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Sterile	  matter	  	  
effects	  

Lorentz	  Viola$on	  and	  Sterile	  Neutrinos	  	  
•  Searches	  for	  exotic	  
oscillations	  mixed	  with	  
standard	  3-‐Glavor	  
oscillations	  

•  Lorentz	  violation:	  
– L	  and	  LE	  oscillations	  

•  Sterile	  neutrinos:	  
– Fast	  oscillations	  at	  
short	  distances	  

– Sterile	  matter	  effect	  at	  
long	  distances	   2	  

L	  oscillations	  



Sensi$vity	  Studies	  
•  Presenting	  sensitivity	  studies	  to	  non-‐standard	  
oscillations	  based	  on	  analyses	  in	  SK.	  

•  Scaling	  SK-‐II	  MC	  sensitivities	  to:	  
–  10	  years	  of	  livetime	  
–  560/22.6	  for	  FC/PC	  (scale	  by	  mass)	  
–  14.4	  for	  Up-‐µ	  (scale	  by	  area)	  

•  Constrain	  3-‐Glavor	  oscillation	  parameters	  based	  on	  
external	  measurements:	  
–  Errors	  included	  as	  uncertainties	  
–  Sources:	  

•  T2K	  2014	  PRL	  νµ	  disappearance	  for	  θ23,	  Δm2
23	  

•  SK	  Solar	  for	  θ12,	  Δm2
12	  

•  PDG	  weighted	  average	  for	  θ13	  
3	  
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PRL110,	  161801	  (2013)	  

LSND	  
νµ-‐>νe	  	  

MiniBooNE	  
νµ-‐>νe	  

Reactor	  
Gallium	  

sin2 2✓ee = 4|Ue4|2(1� |Ue4|2)sin2 2✓µe = 4|Ue4|2|Uµ4|2
νe	  Appearance	   νe	  Disappearance	  



Not	  so	  simple…	  
•  With	  only	  1	  sterile	  neutrino,	  should	  see	  three	  
correlated	  signatures:	  
–  νe	  appearance	  
–  νe	  disappearance	  
–  νµ	  disappearance	  

•  No	  evidence	  yet	  of	  νµ	  	  
disappearance	  
–  Creates	  tension	  in	  global	  Gits	  

•  Models	  with	  additional	  	  
neutrinos	  tried	  
–  No	  consensus	  yet	  
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Super-‐K	  Sterile	  Model	  
•  A	  fully	  generic	  sterile	  model	  is	  difGicult	  
computationally	  
– Cannot	  calculate	  both	  active	  (νe)	  and	  sterile	  (NC)	  
matter	  effects	  together	  

•  So,	  we	  need	  to	  perform	  2	  different	  Gits:	  
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No-‐νe	  Fit	   Sterile	  Vacuum	  Fit	  

– Fit	  for	  |Uτ4|2	  +	  |Uµ4|2	  
– NC	  matter	  effects	  only	  
– Required	  for	  |Uτ4|2	  
– Over-‐constrains	  |Uµ4|2	  

– Fit	  for	  |Uµ4|2	  only	  
–  νe	  matter	  effects	  only	  
– Most	  accurate	  |Uµ4|2	  limit	  	  
– No	  |Uτ4|2	  limit	  



No-‐νe	  Fit	  
•  The	  νµ	  survival	  probability	  (3+1):	  
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1 Assumptions and Definitions

Oscillation probabilities with sterile neutrinos for SuperK with the following assumptions:

• Only 1 additional sterile neutrino

• ⌫e’s fully decoupled (✓12 ! 0 and ✓14 ! 0)

• �m2
41 ! inf, so |S̃44|2 ! 1 but S̃44 = e�i�44L ! 0

Paramaterization used:

• So far, USM is left generic

• dµ = |Uµ4|2 = sin2(✓24)

• ds = |Us4|2 = cos2(✓24) cos2(✓34)

• d⌧ = |U⌧4|2 = 1� dµ � ds, using Ue4 = 0. Not independent, but usefulf for clarity.

2 Oscillation Porbabilities

The calculation follows the example and notation of Appendix B from the 2007 PRD. The e� e and
e� µ probabilities are very simple and are consistent with the results from that paper.

For µ! µ:
Pµµ = (1� dµ)2|S̃22|2 + d2

µ (1)

which is consistent since with only 1 sterile neutrino the
P

|Uµl|4 ! d2
µ.

