
ac
Co

n	
  

5·∙107	
  evts	
  

t ' = t − tmin ≈ t
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MoCvaCon	
  for	
  Isobar	
  Model	
  

)2c/2 (GeVt'Squared Four-Momentum Transfer 
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m2
2π	
   t’3π	
  used	
  in	
  analysis	
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2π	
  

m
2 2π

	
  

m
2 2π

	
  

ρ	


ρ	



ff(1270)	
  

p

P/R

p

⇡�
J PC M "

⇡�

L
⇠

1

⇡�

⇡+
2

isobar	
  model	
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ParCal	
  wave	
  analysis	
  

Art	
  taken	
  from	
  Urs	
  Wehrli:	
  “Kunst	
  aufgeräumt”	
  

inspired	
  by	
  M.	
  Pennington	
  	
  

Flat	
  wave	
  

πf0	
  

ρ(770)π	



(ππ)S π	
  

πf2	
  
raw	
  data	
   aRer	
  PWA	
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ParCal	
  wave	
  analysis	
  

What	
  is	
  PWA	
  ?	
  
	
  
Describe	
  populaCon	
  in	
  5-­‐dimensional	
  phase	
  space	
  in	
  πππ	
  by	
  model	
  
•  Define	
  a	
  set	
  of	
  quantum	
  numbers	
  JPC	
  	
  
•  Define	
  a	
  set	
  of	
  possible	
  decay	
  channels	
  for	
  each	
  JPC	
  	
  	
  

	
  (X- →	
  isobar	
  +	
  π;	
  isobar→ππ	
  )	
  	
  :	
  wave	
  (88	
  waves	
  used)	
  
–  each	
  such	
  “wave”	
  has	
  a	
  pre-­‐determined	
  populaCon	
  in	
  phase	
  space	
  
–  each	
  wave	
  may	
  have	
  alignment	
  of	
  J	
  described	
  by	
  quantum	
  number	
  M 

•  For	
  each	
  bin	
  of	
  20	
  MeV/c2	
  mass	
  of	
  πππ: determine	
  which	
  coherent	
  
combinaCon	
  of	
  waves	
  fits	
  distribuCon	
  best	
  

•  Obtain	
  spin-­‐density	
  matrix	
  
•  Describe	
  spin	
  density	
  matrix	
  (submatrix)	
  by	
  model	
  containing	
  

resonances	
  and	
  non-­‐resonant	
  contribuCons	
  connecCng	
  all	
  mass	
  bins	
  
•  Determine	
  resonance	
  parameters	
  

st
ep

	
  1
	
  

st
ep

	
  2
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t	
  dependence	
  of	
  	
  
mass	
  distribuCons	
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Waves	
  involving	
  f0(980)	
  
2-­‐+0+	
  f0(980)	
  π D	
  0-­‐+0+	
  f0(980)	
  π S	
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1++0+[ππ]S π	
  P	
   0-+0+[ππ]S π	
  S	
  	
  	
  	
  	
  	
  

Waves	
  involving	
  [ππ]S	
  
π-
π+
π-

 a
nd

	
  	
  π
-
π0
π0

 	
  
 	
  

1++0+	
  f0(980)	
  π P	
  
experts	
  only	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

JPCMε[isobar] π	
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f0(980)	
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Model	
  for	
  Spin	
  Density	
  Matrix	
  

Two	
  types	
  of	
  contribuCons	
  

p

p	
  

π-­‐	
   π+	
  

π-­‐	
  

ρ, σ	



π-­‐	
  

Resonance	
  

	
  	
  𝒫	
  𝑋	
  

p

n	
  

π-­‐	
  π+	
  

p

p	
  

π-­‐	
  

	
  	
  𝒫	
  

π+	
  

Deck	
  

ρ, σ	



π-­‐	
  

π-­‐	
  

Describe	
  the	
  results	
  obtained	
  independently	
  in	
  different	
  mass	
  bins	
  by	
  a	
  model	
  
•  select	
  physics	
  contribuCons	
  
•  fit	
  to	
  spin	
  density	
  matrix	
  (not	
  only	
  to	
  simple	
  mass	
  spectra)	
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Mass	
  dependent	
  fits	
  a1(1420)	
  	
