
 Nonstandard neutrino interactions



Possible tension in standard oscillation picture

Discrepancy in mass-squared difference driven by Super-K’s

day-night asymmetry measurement:
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Nonstandard interactions in matter
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Vector interaction relevant for propagation:
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Matter effects if NSI violate lepton universality or/and flavor



Iso-day-night asymmetry contours
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Hyper-K and JUNO can detect NSI



Future LBL experiments



Appearance channels 
NH

Liao



L=1300 km,   E=3 GeV

1601.00927



One NSI parameter

1604.05772
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Mass hierarchy resolved at

DUNE and T2HKK

Hierarchy not resolved

Wrong determination of the CP 
phase possible 1612.01443



3 NSI parameters

1612.01443



Constraint on      much 

weaker at T2HK and T2HKK

1612.01443

✏eµ

Degeneracy between NSI 
parameters unbroken at T2HK and 
T2HKK because of the lower energy 
J-PARC beam

✏eµ = tan ✓23✏e⌧



MH known

MH unknown

IH and 

T2HKK better than DUNE for CP; is 
the only expt. that can measure the 
CP phase if MH is unknown

CP sensitivity
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Sterile neutrino NSI



LSND

Baseline: 30 m 
Maximum energy: 53 MeV

⌫̄µ ! ⌫̄e

L/E ⇠ 1 km/GeV =) �m2 ⇠ 1 eV2

m
ass	



MiniBooNE

⌫µ ! ⌫e

Baseline: 500 m 
Average energy: 800 MeV

⌫̄µ ! ⌫̄e

LSND+MiniBooNE anomaly has 6.1 sigma significance

L/E ⇠ 1 km/GeV =) �m2 ⇠ 1 eV2

Oscillation amplitude from global analysis:
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DANSS
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IceCube/DeepCore

crust	

mantle	

core	

!		

Focus on (anti)muon neutrino survival probabilities



Resonant 3+1 atmospheric neutrino oscillations

Oscillation maximum in vacuum:

Resonance condition in earth matter:

�m2

eV2

L

103 km

TeV

E
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Resonance occurs in antineutrino channel
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MINOS/MINOS+
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Model independent bounds from neutrino oscillation 
data allow large diagonal NSI parameters with O(1) 
differences between them


COHERENT bounds obtained using contact approx 
don’t apply for mediators lighter than 50 MeV

NSI to the rescue?



3+1 oscillations with CC and NC NSI
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Vector-like CC interaction contributes NSI at detector, 
but not at pion source


Only nonzero CC NSI parameter is 


Nonzero NC NSI parameters: 

Try hard to use Occam’s razor!

✏mµµ , ✏m⌧⌧ , ✏mss
<latexit sha1_base64="xCsEOctKXRBuYWrO42WFXtqJe0o="></latexit><latexit sha1_base64="twhc2lasfqmXTK9nPsiKYTkIRAw="></latexit><latexit sha1_base64="twhc2lasfqmXTK9nPsiKYTkIRAw="></latexit><latexit sha1_base64="uo5qC0/r5CvcGbtiE97NKO3q004=">AAACLXicdZDLSgMxFIYzXut4G3XpJlgEF6VkBFu7K+rCZQV7gc5YMmnahiYzQ5IRytAXcuOriOCiIm59DTNt0Sp6SODn+88hOX8Qc6Y0QhNraXlldW09t2Fvbm3v7Dp7+w0VJZLQOol4JFsBVpSzkNY105y2YkmxCDhtBsPLzG/eU6lYFN7qUUx9gfsh6zGCtUEd58qjsWLcyNQTiTnjO+EVCh5c4Bon2Z05cNFSykDb7jh5VKxUSm4ZQbeIpgUNKbno7JvkwbxqHefZ60YkETTUhGOl2i6KtZ9iqRnhdGx7iaIxJkPcp20jQyyo8tPptmN4bEgX9iJpbqjhlC5OpFgoNRKB6RRYD9RvL4N/ee1E9879lIVxomlIZg/1Eg51BLPoYJdJSjQfGYGJZOavkAywxESbgLMQvnb/XzROiy4qujcoX72Yx5EDh+AInAAXlEEVXIMaqAMCHsATmIBX69F6sd6s91nrkjWfOQA/yvr4BBRnqS8=</latexit>