For µ! ⌧ :

Pµ⌧ = (1� dµ)(1� d⌧ ) + (dµ(1� dµ)� ds(1 + dµ)) |S̃22|2 �
p

dµd⌧ds

⇣
S̃23S̃

⇤
22 + S̃⇤23S̃22

⌘
(2)

For µ! s:

Pµs = (1� dµ)(1� ds) + (dµds � d⌧ ) |S̃22|2 +
p

dµd⌧ds

⇣
S̃23S̃

⇤
22 + S̃⇤23S̃22

⌘
(3)

3 Matter E↵ects a la Maltoni

Notice that in the above probabilites, only the 2 and 3 elements of S̃ appear. We will take advantage
of this to reduce the whole system to a 2-flavor proglem. By doing so we are assuming only 2-flavor
normal oscillations, e.g. Pee ! 1 and Peµ, Pµe ! 0. By doing this, we can write the evolution
matrix as based on this Hamiltonian:

H(2) = H(2)
sm + H(2)

s =
�m2

31

4E

✓
� cos 2✓23 sin 2✓23

sin 2✓23 cos 2✓23

◆
± GF Nnp

2

✓
|Ũs2|2 Ũ⇤

s2Ũs3

Ũs2Ũ
⇤
s3 |Ũs3|2

◆
(4)
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1•  2-‐level	  system	  is	  the	  beneGit	  of	  decoupling	  νe’s	  from	  
oscillations	  

•  Usi	  can	  be	  written	  in	  terms	  of	  |Uτ4|2	  and	  |Uµ4|2	  in	  a	  3+1	  
framework	  
˜	  

Pµµ =
�
1� |Uµ4|2

�2
P (2)
µµ + |Uµ4|4



Sterile	  matter	  	  
effects	  

No-‐νe	  Oscillogram	  
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PC,	  Stop	  µ	  

FC	  Sub-‐GeV	   Multi-‐GeV	  

Through-‐going	  µ	  



Example	  Zenith	  Distribu$ons	  
•  Most	  sensitive	  samples	  
–  Energies	  ~10	  GeV	  

•  Less	  disappearance	  at	  long	  
path-‐lengths	  
–  Up-‐going	  events	  

•  Systematic	  errors	  Git	  to	  
both	  hypotheses	  
–  Large	  differences	  in	  
oscillation	  probability	  
reduced	  by	  systematic	  
errors	  
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PC	  through-‐going	  

Stopping	  Up-‐µ	  

Large	  |Uτ4|2	  

No	  sterile	  ν	  
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99%	  |Uτ4|2	  	  Sensitivity	  
	  SK:	  0.164	  
	  HK:	  0.066	  

SigniGicant	  improvement	  
with	  the	  increase	  in	  PC	  
statistics.	  

No-‐νe	  Fit	  Results	  
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Sterile	  Vacuum	  Fit	  
•  The	  νµ	  survival	  probability	  in	  3+1:	  

11	  

•  Here,	  P(3)	  is	  just	  the	  standard	  3-‐Glavor	  oscillation	  
probability	  
–  Includes	  νe	  matter	  effects	  –	  get	  e-‐like	  sample	  
normalization	  right	  

– Does	  not	  include	  |Uτ4|2	  

Pµµ =
�
1� |Uµ4|2

�2
P (3)
µµ + |Uµ4|4



Sterile	  Vacuum	  Oscilla$ons	  vs.	  L/E	  
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�
1� |Uµ4|2
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MiniBooNE	  +SciBooNE	  

SK	  

HK	  Excluded	  

PRD86,	  052009	  (2012)	  	  
JHEP	  1305	  (2013)	  050	  

Sterile	  Vacuum	  Fit	  Results	  
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νe	  appearance	  +	  
νe	  disappearance	  

HK	  

99%	  |Uµ4|2	  	  Sensitivity	  
	   	  SK:	  0.038	  
	  HK:	  0.029	  

Improvement	  with	  HK	  
is	  marginal.	  

Analysis	  is	  dominated	  
by	  systematic	  errors	  
on	  Glu	  and	  cross-‐
section	  normalization.	  