  	
  
Fit	
  in	
  11	
  t-­‐bins	
  

sum	
  

t 

t NEW	
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Phase:	
  a1(1420)	
  	
  
Fit	
  in	
  11	
  t-­‐bins:	
  	
  medium	
  t	
  

a1’	
  a1(1420)	
  

a4	
  
π2	
  

a2’	
  

fit	
  range	
  

NEW	
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CorrelaCon:m2π(0++) vs m3π(0-+)	
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t 
m3π	
  

	
  m
2π

   
   

   
 	
  

•  Separate	
  resonance	
  decay	
  and	
  producCon	
  dynamics	
  
π(
18

00
)	
  	
  
	
  	
  

π(
18

00
)	
  	
  
	
  	
  	
  
	
  	
  	
  
	
  	
  	
  
	
  	
  

π(
18

00
)	
  	
  
	
  	
  

π(
18

00
)	
  	
  
	
  	
  

Hardness	
  of	
  reacCon	
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Conclusion	
  -­‐	
  Pion	
  

•  First	
  precise	
  measurement	
  of	
  π	
  polarizability	
  
–  Pion	
  much	
  sCffer	
  than	
  atom	
  (strong	
  interacCon)	
  
–  Excellent	
  agreement	
  with	
  theory	
  (χPT)	
  
–  Future:	
  separate	
  magneCc	
  and	
  electric	
  polarizabiliCes	
  

•  New	
  path	
  to	
  radiaCve	
  meson	
  excitaCons	
  
•  Test	
  dynamics	
  with	
  sensiCvity	
  to	
  loop	
  contribuCons	
  	
  	
  	
  	
  	
  

•  DiffracCve	
  pionic	
  excitaCons	
  reveal	
  new	
  axial	
  vector	
  meson	
  
–  Partner	
  of	
  f1(1420)	
  ?	
  Molecular	
  structure	
  ?	
  
–  Dynamic	
  generaCon	
  via	
  coupled	
  channel	
  ?	
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COMPASS	
  “Holography”	
  

Reference	
  	
  
waves	
  

Interferom
etry	
  

simultaneous	
  fit	
  in	
  11	
  t-­‐bins	
  

t 
t 
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Conclusion	
  

•  Establish	
  new	
  “2D”	
  fit	
  method	
  to	
  perform	
  PWA	
  in	
  m3π	
  and	
  t	
  	
  

•  Find	
  new	
  iso-­‐vector	
  state	
  a1(1420) 
–  Ma1(1420)	
  =	
  1412-­‐1422	
  MeV/c2	
  	
  ,	
  Γa1(1420)	
  =	
  130-­‐150	
  MeV/c2	
  	
  
–  (exclusive)	
  decay	
  into	
  f0(980)π	
  in	
  relaCve	
  P-­‐wave	
  

–  Nature	
  of	
  a1(1420) ?	
  	
  
Isospin	
  partner	
  of	
  f1(1420) (considered	
  to	
  be	
  exoCc)	
  ?	
  
Dynamically	
  generated	
  through	
  a1(1260) ⟷ KK* ⟷ f0 (980)π	
  channel	
  ?	
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Conclusion	
  

•  Developed	
  new	
  method	
  to	
  establish	
  shape	
  of	
  isobar-­‐spectrum	
  
–  first	
  applicaCon:	
  [ππ]S*:	
  	
  

•  Shows	
  strong	
  dependence	
  on	
  m3π and	
  on	
  JPC of	
  mother	
  wave	
  
–  Reveals	
  informaCon	
  on	
  scalar	
  isobars	
  (measure	
  phases	
  in	
  decays)	
  
	
  

Open	
  Path	
  to	
  Dalitz-­‐plot	
  analysis	
  using	
  PWA	
  	
  
from	
  PWA	
  idenCfied	
  states	
  

	
  
Needs	
  high	
  staCsCcs	
  !!	
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Conclusion	
  II	
  

•  Study	
  of	
  a1(1260) 
–  Observe	
  “various	
  components”	
  of	
  a1(1260)	
  with	
  different	
  t-­‐dependencies:	
  	
