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Outline	

•  Positronium	  Hyperfine	  Spli6ng	  
(Ps-‐HFS)	  

•  Our	  new	  experiment	  

•  Results	  of	  the	  prototype	  run	  
•  Prospects	  &	  Current	  status	  
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Positronium	  Hyperfine	  Spli6ng	  	  
(Ps-‐HFS)	

o-‐Ps	

p-‐Ps	

(ground	  state)	  HFS	  
0.84meV	

Energy	  difference	  
between	  two	  spin	  
eigenstates	  of	  the	  ground	  
state	  Ps	  	  →	  Ps-‐HFS	
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HFS [GHz]
203.385 203.387 203.389 203.391 203.393 203.395

Experimental
average

Theory
(Kniehl et al., 2000)

Mills et al., 1983

Ritter et al., 1984

Discrepancy	  Between	  	  
Experiments	  and	  Theory	

Two	  independent	  
experimental	  results	  
are	  consistently	  
lower	  than	  theory.	

Experimental	  average	  	  
203.388	  65(67)	  GHz	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3.3	  ppm)	  

O(α3)	  QED	  theory	  
203.391	  69(41)	  GHz	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.0	  ppm)	

15	  ppm	  (3.9	  σ)	  discrepancy	
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Possible	  reasons	  for	  the	  discrepancy	

•  Common	  systemaOc	  uncertainOes	  in	  the	  previous	  
experiments	  
–  UnderesOmaOon	  of	  material	  effects.	  Unthermalized	  o-‐Ps	  
can	  have	  a	  significant	  effect	  especially	  at	  low	  material	  
density.	  	  cf.	  o-‐Ps	  life,me	  puzzle	  (1990’s)	  

–  Non-‐uniformity	  of	  the	  magneOc	  field.	  It	  is	  quite	  difficult	  to	  
get	  ppm	  level	  uniform	  field	  in	  a	  large	  Ps	  formaOon	  volume.	  

•  Mistakes	  in	  the	  theoreOcal	  calculaOons	  
–  The	  bound	  state	  QED	  is	  sOll	  developing.	  (O(α3)	  calculaOon)	  

–  Non-‐relaOvisOc	  QED	  (NRQED)	  might	  be	  wrong.	  

•  New	  physics	  beyond	  the	  Standard	  Model	  
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3GHz	

Experimental	  Technique	  
Indirect	  Measurement	  using	  Zeeman	  Effect	

Precisely	  measure	  the	  Δmix	  
and	  calculate	  ΔHFS	  by	  the	  
equaOon,	  	

€ 

Δmix =
1
2
Δ HFS 1+ 4x 2 −1( ),

x = ʹ′ g µB B
Δ HFS

.

In	  a	  staOc	  magneOc	  field,	  
the	  p-‐Ps	  state	  mixes	  with	  
the	  mZ=0	  state	  of	  o-‐Ps	  
	  (Annihilate	  into	  2	  γ-‐rays).	  

6	

!HFS

!mix

!"# "mz$0#

!%&#, !'(# "mz$)1#
!*# "mz$0#

0.0 0.2 0.4 0.6 0.8 1.0
"207

"206

"205

"204

Ep"Ps
"203

0, Eo"Ps

1

2

3

4

B $T%

E
$GHz

%

203	  GHz	
Calculate	  ΔHFS	  	  
from	  Δmix	

Indirect	  
measurement	

Direct	  
measurement	  
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Experimental	  Technique	  
Indirect	  Measurement	  using	  Zeeman	  Effect	
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@	  0.9	  T	

203	  GHz	

Zeeman	  
transiCon	

When	  a	  microwave	  field	  with	  a	  
frequency	  of	  Δmix	  is	  applied,	  
transiOons	  between	  the	  mZ=0	  
and	  mZ=±1	  states	  of	  o-‐Ps	  are	  
induced.	  

→	  2γ-‐ray	  annihilaOon	  (511	  keV	  
monochromaCc	  signal)	  	  rate	  
increases.	  
	  This	  increase	  is	  our	  
experimental	  signal.	

→This	  is	  the	  same	  
approach	  as	  previous	  
experiments.	

3γ	

2γ	

2γ	



Our	  New	  Experiment	
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800	  mm	
・Large	  bore	  
superconducOng	  
magnet	

22Na	  
(700	  kBq)	  

To	  reduce	  the	  systemaOc	  uncertainOes,	  we	  use	  the	  following	  new	  methods.	

・β-‐tagging	  system	  and	  
Oming	  informaOon	

・High	  performance	  
(fast	  and	  high	  energy	  
resoluOon)	  γ-‐ray	  

detectors	

RF	  SG	  +	  
GaN	  Amp.	  



Our	  New	  Experiment	
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・Large	  bore	  
superconducOng	  
magnet	

To	  reduce	  the	  systemaOc	  uncertainOes,	  we	  use	  the	  following	  new	  methods.	