Lorentz	  Invariance	  

•  A	  fundamental	  symmetry	  in	  QFT	  and	  
general	  relativity,	  but	  small	  violations	  
predicted	  in	  some	  models	  
–  Discrete	  spacetime	  structure	  
–  Spacetime	  foam	  

•  The	  Standard	  Model	  Extension	  (SME)	  
–  A	  QFT	  with	  all	  the	  properties	  of	  the	  
standard	  model	  which	  adds	  parameters	  to	  
allow	  all	  possible	  LV	  terms	  

•  Tested	  in	  a	  wide	  variety	  of	  contexts,	  
including	  other	  neutrino	  experiments	  	  
–  MINOS,	  Double	  Chooz,	  LSND,	  MiniBooNE…	  

Alex	  Himmel	   14	  



Standard	  Model	  Extension	  

•  Focusing	  on	  the	  terms	  which	  just	  affect	  ν→ν	  
oscillation	  probabilities	  
– Other	  terms	  generate	  ν→anti-‐ν	  transitions	  

Alex	  Himmel	   15	  

3

Coe�cient Unit d CPT Oscillation E↵ect

Isotropic

aT
↵� GeV 3 odd / L

cTT
↵� - 4 even / LE

Directional

aX
↵� , a

Y
↵� , a

Z
↵� GeV 3 odd sidereal variation

cXX
↵� , cY Z

↵� , . . . - 4 even sidereal variation

TABLE I. Lorentz-violating coe�cients and their properties.
The last row includes all possible combinations of X,Y, Z,
and T except TT . d refers to the dimension of the operator.
↵ and � range over the neutrino flavors, e, µ, and ⌧ . The
X, Y , and Z indicate coe�cients which introduce e↵ects in
a particular direction in a Lorentz-violating preferred refer-
ence frame. The T and TT terms are not associated with
any direction and thus introduce isotropic distortions in the
oscillation pattern.

is reconstructed using the total amount of light with a
70� cone, and then refined using templates from simu-
lation. For multi-ring events, partially-contained events,
and the stopping UP-µ events, we bin in visible energy,
defined as the energy of an electron that would produce
the same total amount of light seen in the detector. The
data are divided into a total of 480 bins for each run pe-
riod, which are then combined across run periods before
fitting. The binning is chosen so that enough events are
expected in each bin for the fit to be stable. The binning
scheme is largely the same as that used for the standard
three-flavor oscillation analysis [50], with some upgrades
described in [51].

The various data samples and the SK-I through SK-IV
data used in this analysis are described in detail in [51],
the event generator, Monte Carlo simulation (MC), and
reconstruction are described in [49], and recent improve-
ments are described in [52].

II. LORENTZ VIOLATION IN NEUTRINO
OSCILLATIONS

In the SME, Lorentz violation is included with neutrino
oscillations by adding an LV term, HLV , to the standard
neutrino Hamiltonian,

H = UMU † + Ve +HLV , (2.1)

where U is the PMNS mixing matrix [53], M is the neu-
trino mass matrix,

M =
1

2E
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(c) ⌫µ ! ⌫µ, cTT
µ⌧ = 10
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FIG. 1. (color online) The ⌫µ ! ⌫µ oscillation probabilities,
plotted in path length vs. neutrino energy. (a) Standard oscil-
lation appear as lines of constant L/E which have slope 1 on
this log-log scale. Standard three-flavor oscillations are con-
centrated in the upper-left portion in all three oscillograms,
corresponding to low energy and long distance. (b) The aT

µ⌧

coe�cient introduces oscillations proportional to L, which ap-
pear as horizontal lines (constant L) at high energies. (c)
The cTT

µ⌧ coe�cient introduces LE oscillations which appear
as lines with slope minus one. Oscillograms for all sectors, as
well as the µ ! e probabilities are shown in Appendix B.

and Ve is the electron potential which introduces matter
e↵ects [47],

Ve = ±
p
2GF

0
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Neutrino	  Oscilla$ons	  with	  SME	  

•  Previous	  experiments	  used	  1	  of	  2	  approximations:	  
–  The	  short-‐baseline	  approximation	  where	  there	  are	  only	  LV	  oscillations	  
–  The	  perturbative	  approximation	  where	  HLV	  is	  assumed	  to	  be	  small.	  

•  Neither	  is	  appropriate	  for	  SK	  
–  30%	  of	  our	  events	  fail	  the	  perturbative	  conditions	  

•  We	  use,	  for	  the	  Girst	  time,	  the	  full	  diagonalization	  of	  the	  Hamiltonian	  
to	  calculate	  oscillation	  probabilities.	  