  

•  Sort	
  out	
  higher	
  excitaCons	
  of	
  a1 , a2 

•  Radial	
  excitaCon	
  of	
  π	


–  π(1800) well	
  known:	
  COMPASS	
  observes	
  decay	
  into	
  f0(980)π	
  and	
  f0(1500)	



•  Orbital	
  excitaCon	
  of	
  π	


–  π2 (1670) well	
  known:	
  COMPASS	
  observes	
  decay	
  into	
  f2(1270) π	
  

	

no	
  evidence	
  so	
  far	
  for	
  strong	
  coupling	
  into	
  [ππ]S*π	
  
–  π2 (1880) :	
  Clear	
  signal	
  observed	
  in	
  f2π	
  and	
  f0π	
  	
  

•  RadiaCve	
  decays:	
  
–  First	
  observaCon	
  of	
  a	
  mesonic	
  E2	
  transiCon	
  :	
  	
  π2(1670)  → π γ	



–  Good	
  	
  /	
  reasonable	
  agreement	
  with	
  calculaCons	
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t	
  dependence	
  of	
  	
  
mass	
  distribuCons	
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Mass	
  dependent	
  fits	
  
Fit	
  in	
  11	
  t-­‐bins	
   t 

t 

Strongly	
  t-­‐dependent	
  
spectral	
  shape	
  around	
  
a1(1260)	
  

sum	
  

JPCMε[isobar]πL	
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Example	
  for	
  t-­‐dependence	
  

t 

JPCMε[isobar]πL	
  

IntensiCes	
  
Phases	
  Reference	
  wave	
  

a1(1260)	
  	
  	
  	
   non-­‐resonant	
  

πππ COMPASS	
  2008	





Exzellenzcluster Universe 

Mass	
  dependent	
  fits	
  
Fit	
  in	
  11	
  t-­‐bins	
   t 

t 

Second	
  high-­‐mass	
  a1’	
  
resonance	
  visible	
  

sum	
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Mass	
  dependent	
  fits	
  a2(1320)	
  	
  	
  
t 

t 

Strongly	
  t-­‐dependent	
  
interference	
  effects	
  
high-­‐mass	
  a2’	
  	
  

sum	
   a2(1320)	
  	
  
a2’	
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Some	
  Results	
  	
  	
  

truly new states 

PDG	
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What	
  about	
  the	
  building	
  blocks	
  

•  We	
  have	
  solved	
  a	
  puzzle	
  –	
  but	
  were	
  the	
  building	
  blocks	
  
correct	
  ?	
  

ρ	

σ	



f0 f2 

?	
  
σ	



ρ	



Deck σ	



ρ	



Deck 
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New	
  Paths	
  to	
  Meson	
  Decays	
  

•  Select	
  JPC via	
  PWA	
  
•  For	
  each	
  JPC	
  and	
  mass-­‐bin	
  in	
  3π	
  :	
  	
  

–  determine	
  composiCon	
  and	
  shapes	
  of	
  2π	
  isobars	
  
–  complex	
  couplings	
  
–  non-­‐resonant	
  contribuCons	
  (via	
  t-­‐dependence)	
  

p

p	
  

π-­‐	
   π+	
  

π-­‐	
  

ρ, ρ3 , f0 , f2	



π-­‐	
  

Resonances	
  

p

p	
  

p

π-­‐	
  π+	
  

Deck	
  

π-­‐	
  

π-­‐	
  
ρ, ρ3 , 	


f0 , f2	



p

p	
  

π-­‐	
  

π-­‐	
   π+	
  
π-­‐	
  

ρ, σ	



ρ, σ	



FSI	
  

	
  	
  𝒫	
   	
  	
  𝒫	
  	
  	
  𝒫	
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How	
  to	
  reconstruct	
  an	
  Image	
  

n=1-­‐δ+iβ	
  	
  
Bright	
  field	
  microscopy	
  
maps	
  distribuCon	
  of	
  	
  
imaginary	
  part	
  of	
  refracCve	
  
index	
  
	
  