800	  mm	

StaCc	  magneCc	  field	  
B	  (0.866	  T)	

RF	  SG	  +	  
GaN	  Amp.	  

Large	  size	  →	  Uniform	  
Persistent	  Current	  mode	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  →	  Stable	



RF	  SG	  +	  
GaN	  Amp.	  

Our	  New	  Experiment	
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22Na	  
(700	  kBq)	  

To	  reduce	  the	  systemaOc	  uncertainOes,	  we	  use	  the	  following	  new	  methods.	

・β-‐tagging	  system	  and	  Oming	  informaOon	

B	  (0.866	  T)	

β+	

(1)	  Prompt	  suppression	  (→	  Next	  page)	  
(2)	  Directly	  measure	  the	  Ps	  	  
	  	  	  	  thermalizaOon	  effect	

75	  mm	
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Prompt	  Suppression	

Decay	  curve	  of	  Ps	

Select	  the	  o-‐Ps	  events	  (and	  Zeeman	  transiOon	  events)	  with	  	  
Timing	  window	  	  →	  About	  20	  Omes	  higher	  S/N	  	  

2γ	  Backgrounds	  
(In	  the	  previous	  
experiments,	  these	  
events	  are	  also	  taken).	
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High	  S/N	

accidental	

prompt	  peak	

o-‐Ps	  decay	  curve	



Our	  New	  Experiment	
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RF	  Cavity	  
TM110	  mode,	  QL=14,700	  
Filled	  with	  gas	  
(N2	  90%	  +	  iso-‐C4H10	  10%)	  

To	  reduce	  the	  systemaOc	  uncertainOes,	  we	  use	  the	  following	  new	  methods.	

β+	

128mm	  

B	  (0.866	  T)	

22Na	  
(700	  kBq)	  

Ps	

RF	  SG	  +	  
GaN	  Amp.	  
2.9	  GHz	  
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RF	  SG	  +	  
GaN	  Amp.	  

Our	  New	  Experiment	
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B	  (0.866	  T)	

22Na	  
(700	  kBq)	  

To	  reduce	  the	  systemaOc	  uncertainOes,	  we	  use	  the	  following	  new	  methods.	

・High	  performance	  (fast	  
and	  high	  energy	  resoluOon)	  	  

γ-‐ray	  detectors	

γ	

γ	
Ps	

-‐ LaBr3(Ce)	  scinCllators	  x	  6	  
-‐ High	  energy	  (4%)	  and	  
Cming	  	  (200	  ps)	  resoluCons,	  
short	  (16	  ns)	  decay	  
constant.	  

20	  ns	1275	  keV	

511	  keV	
100	  mV	

22Na	
40	  mm	

50	  mm	



Our	  Experimental	  Setup	  	  
Prototype	  Run	  (2	  Jul	  –	  24	  Sep	  ’09)	  @KEK	

Waveguide	

Large	  bore	  	  
superconducOng	  magnet	  	  

Cavity	  and	  detectors	  
at	  the	  center	  of	  the	  	  
magnet.	
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Trigger	  rate	  ~	  3.6	  kHz	  
DAQ	  rate	  ~	  600	  Hz	  
RF-‐ON	  measurement	  in	  the	  	  
dayOme,	  	  
RF-‐OFF	  measurement	  in	  
the	  nigh6me	  and	  on	  
holidays.	



Center	  of	  the	  Magnet	

Waveguide	  (RF)	

RF	  Cavity	

γ-‐ray	  detectors	

β-‐tagging	  system	  
behind	  the	  cavity.	
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TIMING SPECTRA at 0.8658169 T (LaBr

TIMING WINDOW

Analysis	

Short	  Component	  
(mz	  =	  0)	

Long	  Component	  
(mz	  =	  ±1)	

ON	  Resonance	  RF	  ON	
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Timing	  Spectra	
ON	  Resonance	  RF	  OFF	

Suppress	  Prompt	  and	  Accidental	  backgrounds	  
with	  a	  Timing	  window	  of	  35	  ns	  –	  155	  ns	
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ENERGY SPECTRA at 0.8658169 T (LaBrEnergy	  Spectra	 511	  keV	

2γ	  decay	  rate	  increases	  
because	  of	  the	  Zeeman	  
transiOon.	

Accidental	  is	  subtracted	  
using	  TW	  of	  700—900	  ns	

High	  S/N	



Resonance	  Lines	
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RESONANCE LINE at 0.8916 amagat

Fised	  by	  
theoreOcal	  
line	  
calculated	  
from	  
Hamiltonian	

Resonance	  Line	  at	  1.350	  1	  amagat	
Resonance	  Line	  at	  
0.891	  6	  	  amagat	

ΔHFS	  =	  203.368	  3(55)	  GHz	  (27	  ppm)	
ΔHFS	  =	  203.379	  3(70)	  
GHz	  (34	  ppm)	

→　Obtain	  the	  ΔHFS	  in	  vacuum	  with	  density	  correcOon.	

