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How good 
is MSW? 

A	
  challenge	
  to	
  Alexei	




Constraining	
  εee	
  with	
  solar	
  ν	


June	
  27,	
  2012	
   Alexei	
  Fest	
  

GF	
  AMSW	
  GF	
  

AMSW	
  =	
  1+εee	


Current	
  
constraint	


+SK-­‐upturn-­‐3σ	


HM-­‐Pena-­‐Garay	
  arXiv:
1009.4869	
  [hep-­‐ph]	


+Be5%-­‐pep3%	


+SK-­‐d/n-­‐2σ	


+low	
  E-­‐spectrum	


Update	
  of	
  the	
  analysis	
  
by	
  Fogli-­‐Lisi,	
  NJP	
  04	


Alexei	
  wall	
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Quark 
lepton  

complemen
tarity 



Large	
  θ13	
  in	
  QLC	
  context	
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Bi-­‐maximal	
  mixing	
  from	
  neutrinos	


Predicted	
  value	
  of	
  θ13	
  in	
  this	
  model	
  
agrees	
  well	
  with	
  experiments	
  !	


HM-­‐A.Smirnov	
  04	


QLC	
  based	
  on	
  observa-on:	
  θ12	
  +	
  θC	
  =	
  π/4	
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Superluminal 
neutrino? 

Apparently no 
except for..	




Neutrino	
  velocity	
  a^er	
  OPERA?	


•  S-ll	
  interes-ng	
  subject	
  
•  Topics	
  of	
  our	
  newest	
  publica-on	
  
•  It	
  is	
  a	
  new	
  subject	
  to	
  me	
  

•  Can	
  we	
  see	
  neutrino	
  wave	
  packet?	
  
•  Future	
  measurement	
  of	
  neutrino	
  and	
  light	
  
veloci-es	
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 Nothing 
anomalous 
because we 
take special 
relativity  



v=dE/dp	
  in	
  macer	
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a=√2GFNep	


because	
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Neutrino 
wave packet 

is large	




Quantum	
  states	
  in	
  a	
  decay	
  tunnel	


•  Suppose	
  pions	
  are	
  produced	
  at	
  the	
  target	
  and	
  
will	
  decay	
  in	
  flight	
  in	
  vacuum	
  

•  Quantum	
  states	
  in	
  a	
  decay	
  tunnel	
  is	
  a	
  
superposi-on	
  of	
  un-­‐decayed	
  pion	
  and	
  µ	
  +	
  νµ	



•  Unless	
  pion	
  (or	
  muon)	
  is	
  observed	
  we	
  do	
  not	
  
know	
  which	
  states,	
  π	
  or	
  (µ	
  +	
  νµ),	
  is	
  realized	
  in	
  
the	
  tunnel	
  

•  Then,	
  νµ state	
  is	
  a	
  single	
  quantum	
  state	
  at	
  
anywhere	
  in	
  the	
  decay	
  tunnel	
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Energy	
  loss	
  =	
  0.2%	
  in	
  JPARC	
  decay	
  tunnel	
  (110m)	




Neutrino	
  wave	
  packet	
  is	
  large	


•  How	
  big	
  is	
  the	
  νµ wave	
  packet?	
  
•  Once	
  “coherence	
  over	
  decay	
  tunnel”	
  is	
  agreed	
  
the	
  size	
  is	
  determined	
  by	
  mo-on	
  of	
  νµ wave	
  	
  

•  “soap	
  bubble”	
  model	
  of	
  ν	
  wave	
  packet	
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How	
  big	
  is	
  the	
  νµ wave	
  packet?	