Peak	
  hunCng	
  

Phase	
  contrast	
  microscopy	
  
maps	
  distribuCon	
  of	
  complex	
  	
  
refracCve	
  index	
  modulaCon	
  
using	
  interference	
  effects	
  
	
  
Dalitz	
  plot	
  analysis	
   phase	
  

	
  graCng	
  

analyzer	
  
	
  graCng	
  

with	
  X-­‐rays:	
  	
  
•  Re(n) < 1 
•  Phase	
  shiR	
  translated	
  into	
  deflecCon	
  
•  detect	
  via	
  X-­‐ray	
  graCng	
  
•  Measure	
  with	
  reference(analyzer)	
  	
  

graCng	
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Major	
  waves	
  
Major	
  waves	
  

mass	
  independent	
  fits	
  
minimal	
  M	
  =	
  (0,1)	
  waves	
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Preview	
  into	
  πηη	
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The	
  End	
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Isobars:	
  an	
  Example	
  

use	
  BES	
  parametrizaCon:	
  as	
  it	
  decays	
  
into	
  ππ	
  and	
  KK	
  (threshold	
  effect)	
  

f0(980) parametrizaCon	
  [ππ]S	
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Isobars:	
  [ππ]*S	
  
f0(980)	
  conCnuum	
  -­‐	
  [ππ]S	
  

replaced	
  by	
  ONE	
  [ππ]*S	
  histogram	
  with	
  n-­‐bins	
  	
  
(2n	
  parameters	
  determined	
  by	
  fit)	
  

fixed	
  funcConal	
  form	
  –	
  variable	
  intensity/phase	
  (2	
  parameters)	
  

3π: 

at	
  π(1800)	
  
 

0−+ → [ππ ]S
*πS



Exzellenzcluster Universe 

Extra	
  Material	
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Theory	
  predicCons	
  απ	
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Quick	
  Check	
  for	
  “odd”	
  waves	
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3.09%

About	
  5%	
  absorbed	
  	
  
by	
  “odd”	
  waves	
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v	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  



Exzellenzcluster Universe 

COMPASS	
  Spin-­‐Density	
  Matrix	
  
Reference	
  waves	
   Interferometry	
  

low	
  t’-­‐slice	
  only	
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COMPASS	
  Spin-­‐Density	
  Matrix	
  
Reference	
  waves	
   Interferometry	
  

high	
  t’-­‐slice	
  only	
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Examples	
  for	
  a1(1260)	
  and	
  a2(1420)	
  	
  	
  

•  CEX	
  reacCon	
  at	
  8	
  GeV	
  :	
  π- p → π0 π+ π- 	
  

Deck	
  

a1	
   a2	
  

incl.	
  Deck	
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•  f0(980)	
  correlated	
  with	
  a1(1420)	
  
•  non-­‐resonant	
  contribuCons	
  at	
  low	
  t’	
  
•  warning	
  !!	
  just	
  intensity	
  cuts,	
  amplitude	
  selecCon	
  

	
   	
  ☞	
  mass	
  dependent	
  fit	
  

low	
  t’	
   high	
  t’	
  

Study	
  of	
  (ππ=f980)*	
  	
  	
  	
  	
  	
  	
  	
  	
  1++	
  	
  	
  S-­‐wave	
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How	
  to	
  reconstruct	
  an	
  Image	
  

n=1-­‐δ+iβ	
  	
  
Bright	
  field	
  microscopy	
  
maps	
  distribuCon	
  of	
  	
  
imaginary	
  part	
  of	
  refracCve	
  
index	
  
	
  
Peak	
  hunCng	
  

Phase	
  contrast	
  microscopy	
  
maps	
  distribuCon	
  of	
  complex	
  	
  
refracCve	
  index	
  modulaCon	
  
using	
  interference	
  effects	
  
	
  
Dalitz	
  plot	
  analysis	
   phase	
  

	
  graCng	
  

analyzer	
  
	
  graCng	
  

with	
  X-­‐rays:	
  	
  
•  Re(n) < 1 
•  Phase	
  shiR	
  translated	
  into	
  deflecCon	
  
•  detect	
  via	
  X-­‐ray	
  graCng	
  
•  Measure	
  with	
  reference(analyzer)	
  	