✏Dµµ = 2✏udLµµ
<latexit sha1_base64="Rgal5rxbwOpwTEuFOxE7MZZ57Ro="></latexit><latexit sha1_base64="Se2pZBchgY5PDe31NU1BYRHsF6M="></latexit><latexit sha1_base64="Se2pZBchgY5PDe31NU1BYRHsF6M="></latexit><latexit sha1_base64="TYVVVcoI2S3CokE8nG/NC6XgoDg=">AAACGHicdZDJTsMwEIadspWyBThysaiQOIWk7AekCjhw4FAkukhNqBzHaa06i2wHqYryGFx4FS4cQIhrb7wNTltVrGOP9OubGdnzuzGjQprmh1aYmZ2bXygulpaWV1bX9PWNhogSjkkdRyziLRcJwmhI6pJKRloxJyhwGWm6/Yu83rwnXNAovJWDmDgB6obUpxhJhTr6nk1iQZmSqR0k6mZ3l/AMVn7jNPGus1JHL5vG6eF+pXIALcMcBVTEPFJnSspgErWOPrS9CCcBCSVmSIi2ZcbSSRGXFDOSlexEkBjhPuqStpIhCohw0tFiGdxRxIN+xFWGEo7o14kUBUIMAld1Bkj2xM9aDv+qtRPpnzgpDeNEkhCPH/ITBmUEc5egRznBkg2UQJhT9VeIe4gjLJWXuQnT3f8XjYphmYZ1Y5ar5xM7imALbINdYIFjUAVXoAbqAIMH8ARewKv2qD1rb9r7uLWgTWY2wbfQhp/EU6DU</latexit>

✓
LCC-NSI = �2

p
2GF ✏

ff 0C
↵� [⌫��

⇢PL`↵]
⇥
f̄ 0�⇢PCf

⇤◆

<latexit sha1_base64="+4crAGLctBeXMkk3I3r/VTHtAp8="></latexit><latexit sha1_base64="sAiFnDaV8NDZyW9t9aAczk9uTbQ="></latexit><latexit sha1_base64="sAiFnDaV8NDZyW9t9aAczk9uTbQ="></latexit><latexit sha1_base64="HQa7VprL9A4x/pQGRCgFNEJPQY8="></latexit>



3+1+NSI survival prob at FD same as 3-neutrino case if 
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<latexit sha1_base64="XVNRynj2kOCPPebIaRpaqltyxXg="></latexit><latexit sha1_base64="LTWBmNhP3tyxjWbil4EsyRT+nhI="></latexit><latexit sha1_base64="LTWBmNhP3tyxjWbil4EsyRT+nhI="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="MkH95VVP4jUK4UUzuGuM8ajZGow="></latexit><latexit sha1_base64="h4nTyrs1yoONs+hYBUfsg6wZMJ4="></latexit><latexit sha1_base64="RmQ4aHZq8/I3mgfSQrUf+zd/qm4="></latexit><latexit sha1_base64="RmQ4aHZq8/I3mgfSQrUf+zd/qm4="></latexit><latexit sha1_base64="LTWBmNhP3tyxjWbil4EsyRT+nhI="></latexit><latexit sha1_base64="LTWBmNhP3tyxjWbil4EsyRT+nhI="></latexit><latexit sha1_base64="LTWBmNhP3tyxjWbil4EsyRT+nhI="></latexit><latexit sha1_base64="LTWBmNhP3tyxjWbil4EsyRT+nhI="></latexit><latexit sha1_base64="RmQ4aHZq8/I3mgfSQrUf+zd/qm4="></latexit>

1810.01000

�m2
41 = 1.4 eV2 , s214 = s224 = ✏Dµµ = 0.02

✏mµµ = �0.7 , ✏m⌧⌧ = �0.5 , ✏mss = 6
<latexit sha1_base64="OCRcLTD2lSjTpQhK9H2mxI2kqp0="></latexit><latexit sha1_base64="OZ6sZsUwc1vmZ7euztfeunnp27k="></latexit><latexit sha1_base64="OZ6sZsUwc1vmZ7euztfeunnp27k="></latexit><latexit sha1_base64="K0HmVRzFVqpR3xtjWnKakOj5tAk="></latexit>