•  At	
  t=0	
  pion	
  is	
  produced	
  
•  At	
  -me	
  t1	
  when	
  νµ 	
  emiced	
  at	
  the	
  end	
  of	
  decay	
  
pipe,	
  the	
  first	
  emiced	
  νµ is	
  at	
  x1	
  =	
  lp	
  +	
  σ = vνt1	



•  t1	
  =	
  lp	
  /	
  vπ or	
  	
  lp	
  =	
  vπt1	
  
•  By	
  elimina-ng	
  t1	
  we	
  obtain	
  vν/vπ=(lp	
  +	
  σ )/lp,	
  or	
  
σ/lp	
  =	
  vν/vπ –	
  1	
  ~	
  mπ

2/2p2	
  

•  packet	
  size	
  σ 	
  ~	
  lp	
  /γπ2	
  (dimension	
  is	
  from	
  lp)	
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-me	
  t1	

σ	


lp	


x1	




Numerically	
  ..	
  	


•  packet	
  size	
  σ 	
  ~	
  lp	
  /γπ2	
  	
  

•  σ 	
  ~	
  50	
  cm	
  (γπ/10)-­‐2	
  (lp/100	
  m)	
  	
  or	
  
•  σ 	
  ~	
  18	
  cm	
  (E/1GeV)-­‐2	
  (lp/100	
  m)	
  
•  Note:	
  γπ=16.8	
  (E/1GeV)	
  for	
  pion	
  decay,	
  so	
  γπ=10	
  
correspond	
  to	
  E=~	
  600MeV	
  	
  

•  Neutrino	
  wave	
  packet	
  is	
  large!	
  
•  Time	
  difference	
  1m/3x108m=	
  3	
  ns,	
  so	
  seeing	
  
the	
  profile	
  of	
  ν	
  wave	
  packet	
  may	
  not	
  be	
  too	
  
difficult	
  

•  interes-ng	
  experimental	
  challenge	
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Superluminal 
neutrinos ?	
  

Yes !	




Is	
  there	
  possibility	
  of	
  superluminal	
  
neutrino	
  propaga-on?	


•  Yes	
  
•  But	
  how?	
  
•  By	
  modula-on	
  of	
  wave	
  packet	
  shape	
  in	
  flight;	
  
center	
  of	
  mass	
  moves	
  faster/slower	
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v=c	
v<c	
 v>c	


Normal	
  packet	

superluminal	
  packet	


Subluminal	
  packet	




If	
  ν	
  oscillate	
  it	
  is	
  easy	
  ..	
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νµ	




Inser-ng	
  into	
  	
  

Ψk	
  ~	
  e	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gk(x	
  –	
  vkt)	
  	
  	
  

Ek(pk)	
  =	
  	
  	
  pk2	
  	
  +	
  mk
2	
  

Depends	
  on	
  mean	
  
characteris-cs	
  	
  pk	
  	
  and	
  
corresponding	
  energy:	
  	
  	
  

Ek(p)	
  =	
  Ek(pk)	
  +	
  vk(p	
  -­‐	
  pk)	
  	
  	
  	
  
(neglec-ng	
  spread	
  of	
  	
  
	
  the	
  wave	
  packets)	
  

Ψk	
  ~	
  	
  	
  dp	
  fk(p	
  –	
  pk)	
  e	
  	
  
ipx	
  –	
  iEk(p)t	
  	
  

	
  ipkx	
  –	
  iEk(pk)t	
  	
  	
  	
  

gk(x	
  –	
  vkt)	
  =	
  	
  	
  dp	
  fk(p)	
  e	
  	
  	
  
	
  ip(x	
  –	
  vkt)	
  	
  	
  	
  

	
  Shape	
  factor	
  Phase	
  factor	
  	
  

iφk	


e	
  

φk	
  =	
  pk	
  x	
  –	
  Ek	
  t	
  	
  
Depends	
  on	
  x	
  and	
  t	
  only	
  in	
  combina-on	
  
(x	
  –	
  vkt)	
  	
  and	
  therefore	
  	
  
Describes	
  propaga-on	
  of	
  the	
  wave	
  
packet	
  with	
  group	
  velocity	
  	
  vk	
  without	
  
change	
  of	
  the	
  shape	
  	
  	
  