  

graCng	
  
 



Exzellenzcluster Universe 

Add	
  more	
  dynamics	
  

OpCcal	
  methods:	
  
	
  
If	
  you	
  have	
  enough	
  lasers..	
  you	
  can	
  add	
  color	
  to	
  your	
  phase	
  shiR	
  holography	
  
•  solves	
  sign	
  of	
  phase	
  shiR	
  ambiguiCes	
  
•  useful	
  for	
  recording	
  dynamic	
  processes	
  
	
  

Compass:	
  Combine	
  results	
  at	
  different	
  t’	
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0−+ → [ππ ]S
*πS

Details	
  on	
  (ππ)S-­‐wave	
  	
  	
  
at	
  a1(1420)	
   at	
  π2(1880)	
  

f0(980)	
  

at	
  π(1800)	
  

f0(980)	
  

high	
  t 

ππS IntensiCes	
  	
  

ππS phases	
  	
  

ππS Argand	
  diagram	
  

φtot = φproduction
3π +ϕdecay

2π

f0(980) 

f0(980) 

0−+ → [ππ ]S
*πS

	
  	
  	
  	
  1++ → [ππ ]S
*πP

	
  	
  	
  	
   2−+ → [ππ ]S
*πD

	
  	
  	
  	
  1
++ → [ππ ]S

*πP
	
  	
  	
  	
   2−+ → [ππ ]S

*πD

f0(980) 

f0(1500) 
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CorrelaCon:	
  m2π – m3π	
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high	
  t’	
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CorrelaCon:	
  m2π – m3π	
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Details	
  on	
  (ππ)S-­‐wave	
  	
  	
  
at	
  a1(1420)	
   at	
  π2(1880)	
  

f0(980)	
  

at	
  π(1800)	
  

f0(980)	
  

high	
  t’	
  

ππS IntensiCes	
  	
  
in	
  the	
  resonance	
  	
  
region	
  

ππS phases	
  	
  
in	
  the	
  resonance	
  	
  
region	
  
φproducCon + φdecay	
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Some	
  intriguing	
  aspects	
  

COMPASS	
  2-­‐+	
  

COMPASS	
  0-­‐+	
  

Ke4	
  (ππνe)	
  

Locher	
  et	
  al.	
  
1997	
  

π- p➝π- π+ n	


1974/1975	
   f0(1370)	
  

f0(1370)	
  ?	
  

f0(1500)	
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Some	
  intriguing	
  aspects	
  

COMPASS	
  2-­‐+	
  

COMPASS	
  0-­‐+	
  

f0(1370)	
  ?	
  

f0(1500)	
  

CERN/Munich	
  	
  
K-­‐decays	
  
Locher	
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π-­‐	
  π+	
  

π-­‐	
  

p	
  

p	
  

	
  	
  	
  R	
  

Deck	
  

p	
  

p	
  

	
  	
  	
  P	
  

π-­‐	
   π+	
  
π-­‐	
  

ρ, σ	



ρ, σ	


ρ, σ	



ρ, σ	



π-­‐	
  
π-­‐	
  

RescaNering	
  

Non-­‐resonant	
  processes	
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(ππ)*S-­‐wave	
  2-­‐+	
  	
  
below	
  resonance	
   above	
  resonance	
  at	
  π2(1880)	
  

high	
  t’	
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(ππ)*S-­‐wave	
  1++	
  	
  
below	
  resonance	
   above	
  resonance	
  at	
  a1(1420)	
  

high	
  t’	
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(ππ)*S-­‐wave	
  0-­‐+	
  	
  
below	
  resonance	
   above	
  resonance	
  at	
  π(1800)	
  

high	
  t’	
  
f0(980)	
   f0(1500)	
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Discussion	
  of	
  ππ-Phases	
  	
  

ππS IntensiCes	
  	
  
in	
  the	
  resonance	
  	
  
region	
  

ProducCon	
  phase	
  
using	
  f0(980)	
  	
  