(a) |✏m⌧⌧ | < 6 , |✏mµµ � ✏m⌧⌧ | < 0.5
<latexit sha1_base64="g2gFwVdW2ReHUxmJRX2mBz7kugQ="></latexit><latexit sha1_base64="Q+c76FV2smTs7UJjfSuus/+m9dM="></latexit><latexit sha1_base64="Q+c76FV2smTs7UJjfSuus/+m9dM="></latexit><latexit sha1_base64="htO396txxm/2tFOZH+W0nDgA03E="></latexit>

(b) |✏mss| < 6 , |✏m⌧⌧ | < 0.5 , |✏mµµ � ✏m⌧⌧ | < 0.5
<latexit sha1_base64="hfG+Fkbzx3h2BM7hv66x5YZ4hNA="></latexit><latexit sha1_base64="VzKkqhM9LsEHNTt1BLFbYJy+3jg="></latexit><latexit sha1_base64="VzKkqhM9LsEHNTt1BLFbYJy+3jg="></latexit><latexit sha1_base64="daP5Zegfds6zXMl7FauYwXj6CCE="></latexit>

1810.01000

✏Dµµ = 0.02
<latexit sha1_base64="Lj7kg5JK2gTRihKowIjlRMmjjDM=">AAACBHicdZDLSgMxFIbP1Fsdb1WX3QSLIAhlpmgvC6GoC5cV7AXaWjJp2oZmLiQZoQwF3fgkghsXirj1Idz5IO7NtBVU9JDAz/efQ3J+J+BMKst6NxJz8wuLS8llc2V1bX0jtblVk34oCK0Sn/ui4WBJOfNoVTHFaSMQFLsOp3VneBL79SsqJPO9CzUKaNvFfY/1GMFKo04q3aKBZFzLqOWG+owvT4+srJUzTbOTyljZUjFvFW2k0aRikS+UDg6RPSOZ8v7H3TUAVDqpt1bXJ6FLPUU4lrJpW4FqR1goRjgdm61Q0gCTIe7TppYedqlsR5MlxmhXky7q+UJfT6EJ/T4RYVfKkevoThergfztxfAvrxmqXrEdMS8IFfXI9KFeyJHyUZwI6jJBieIjLTARTP8VkQEWmCidWxzC16bof1HLZW0ra5/rNI5hWklIww7sgQ0FKMMZVKAKBG7gHh7hybg1Hoxn42XamjBmM9vwo4zXTzLwmV4=</latexit><latexit sha1_base64="IEZDYXQ1cxkv8ygI8EKfMjBKj50="></latexit><latexit sha1_base64="IEZDYXQ1cxkv8ygI8EKfMjBKj50="></latexit><latexit sha1_base64="4OcYv27Ul6vQmqmiMu6/0XYx+38=">AAACBHicdZDLSgMxFIYz9VbH26jLboJFcFUyRXtZCEVduKxgL9DWkknTNjSZGZKMUIYu3Pgqblwo4taHcOfbmGlHUNFDAj/ffw7J+b2QM6UR+rAyS8srq2vZdXtjc2t7x9nda6ogkoQ2SMAD2fawopz5tKGZ5rQdSoqFx2nLm5wnfuuWSsUC/1pPQ9oTeOSzISNYG9R3cl0aKsaNjLsiMmd2c3GKCqho23bfyaNCtVJCFRcaNK9ElMrV4xPopiQP0qr3nffuICCRoL4mHCvVcVGoezGWmhFOZ3Y3UjTEZIJHtGOkjwVVvXi+xAweGjKAw0Ca62s4p98nYiyUmgrPdAqsx+q3l8C/vE6kh5VezPww0tQni4eGEYc6gEkicMAkJZpPjcBEMvNXSMZYYqJNbkkIX5vC/0WzWHBRwb1C+dpZGkcW5MABOAIuKIMauAR10AAE3IEH8ASerXvr0XqxXhetGSud2Qc/ynr7BM1Flto=</latexit>



Super-Kamiokande
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Solar neutrinos



Summary

At LBL expts, degeneracies between SM and NSI 
parameters, and between NSI parameters strongly 
affect sensitivities


If              is O(1), impossible to determine hierarchy 
at oscillation experiments


DUNE has best sensitivity to NSI. T2HKK has best 
sensitivity to CP phase in the presence of NSI


LSND/MiniBooNE is consistent with IceCube/DeepCore 
and MINOS/MINOS+ in a (3+1)+NSI model with CC and 
NC NSI

✏ee � ✏µµ