Alex	  Himmel	   16	  

H = U�U† + Ve +HLV

HLV =

0

@
0 aTeµ aTe⌧�

aTeµ
�⇤

0 aTµ⌧�
aTe⌧

�⇤ �
aTµ⌧

�⇤
0
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A� 4E
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@
0 cTT
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e⌧�

cTT
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�⇤
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cTT
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�⇤ �
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Lorentz	  Viola$on	  

•  aT	  introduces	  L	  oscillations	  
at	  high	  energy	  

•  cTT	  introduces	  LE	  oscillations	  
at	  high	  energy	  
Alex	  Himmel	   17	  

Re aTµ⌧ Re cTT
µ⌧

Up-‐µ,	  non-‐showering	  



LV	  Sensi$vity	  

•  Limits	  improve	  by	  a	  factor	  of	  1.8-‐3.6	  relative	  to	  
SK	  sensitivity	  
– sqrt(14.4×10	  years	  /	  13	  years)	  =	  3.3	  

•  Improvements	  are	  as	  expected:	  incremental	  on	  
the	  scale	  of	  these	  searches.	  

18	  

eµ	   eτ	   µτ	   eµ	   eτ	   µτ	  
R(aT)	  
(GeV)	  

4×10-‐20	  
MiniBooNE	  

8×10-‐20	  
Double	  Chooz	  

-‐	   R(cTT)	   1×10-‐19	  
MiniBooNE	  

1×10-‐17	  
Double	  Chooz	  

-‐	  

SK:	   2×10-‐23	   4×10-‐23	   6×10-‐24	   2×10-‐26	   1×10-‐24	   5×10-‐27	  

HK:	   7×10-‐24	   2×10-‐23	   2×10-‐24	   6×10-‐27	   7×10-‐25	   2×10-‐27	  



Conclusions	  
•  Sensitivity	  studies	  to	  non-‐standard	  oscillations	  
performed	  by	  increasing	  SK-‐II	  lifetime	  for	  
existing	  SK	  studies.	  

•  Sterile	  neutrino	  search:	  
–  Improvement	  in	  |Uτ4|2	  limit	  thanks	  to	  increased	  PC	  
statistics	  

– Marginal	  improvement	  in	  |Uµ4|2	  limit	  since	  that	  is	  
systematically	  limited	  

•  Lorentz	  violation	  search:	  
–  Improvements	  of	  a	  factor	  of	  2-‐3	  
–  Consistent	  with	  increase	  in	  Up-‐µ	  statistics.	  
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Backups	  
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No-‐νe	  Fit	  in	  3+N	  
•  The	  2-‐level	  system	  in	  3+N	  

21	  

•  Extend	  to	  multiple	  sterile	  neutrinos	  with	  a	  sum	  over	  sterile	  species	  α	  
•  Because	  it	  is	  a	  2-‐level	  system,	  any	  number	  of	  sterile	  parameters	  
reduce	  to	  3:	  As,	  θs,	  |Uµ4|2	  

•  We	  also	  make	  the	  results	  of	  this	  Git	  available	  in	  these	  parameters.	  

Hs(As, ✓s)

H(2) = HSM ± GFNnp
2

X

↵

✓
|Ũ↵2|2 Ũ⇤

↵2Ũ↵3

Ũ↵2Ũ
⇤
↵3 |Ũ↵2|2

◆



Sterile	  Vacuum	  Fit	  in	  3+N	  
•  The	  νµ	  survival	  probability	  in	  3+N:	  
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•  Very	  similar	  to	  the	  3+1	  
formula	  with	  |Uµ4|2	  →	  dµ	  

•  Correspondence	  is	  not	  exact	  
in	  constant	  term	  but	  that	  
term	  is	  second-‐order	  and	  
much	  harder	  to	  observe	  

Pµµ =
�
1� d2µ

�2
P (3)
µµ +

X

↵

|U↵4|4

dµ =
X

↵

|U↵4|2



Sterile	  Vacuum	  Results	  
•  Best	  Git:	  |Uµ4|2	  =	  0.016	  
–  Shown	  as	  solid	  line	  at	  right	  
–  Dashed	  line	  shows	  Git	  without	  
minimizing	  systematics	  

•  All	  of	  the	  χ2	  improvement	  at	  
best	  Git	  is	  in	  systematics.	  
–  Fit	  is	  systematically	  limited	  
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Sub-‐GeV	  µ-‐like,	  1	  decay-‐e	  

Multi-‐GeV	  µ-‐like	  

Showering	  Up-‐µ	  Systema$c	   No	  Steriles	   Best	  Fit	  

νμ/νe	  Glux,	  E	  <	  1	  GeV	   -‐0.52σ	   -‐0.07σ	  
νμ/νe	  Glux,	  E	  1-‐10	  GeV	   -‐0.50σ	   -‐0.11σ	  
CCQE	  νμ/νe	   0.38σ	   -‐0.01σ	  



