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What	
  is	
  T	
  viola1on	
  and	
  why	
  is	
  it	
  interes1ng	
  (a	
  reminder)	
  
	
  
Sensi1vity	
  to	
  T	
  viola1on	
  of	
  precision	
  experiments	
  in	
  strongly-­‐interac1ng	
  systems	
  
	
  
Polarized	
  neutron	
  op1cs	
  test	
  of	
  T	
  invariance:	
  the	
  idea	
  
	
  
QUESTION:	
  can	
  T-­‐odd	
  “noise”	
  from	
  local	
  symmetry	
  viola1on	
  in	
  exo1c	
  
QCD	
  phases	
  “leak	
  into”	
  low	
  energy	
  observables	
  in	
  nuclei?	
  



P,	
  CP,	
  T,	
  and	
  CPT	
  

•  Parity	
  viola1on	
  (1956)	
  
–  only	
  in	
  weak	
  interac1on	
  

•  CP	
  viola1on	
  (1964)	
  
–  parametrized	
  but	
  not	
  understood	
  
–  only	
  seen	
  so	
  far	
  in	
  K0	
  &	
  B0	
  systems	
  
–  Doesn’t	
  seem	
  to	
  be	
  responsible	
  for	
  baryon	
  
asymmetry	
  of	
  universe	
  

•  T	
  viola1on	
  (1999)	
  
–  CPT	
  is	
  good	
  symmetry	
  so	
  far:	
  T	
  ↔	
  CP	
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Sakharov	
  Criteria	
  to	
  generate	
  ma0er/an2ma0er	
  asymmetry	
  from	
  
the	
  laws	
  of	
  physics	
  
–  Baryon Number Violation (not yet seen) 
–  C and CP Violation (seen but too small by ~1010) 
–  Departure from Thermal Equilibrium (no problem?)  

A.D.	
  Sakharov,	
  JETP	
  Le`.	
  5,	
  24-­‐27,	
  1967	
  	
  
 
 

	
  
	
  

Ma0er/An2ma0er	
  Asymmetry	
  in	
  the	
  Universe	
  in	
  Big	
  
Bang,	
  star2ng	
  from	
  zero	
  

Searches for T violation in strongly-
interacting systems at low energy: 
 
Electric Dipole Moment Searches (E~0)  
 
T-odd Polarized Neutron Optics (E~6 MeV)  



Electric Dipole Moments:  
P-odd/ T-odd Observable 
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Non-zero dn violates both P and T 

Under a parity operation: Under a time-reversal operation: 
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EDMs	
  are	
  “null	
  tests”	
  of	
  1me	
  reversal	
  invariance	
  	
  
(no	
  “final	
  state	
  effects”	
  can	
  fake	
  an	
  EDM)	
  



EDM	
  Measurement	
  Principle/Sensi1vity	
  

ν(↑↑)	
  –	
  ν(↑↓)	
  =	
  	
  –	
  4	
  E	
  d/	
  h	
  	
  
assuming	
  B	
  unchanged	
  when	
  E	
  is	
  reversed.	
  

B0 E 
<Sz> = + h/2 

<Sz> = - h/2 

hν(0) hν(↑↑) hν(↑↓) 

B0 B0 E 

EDM	
  limits	
  -­‐>	
  ra1o	
  (T-­‐odd	
  amplitude	
  in	
  nucleon/strong	
  amplitude)~10-­‐11	
  
	
  
T	
  viola1on	
  from	
  CKM	
  phases	
  smaller	
  by	
  ~5	
  orders	
  of	
  magnitude	
  here	
  
	
  
EDMs	
  are	
  ground	
  state	
  proper1es	
  of	
  the	
  system:	
  excita1on	
  energy	
  ~0	
  



Low	
  energy	
  neutrons	
  can	
  access	
  a	
  dense	
  forest	
  	
  
of	
  highly	
  excited	
  states	
  in	
  the	
  compound	
  nucleus.	
  	
  
	
  
Large	
  amplifica1on	
  of	
  discrete	
  symmetry	
  viola1on	
  	
  
(P	
  and	
  T)	
  is	
  possible.	
  Very	
  large	
  amplifica1ons	
  	
  
of	
  P	
  viola1on	
  were	
  observed	
  long	
  ago	
  



Apparatus	
  to	
  Measure	
  σ	
  .k	
  Parity	
  Viola1ng	
  Asymmetry	
  

TRIPLE	
  collabora1on	
  measured	
  ~60	
  parity-­‐odd	
  asymmetries	
  in	
  p-­‐wave	
  resonances	
  in	
  heavy	
  
nuclei	
  G.	
  M.	
  Mitchell,	
  J.	
  D.	
  Bowman,	
  S.	
  I.	
  Penila,	
  and	
  E.	
  I.	
  Sharapov,	
  Phys.	
  Rep.	
  354,	
  157	
  (2001).	
  