2-­‐+0+f0(980)	
  π D	
  

not	
  for	
  release	
  

2-­‐+0+f0(980)	
  π D	
  

ππS phases	
  	
  
in	
  the	
  resonance	
  	
  
region	
  
φproducCon + φdecay	
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(ππ)*S-­‐wave	
  0-­‐+	
  	
  
below	
  resonance	
   above	
  resonance	
  at	
  π(1800)	
  

high	
  t’	
  
f0(980)	
   f0(1500)	
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(ππ)S-­‐wave	
  	
  

•  absorb	
  complex	
  strength	
  funcCons	
  fk	
  into	
  

•  write	
  intensity	
  as:	
  
	
  	
  	
  	
  	
  and	
  fit	
  	
  fk	
  :	
  

–  for	
  each	
  2-­‐body	
  mass	
  bin	
  k	
  (bin	
  width	
  variable)	
  
–  for	
  each	
  3-­‐body	
  mass	
  bin	
  mX	
  (bin	
  width	
  20	
  MeV/c2)	
  

•  Determine	
  phase	
  as	
  usual	
  :	
  w.r.t.	
  
•  Mass	
  dependent	
  fit:	
  	
  

–  use	
  anchor	
  wave	
  with	
  parametrizaCon	
  of	
  2π-­‐isobars	
  
–  use	
  model	
  for	
  3π-­‐isobars	
  and	
  2π-­‐isobars:	
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m3π	
  

m3π	
  
rejected	
  by	
  CP-­‐cut	
  

used	
  for	
  analysis	
   m3π	
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Technical	
  plots	
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Exzellenzcluster Universe 

#	
  of	
  parameters	
  

•  6	
  waves:	
  (9	
  BW	
  +	
  6	
  NR)*11(t’-­‐bins)=165	
  couplings	
  	
  
–  for	
  each	
  complex	
  coupling:	
  2	
  parameters	
  
–  minus	
  11	
  since	
  1	
  coupling	
  for	
  each	
  t’	
  bin	
  is	
  real	
  
–  319	
  parameters	
  

•  18	
  parameters	
  for	
  BW	
  
•  15	
  parameters	
  for	
  NR	
  

•  Total:	
  352	
  real	
  parameters	
  



Exzellenzcluster Universe 

Mass	
  dependent	
  fit	
  

Use	
  only	
  lowest	
  m	
  =	
  0,1	
  waves	
  (so	
  far)	
  
Model:	
  

	
   	
   	
   	
   	
   	
  2	
  resonances	
  :	
  a1(1260)	
  and	
  a1´	
  
	
   	
   	
   	
   	
   	
  2	
  resonances	
  :	
  a2(1320)	
  and	
  a2´	
  
	
   	
   	
   	
   	
   	
  1	
  resonance	
  	
  	
  :	
  a4(2040)	
  
	
   	
   	
   	
   	
   	
  2	
  resonances	
  :	
  π2(1670)	
  and	
  π2´	
  
	
   	
   	
   	
   	
   	
  1	
  resonance	
  	
  	
  :	
  a1(1420)	
  
	
   	
   	
   	
   	
   	
  1	
  resonance	
  	
  	
  :	
  π (1800)	
  

	
  
	
  
	
  