Scan	  by	  MagneOc	  Field	  with	  the	  
fixed	  RF	  frequency	  and	  power.	  

2γ/3γ	  decay	  raOo	  is	  taken	  to	  be	  a	  
Zeeman	  transiOon	  amount.	
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 (GHz)HFS!

203.372 203.374 203.376 203.378 203.38 203.382 203.384 203.386 203.388 203.39 203.392

mg
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#13
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This measurement

Result	  of	  the	  prototype	  run	
• Our	  system	  has	  
worked	  well.	  
• The	  result	  of	  the	  
prototype	  run	  is	  
consistent	  with	  
the	  previous	  
experiments	  and	  
the	  theory.	  

Ps-‐HFS	  obtained	  from	  the	  Prototype	  Run:	  
ΔHFS	  =	  203.380	  4	  ±	  0.002	  2	  (stat.,	  11	  ppm)	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ±	  0.008	  1	  (sys.,	  40	  ppm)	  GHz	  
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SystemaOc	  Errors	
Source	 ppm	  in	  ΔHFS	

Non-‐uniformity	 21	

Offset	  and	  reproducibility	 4	

NMR	  measurement	 2	

Method	 18	

StaOsOcs	  of	  MC	  simulaOon	 17	

QL	  value	  of	  RF	  cavity	 6	

RF	  power	 5	

RF	  frequency	 5	

ThermalizaOon	  of	  Ps	 <20	

Gas	  density	  dependence	 7	

Quadrature	  sum	 40	
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MagneOc	  
Field	

DetecOon	  
Efficiency	  
esOmaOon	

Material	  
Effect	

RF	  System	



Prospects	  &	  Current	  status	
•  MagneOc	  Field:	  CompensaOon	  magnets	  
	  →	  O(ppm)	  magneOc	  field	  uniformity	  (Done	  →	  Next	  page)	  
•  Material	  Effect:	  Measurements	  at	  various	  pressures	  
of	  gas	  →	  EsOmate	  the	  Stark	  Effect	  (Final	  measurement)	  

	  	  	  	  Precisely	  measure	  the	  Ps	  thermalizaOon	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Now	  taking	  data)	  
•  RF	  System:	  The	  experimental	  environment	  	  
(temperature)	  control	  →	  Almost	  cleared.	  	  

•  StaOsOcs:	  85-‐day	  prototype	  run	  achieved	  11	  ppm.	  A	  
measurement	  with	  a	  precision	  of	  O(ppm)	  is	  expected	  
within	  a	  few	  years.	  	  

•  DetecOon	  efficiency:	  Will	  be	  carefully	  studied	  and	  
will	  be	  esOmated	  by	  real	  data.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  →	  O(ppm)	  systemaOc	  error.	  (Not	  yet)	  
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CompensaOon	  Magnet	
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MagneOc	  Field	  distribuOon	  (Horizontal)	  
(O	  is	  the	  center	  of	  the	  cavity)	

・	  2	  ring-‐coils	  are	  rolled	  on	  
the	  cavity	  flange.	  
・	  They	  make	  the	  opposite	  	  
field	  and	  reduce	  the	  
gradient.	 →	  It	  is	  installed	  in	  the	  final	  run	  setup.	

0.9	  ppm	  (RMS)	  uniformity	  in	  the	  Ps	  
formaOon	  volume	  (10.4	  ppm	  w/o	  coils)	

2	  ring	  coils	

RF	  cavity	



Conclusion	
•  There	  is	  a	  3.9	  σ	  discrepancy	  in	  the	  ground	  state	  Ps-‐HFS	  
between	  the	  experimental	  results	  and	  the	  QED	  
predicOon.	  

•  We	  propose	  a	  new	  experiment	  to	  measure	  the	  Ps-‐HFS	  
with	  Oming	  informaOon.	  

•  Our	  experiment	  reduces	  possible	  common	  
uncertainOes	  in	  previous	  experiments	  (Non-‐uniformity	  
of	  magneOc	  field,	  Ps	  thermalizaOon	  effect).	  

•  The	  prototype	  run	  has	  been	  performed.	  
•  The	  preliminary	  value	  of	  Ps-‐HFS	  with	  an	  accuracy	  of	  41	  
ppm	  has	  been	  obtained	  from	  the	  prototype	  run.	  

•  A	  new	  result	  with	  an	  accuracy	  of	  O(ppm)	  will	  be	  
obtained	  within	  a	  few	  years	  which	  will	  be	  an	  
independent	  check	  of	  the	  discrepancy.	  
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