	
  
Quan1ta1ve	
  analysis	
  of	
  distribu1on	
  of	
  parity-­‐odd	
  asymmetries	
  conducted	
  using	
  nuclear	
  
sta1s1cal	
  spectroscopy	
  S.	
  Tomsovic,	
  M.	
  B.	
  Johnson,	
  A.	
  Hayes,	
  and	
  J.	
  D.	
  Bowman,	
  Phys.	
  Rev.	
  C	
  62,	
  
054607	
  (2000).	
  



Large	
  Parity	
  Viola1on	
  in	
  the	
  Compound	
  Nucleus	
  
~60	
  P-­‐odd	
  asymmetries	
  measured	
  

	
  



Parity	
  Viola1on	
  in	
  n+	
  139La	
  at	
  0.734	
  eV	
  	
  	
  	
  	
  Δσ/σ =0.097±.005.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Larger	
  than	
  dimensional	
  analysis	
  es1mate	
  by	
  ~106	
  	
  

How?	
  (1)	
  Admixture	
  of	
  (large)	
  s-­‐wave	
  amplitude	
  into	
  (small)	
  p-­‐wave	
  ~1/kR~1000	
  
(2)	
  Weak	
  amplitude	
  dispersion	
  for	
  106	
  Fock	
  space	
  components	
  ~sqrt(106)=1000	
  
	
  
Idea	
  is	
  to	
  use	
  the	
  observed	
  enhancement	
  of	
  PV	
  to	
  search	
  for	
  a	
  TRIV	
  asymmetry.	
  



The	
  enhancement	
  of	
  P-­‐odd/T-­‐odd	
  amplitude	
  on	
  p-­‐wave	
  resonance	
  (σ.[K	
  X	
  I])	
  is	
  
(almost)	
  the	
  same	
  as	
  for	
  P-­‐odd	
  amplitude	
  (σ.K).	
  
	
  
Experimental	
  observable:	
  ra1o	
  of	
  P-­‐odd/T-­‐odd	
  to	
  P-­‐odd	
  amplitudes	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  λ	
  can	
  be	
  measured	
  	
  with	
  a	
  sta1s1cal	
  uncertainty	
  of	
  ~1	
  10-­‐5	
  in	
  107	
  sec	
  at	
  MW-­‐class	
  
spalla1on	
  neutron	
  sources.	
  	
  
Ra1o	
  (T-­‐odd	
  amplitude	
  in	
  nucleon/strong	
  amplitude)~10-­‐12	
  
Excita1on	
  energy	
  (~few	
  MeV)	
  is	
  not	
  zero.	
  
	
  
Forward	
  sca`ering	
  neutron	
  op1cs	
  limit	
  is	
  null	
  test	
  for	
  T	
  (no	
  final	
  state	
  effects)	
  

�PT =
��PT

��P
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T	
  viola1on	
  Searches	
  with	
  EDMs	
  and	
  
Compound	
  Nuclei	
  

complicated	
  theore1cal	
  landscape	
  
important	
  to	
  perform	
  experiments	
  in	
  many	
  systems	
  



Conclusions/Ques1on	
  
Any	
  discovery	
  of	
  a	
  new	
  source	
  of	
  T	
  viola1on	
  is	
  of	
  fundamental	
  importance	
  for	
  physics,	
  	
  
and	
  possibly	
  also	
  for	
  cosmology	
  
	
  
EDMs	
  and	
  T	
  viola1on	
  in	
  epithermal	
  neutron	
  resonances	
  are	
  both	
  true	
  “null	
  tests”	
  	
  
for	
  T	
  viola1on	
  and	
  are	
  sensi1ve	
  searches	
  for	
  T	
  in	
  strongly	
  interac1ng	
  systems	
  
	
  
ra1o	
  (T-­‐odd	
  amplitude	
  in	
  nucleon/strong	
  amplitude)~10-­‐11-­‐10-­‐12	
  
	
  
Excita1on	
  energy	
  (EDMs)~0	
  	
  	
  	
  	
  	
  Excita1on	
  energy	
  (n	
  resonances)~few	
  MeV	
  
	
  
local	
  symmetry	
  viola1on	
  in	
  exo1c	
  QCD	
  phases	
  can	
  make	
  T-­‐odd	
  “noise”	
  	
  
ra1o	
  (T-­‐odd	
  noise	
  from	
  local	
  symmetry	
  viola1on/strong	
  amplitude)~10-­‐2	
  
	
  
local	
  symmetry	
  viola1on	
  effects:	
  do	
  they	
  completely	
  go	
  away	
  in	
  a	
  different	
  phase?	
  	