+	
  

1++1+ρπ S	
  

2-­‐+0+	
  f2	
  π S	
  
4++1+	
  ρπ G	
  
2++0+	
  ρπ D	
  

1++f0(980)	
  π P	
  
0-­‐+f0(980)	
  π S	
  



Exzellenzcluster Universe 

Fit	
  FuncCons	
  

Resonances	
  

non-­‐resonant	
  

small	
  waves	
  

big	
  waves	
  



Exzellenzcluster Universe 

Mass	
  dependent	
  fits	
  

incoherent	
  sum	
  

Fit	
  in	
  11	
  t-­‐bins	
  

4++1+	
  ρπ D	
  



Exzellenzcluster Universe 

Mass	
  dependent	
  fits	
  

incoherent	
  sum	
  

Fit	
  in	
  11	
  t-­‐bins	
  

4++1+	
  ρπ D	
  



Exzellenzcluster Universe 

Mass	
  dependent	
  fits	
  

incoherent	
  sum	
  

Fit	
  in	
  11	
  t-­‐bins	
  

2-­‐+0+	
  f2	
  π S	
  



Exzellenzcluster Universe 

Mass	
  dependent	
  fits	
  

incoherent	
  sum	
  

Fit	
  in	
  11	
  t-­‐bins	
  

2-­‐+0+	
  f2	
  π S	
  



Exzellenzcluster Universe 

Mass	
  dependent	
  fits	
  

incoherent	
  sum	
  

Fit	
  in	
  11	
  t-­‐bins	
  

0-­‐+0+	
  f0(980)	
  π S	
  



Exzellenzcluster Universe 

Data-­‐MC	
  comparison	
  

Helicity	
  frame	
  Go�ried-­‐Jackson	
  frame	
  Helicity	
  frame	
  Go�ried-­‐Jackson	
  frame	
  

3π	
   2π	
  

low	
  t’	
  



Exzellenzcluster Universe 

Data-­‐MC	
  comparison	
  

Helicity	
  frame	
  Go�ried-­‐Jackson	
  frame	
  Helicity	
  frame	
  Go�ried-­‐Jackson	
  frame	
  

3π	
   2π	
  

high	
  t’	
  

low	
  masses	
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Quick	
  Check	
  for	
  “odd”	
  waves	
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3.09%

About	
  5%	
  absorbed	
  	
  
by	
  “odd”	
  waves	
  



Exzellenzcluster Universe 

Mass-­‐dependent	
  fit	
  (ππ)S-­‐wave	
  	
  
	
  
•  and	
  fit	
  	
  decay	
  amplitudes	
  fk	
  :	
  

–  for	
  each	
  2-­‐body	
  mass	
  bin	
  k	
  (bin	
  width	
  variable:	
  10-­‐20	
  MeV/c2)	
  
–  for	
  each	
  3-­‐body	
  mass	
  bin	
  mX	
  (bin	
  width	
  20	
  MeV/c2)	
  

•  Determine	
  phase	
  as	
  usual	
  :	
  w.r.t.	
  
•  Mass	
  dependent	
  fit:	
  	
  

–  use	
  anchor	
  wave	
  with	
  parametrizaCon	
  of	
  2π-­‐isobars	
  
–  use	
  model	
  for	
  3π-­‐isobars	
  and	
  2π-­‐isobars:	
  

	
  
	
  

non-­‐resonant	
  

anchor	
  wave	
   j	
  =	
  1:	
  0	
  -­‐	
  +	
  	
  	
  	
  	
  j	
  =	
  2:	
  1+	
  +	
  



Exzellenzcluster Universe 

Mass	
  independent	
  fit	
  



Exzellenzcluster Universe 

How	
  to	
  produce	
  “other”	
  mesons	
  

•  DiffracCon:	
  πptarget	
  ➝	
  X	
  +	
  precoil➝	
  nπ	
  +	
  precoil	
  
–  isospin	
  =	
  1	
  	
  
–  spin-­‐alignment	
  M	
  of	
  resonance	
  X	
  	
  w.r.t.	
  to	
  producCon	
  mormal 
–  PWA	
  is	
  clean	
  
–  isospin	
  =	
  0	
  possible	
  in	
  decay	
  products	
  of	
  	
  X	
  

•  Central production: pptarget	
  ➝	
  pfast	
  +	
  X	
  +	
  precoil	
  
	
   	
   	
   	
   	
   	
   	
   	
  	
  ➝	
  pfast	
  +	
  nπ/Κ/η	
  +	
  precoil	
  
–  isospin	
  =	
  0	
  
–  “glue-­‐rich”	
  systems	
  
–  PWA	
  with	
  ambiguiCes	
  for	
  n=2	
  
–  typically	
  populaCng	
  low	
  spin	
  states	
  J	
  

•  J/ψ-­‐decays:	
  J/ψ ➝	
  X	
  +	
  γrecoil	
  
•  pp-­‐annihilaCons	
  or	
  heavy	
  meson	
  decays	
  (Dalitz	
  plot	
  analysis)	
  

–  typically	
  populaCng	
  low	
  spin	
  states	
  J 