MiniBooNE	  +SciBooNE	  

SK	  

SK	  Excluded	  

PRD86,	  052009	  (2012)	  	  
JHEP	  1305	  (2013)	  050	  

Sterile	  Vacuum	  Fit	  Results	  

As	  with	  similar	  experiments,	  
no	  strong	  sterile-‐driven	  νµ	  
disappearance	  
–  Δχ2	  of	  1.1	  between	  the	  best	  
Git	  and	  no	  sterile	  neutrinos.	  
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νe	  appearance	  +	  
νe	  disappearance	  

|Uµ4|2	  <	  0.041	  at	  90%	  C.L.	  
|Uµ4|2	  <	  0.054	  at	  99%	  C.L.	  
Sensitivity:	  0.024	  at	  90%	  



Extending	  to	  3+N	  Models:	  
Hydrogen-‐Earth	  

•  Substitute	  sum	  for	  single	  value	  

•  Exact	  in	  Girst	  term,	  
approximate	  in	  the	  second	  	  

•  SK	  is	  much	  more	  sensitive	  to	  
the	  Girst	  term	  than	  the	  second	  
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|Uµ4|2 ! dµ =
X

i�4

|Uµi|2

Pµµ = (1� dµ)
2P (3)

µµ +
X

i�4

|Uµi|4



Fit	  for	  |Uµ4|2	  

•  Signature	  is	  extra	  disappearance	  in	  all	  µ	  samples	  
–  Correlated	  change	  at	  all	  energies,	  all	  cosθz	  
–  µ/e	  Glux	  uncertainty	  an	  important	  systematic	  

•  Bug	  was	  in	  this	  Git	  –	  NC	  events	  were	  not	  oscillating	  
–  Sensitivity	  improved	  by	  a	  few	  percent	  
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No	  Oscilla$ons	  

No	  Steriles	  
Data	  

Sterile	  Example	  

100’s	  of	  MeV 	  Few	  GeV 	  1	  TeV+	  



Fit	  for	  |Uτ4|2	  

•  NC	  Matter	  effects	  create	  shape	  distortion	  in	  PC/Up-‐µ	  
zenith	  distribution	  
–  Less	  disappearance	  in	  most	  upward	  bins,	  still	  have	  extra	  
disappearance	  in	  downward	  bins	  
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(with	  |Uµ4|2)	  

5-‐100	  GeV	  



3+N	  ≈	  3+1	  for	  Super	  K	  

•  The	  Girst	  sterile	  term:	  
–  Controls	  extra	  disappearance	  
–  Is	  the	  same	  for	  any	  Nsterile	  

•  The	  second	  sterile	  term:	  
–  Fills	  in	  the	  minima	  
–  Varies	  for	  Nsterile	  

•  Our	  experiment	  is	  much	  more	  
sensitive	  to	  Girst	  term	  
–  Beam	  experiments,	  focusing	  on	  
the	  Girst	  oscillation	  dip,	  are	  
sensitive	  to	  the	  second	  term.	   28	  
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When	  is	  Δm2
41	  no	  longer	  “large”?	  

•  When	  do	  the	  oscillations	  no	  longer	  appear	  fast?	  
–  This	  will	  be	  the	  worst	  at	  short	  L’s	  and	  large	  E’s,	  so	  lets	  focus	  on	  Up-‐µ	  
with	  cos	  θz	  >	  -‐0.1	  

–  Loop	  through	  all	  these	  events	  and	  calculate	  the	  mean	  of	  sin2(Δm2L/4E)	  
for	  various	  Δm2	  

•  Doing	  this,	  the	  approximation	  is	  valid	  down	  to	  ~0.8	  eV2	  
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When	  is	  Δm2
41	  no	  longer	  “large”?	  

•  However,	  the	  limit	  on	  |Uµ4|2	  is	  driven	  by	  the	  low	  |Uτ4|2	  region.	  
–  In	  this	  region,	  the	  dominant	  samples	  are	  Sub-‐GeV	  muons	  
–  Almost	  no	  power	  comes	  from	  Up–µ	  

•  For	  these	  samples,	  the	  “large”	  assumption	  is	  ~always	  valid	  so	  |Uµ4|2	  
limit	  really	  is	  a	  vertical	  line	  in	  Δm2	  to	  a	  good	  approximation	  
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