  
	
  

QUESTION:	
  can	
  T-­‐odd	
  “noise”	
  from	
  local	
  symmetry	
  viola1on	
  	
  
in	
  	
  exo1c	
  QCD	
  phases	
  “leak	
  into”	
  low	
  energy	
  observables	
  	
  
in	
  nucleons/nuclei?	
  
	
  
	
  
	
  
	
  
	
  



T	
  viola1on	
  in	
  Neutron	
  Op1cs	
  
•  T	
  –	
  odd	
  term	
  in	
  FORWARD	
  sca`ering	
  amplitude	
  (a	
  null	
  test,	
  like	
  

EDMs)	
  with	
  polarized	
  n	
  beam	
  and	
  polarized	
  nuclear	
  target	
  	
  
•  P-­‐odd/T-­‐odd	
  (most	
  interes1ng)	
  	
  
•  Amplified	
  on	
  select	
  P-­‐wave	
  epithermal	
  neutron	
  resonances	
  by	
  

~5-­‐6	
  orders	
  of	
  magnitude	
  
•  Es1mates	
  of	
  stat	
  sensi1vity	
  at	
  SNS/JSNS	
  look	
  very	
  interes1ng:	
  
Exis1ng	
  technology/sources-­‐>ΔσPT/ΔσP~1E-­‐5	
  
•  The	
  nuclei	
  of	
  interest,	
  resonance	
  energies,	
  and	
  P-­‐odd	
  

asymmetry	
  amplifica1ons	
  are	
  measured	
  

⇥�n · ( ⇥kn � ⇥I)

Nucleus	
   Resonance	
  Energy	
   PV	
  asymmetry	
  
131Xe	
   3.2	
  eV	
   0.043	
  
139La	
   0.748	
  eV	
   0.096	
  
81Br	
   0.88	
  eV	
   0.02	
  



EDITORS’ SUGGESTION Phys. Rev. C (2015)
Search for time reversal invariance violation in neutron transmission

J. David Bowman and Vladimir Gudkov



“Mo1on-­‐Reversed”	
  Experiment	
  (sys	
  error	
  free	
  in	
  the	
  n	
  op1cs	
  limit)	
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Bowman/Gudkov,	
  arXiv:1407.7004	
  

	
  	
  f3<<f1,	
  f2	
  



N- N Weak Interaction: Size and Mechanism 

Relative strength of weak / strong amplitudes: 
 
Use parity violation to isolate the weak contribution to the NN interaction. 
 
NN strong interaction at low energy largely dictated by QCD chiral symmetry. 
Can be parametrized by effective field theory methods. 

NN repulsive core → 1 fm range for NN strong force 

~1 fm 

                                = valence + sea quarks + gluons + … 
 
interacts through NN strong force, mediated by mesons 
 
QCD possesses only vector quark-gluon couplings → conserves parity  

Both W and Z exchange possess 
much smaller range [~1/100 fm] 

weak 



Time	
  Reversal	
  Experiment	
  “TREX”	
  	
  
Neutron	
  Op1cs	
  for	
  T	
  Viola1on	
  “NOP-­‐T”	
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Merge	
  the	
  acronyms:	
  	
  
NOPTREX	
  



“Time	
  Reversal”	
  -­‐>	
  Mo1on	
  Reversal	
  

V1(t=0)

V2(t=1)

-V2(t=0)

V3(t=1)

Is the final state of the motion with time-reversed final conditions 
V3(t=1) the same as the time-reversed initial condition -V1(t=0)?

This is an experimental question         Gotta reverse the spins too 



Apparatus	
  for	
  
PV	
  at	
  a	
  spalla1on	
  neutron	
  
source	
  
	
  
Polarized	
  proton	
  target	
  to	
  
make	
  polarized	
  neutrons	
  
(S.	
  Penila,	
  using	
  cryostat	
  now	
  
at	
  UVA!)	
  
	
  
	
  
Look	
  for	
  σ.k	
  dependence	
  of	
  
total	
  cross	
  sec1on	
  
	
  
	
  



Comparison	
  of	
  experimental	
  CN	
  matrix	
  elements	
  with	
  Tomsovic	
  theory	
  using	
  DDH	
  “best”	
  
meson-­‐nucleon	
  couplings:	
  agreement	
  within	
  a	
  factor	
  of	
  2	
  