Alexei	
  course	
  I	




ν2	
  

x	
  

ν1	
  

σx	



νe  =  cosθ ν1 + sinθ ν2       	


νµ  = - sinθ ν1 + cosθ ν2 	



cosθ	
  

sinθ	
  

νe	



opposite	
  phase	
  

ν1  =  cosθ νe - sinθ νµ     	


ν2 =  cosθ νµ + sinθ νε       	



|ν	
  (x,t)>	
  =	
  	
  cosθ	
  g1(x	
  –	
  v1	
  t)e	
  	
  	
  	
  |ν1>	
  +	
  sinθ g2(x	
  –	
  v2t)e	
  	
  	
  	
  	
  |ν2 >	
  
iφ2	

iφ1	



φ  = φ2 -­‐ φ1	
  

Interfere
nce	
  of	
  	
  

the	
  same	
  flavor	
  p
arts	
  

Oscilla-on	
  phase	
  

φ  = 0 	
  
Main,	
  effec-ve	
  	
  
frequency	
  	
  

Alexei	
  course	
  I	




Exponen-al-­‐shaped	
  packet	
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φp	
  =	
  2p	
  (lp/lν)
=phase	
  varia-on	
  
inside	
  WP	
  	
  	




Box-­‐shaped	
  packet	
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φp	
  =	
  2p	
  (lp/lν)=	
  ν	
  phase	
  varia-on	
  inside	
  wave	
  packet	
  	
  	


Effect	
  not	
  very	
  large	
  ...	


φ=Δm2t/2E	




The	
  effect	
  people	
  computed	
  before	
  is	
  
even	
  smaller	
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2	
  mass	
  eigenstate	
  separate	
  as	
  
-me	
  goes	
  	
  modula-on	
  of	
  
packet	
  shape	


F~O(1)	


Extremely	
  small	
  	
  ucerly	
  negligible	




Super(sub)	
  luminal	
  shi^	
  for	
  various	
  
experimental	
  seyngs	


June	
  27,	
  2012	
 Alexei	
  Fest	




Ways	
  to	
  enhance	
  the	
  effect?	


•  Low	
  energy	
  beams	
  (stopped	
  mu	
  decay	
  ..)	
  
•  If	
  there	
  is	
  sterile	
  ν	
  of	
  Δm2~1eV2	
  then	
  σ~10	
  cm	
  	
  

•  Tune	
  the	
  energy	
  /	
  baseline	
  so	
  that	
  1/Pµµ	
  large	
  
etc.	
  

•  But	
  it	
  appears	
  that	
  <x>	
  ~	
  O(σ)	
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What we 
have 

learned?	




What	
  we	
  have	
  learned	
  	


•  Our computation provides the basic 
framework for future research on ν velocity 

•  Since ν  wave packet is large, one would 
expect rich quantum physics (but may not 
easy to measure..) 

•  We have shown that ν  can travel with 
superluminal velocity (sublumi-superlumi 
periodically) 

•  Having ~1m (3 ns) difference seems difficult  
•         Not easy to design experiments to detect 

this effect 
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Further 
prospects?	
  



Any	
  further	
  prospects	
  ?	

•  Suppose	
  that	
  neutrinos	
  and	
  gamma	
  are	
  emiced	
  
from	
  a	
  distant	
  source	
  	
  

•  If	
  we	
  can	
  measure	
  arrival	
  -mes	
  of	
  both	
  ν	
  and	
  γ	
  it	
  
would	
  tell	
  us	
  new	
  ν	
  interac-ons	
  in	
  the	
  
intergalac-c	
  space,	
  or	
  space-­‐-me	
  probed	
  by	
  ν	
  
and	
  γ;	
  “new	
  gravity”	
  ..	
  

•  here	
  accuracy	
  of	
  -me	
  measurement	
  is	
  not	
  the	
  
issue	
  	
  

•  The	
  issue	
  is	
  how	
  we	
  can	
  guarantee	
  that	
  ν	
  and	
  γ	
  
are	
  emiced	
  at	
  the	
  “same	
  -me”	
  	
  

•  Variable	
  Blazer/GRB	
  like	
  object?	
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