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Atmospheric neutrinos
• Neutrinos produced via cosmic rays (accelerated protons, He) in the atmosphere
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• 1998 Super-Kamiokande (50kton water cherenkov detector, 11146 PMTs) 
detected atmospheric neutrinos

Super-Kamiokande 
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• 1998 Super-Kamiokande (50kton water cherenkov experiment) detected 
atmospheric neutrinos

electron ring muon ring

Atmospheric neutrinos
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Summary Lecture 1 & 2
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Majorana phases physical 
if neutrinos are Majorana



Current knowledge
! m2

21 ! 7.42" 10! 5 eV2
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• Solar mass squared splitting: 

• Atmospheric mass squared splitting: |! m2
3! | ! 2.515" 10! 3 eV2
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Current knowledge

• Relative precision at 3 -level σ

mixing parameter relative uncertainty (3 ! )
" 13 4.7%
"23 22%
"12 7.3%
# 100%
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!
! 3.5%
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Quark sector 
equivalent



Current knowledge

Lepton Sector
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Quark Sector
Flavour in the neutrino sector

leptonic mixing quark mixing

¥ The matrix describing neutrino mixing (PMNS) has a very peculiar structure. 

¥ Mixing is large and the masses are degenerate. This is in start contrast with the  
quark sector

¥ The structure of the mixing matrices is a consequence of the neutrino and 
charged lepton mass matrices.
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• The mixing and masses of each sector of the SM are so different, better 
measurements can help us understand why
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Neutrino oscillation physics - reactor experiments

Consider the wavelength of each contribution
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Oscillation minima: , 

Show that oscillation maximum occurs at  

Lsol " 46km Latm " 1.5km
Lsol # 94km



Neutrino oscillation physics - reactor experiments

• Daya Bay, RENO and Double Chooz measured reactor mixing angle in 2012  
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• At such short baselines, the short wavelength term dominates

!E! " # MeV

<latexit sha1_base64="FOcO/kwWhR+I1Jj6Ua05wguI4vU=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjOi6LIoghuhgn1AZyiZ9E4bmmSGJCOUoR/gxl9x40IRt36AO//GtJ2Fth4InJxzLsk9YcKZNq777RSWlldW14rrpY3Nre2d8u5eU8epotCgMY9VOyQaOJPQMMxwaCcKiAg5tMLh1cRvPYDSLJb3ZpRAIEhfsohRYqzULVd8TmSfA77u+jL11eziayZw5iuBb6E5tim36k6BF4mXkwrKUe+Wv/xeTFMB0lBOtO54bmKCjCjDKIdxyU81JIQOSR86lkoiQAfZdJkxPrJKD0exskcaPFV/T2REaD0SoU0KYgZ63puI/3md1EQXQcZkkhqQdPZQlHJsYjxpBveYAmr4yBJCFbN/xXRAFKHG9leyJXjzKy+S5knVO62e3Z1Wapd5HUV0gA7RMfLQOaqhG1RHDUTRI3pGr+jNeXJenHfnYxYtOPnMPvoD5/MHBNGa+A==</latexit>

4 km

<latexit sha1_base64="kTDS/stti9KgSrw5lW1HxuVqjSI="></latexit>

P (! e ! ! e) = 1 " cos4 "13 sin2 2"12 sin2 ! 21 " sin2 2"13 sin2 ! 32

<latexit sha1_base64="C58KRw8QZYHgMR+0NEz++BWL41k="></latexit>

P (! e ! ! e) " 1 # sin2 2"13 sin2 ! 32

<latexit sha1_base64="DMffTOtbeUziu+/dOotpzH8b8kw="></latexit>

ø! e + p ! e+ + n

e+ + e! ! 2 prompt "

Gd + n ! Gd" ! Gd + "

<latexit sha1_base64="POFECXlOTf388fZPbXJWkNKrrUo="></latexit>

Liquid scintillator 
doped Gadolinium 



Neutrino oscillation physics - reactor experiments
• KamLand is a medium baseline reactor experiment in same cavern as SK


! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

! e

<latexit sha1_base64="xBaSoo8e74Knob1L09DrmPQXl1I=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uHdOmHKmtON8W5WNza3tnepubW//4PDIPj7pqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3Bd+b0qlYol40rOU+jEeCRYxgrWRAtv2EmMX6dwT2TyggV13Gs4CaJ24JalDiXZgf3nDhGQxFZpwrNTAdVLt51hqRjid17xM0RSTCR7RgaECx1T5+eLyObowyhBFiTRPaLRQfydyHCs1i0MzGWM9VqteIf7nDTId3fo5E2mmqSDLRVHGkU5QUQMaMkmJ5jNDMJHM3IrIGEtMtCmrZkpwV7+8TrpXDbfZuH5s1lt3ZR1VOINzuAQXbqAFD9CGDhCYwjO8wpuVWy/Wu/WxHK1YZeYU/sD6/AE7cpQO</latexit>

• Baseline between 130 - 240 km 


•

! e + p ! e+ + n

<latexit sha1_base64="3sMVl+bGJtcAKdbsKjgesLZvzlE=">AAACCXicbVDLSsNAFJ3UV62vqks3g0UQCiWRii6LblxWsA9oYplMb9qhk0mYmQgldOvGX3HjQhG3/oE7/8ZJm4W2Hhg4nHMvd87xY86Utu1vq7Cyura+UdwsbW3v7O6V9w/aKkokhRaNeCS7PlHAmYCWZppDN5ZAQp9Dxx9fZ37nAaRikbjTkxi8kAwFCxgl2kj9MnYjY2fbqSuSaR9wFcfY1RGG+6rhZqRi1+wZ8DJxclJBOZr98pc7iGgSgtCUE6V6jh1rLyVSM8phWnITBTGhYzKEnqGChKC8dJZkik+MMsBBJM0TGs/U3xspCZWahL6ZDIkeqUUvE//zeokOLr2UiTjRIOj8UJBwbIJmteABk0A1nxhCqGTmr5iOiCRUm/JKpgRnMfIyaZ/VnHrt/LZeaVzldRTRETpGp8hBF6iBblATtRBFj+gZvaI368l6sd6tj/lowcp3DtEfWJ8/WuGYzw==</latexit>

n + p ! D + !

<latexit sha1_base64="um5u16ge2MOe4awNHPxbA7KwLvo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJVgEoVASqeixqAePFewHNKFstpt26e4m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDBhVGnX/bYKa+sbm1vF7dLO7t5+2T44bKs4lZi0cMxi2Q2RIowK0tJUM9JNJEE8ZKQTjm9mfueRSEVj8aAnCQk4GgoaUYy0kfp2WVQTX8fObdUfIs5R3664NXcOZ5V4OalAjmbf/vIHMU45ERozpFTPcxMdZEhqihmZlvxUkQThMRqSnqECcaKCbH741Dk1ysCJYmlKaGeu/p7IEFdqwkPTyZEeqWVvJv7n9VIdXQUZFUmqicCLRVHKHPPpLAVnQCXBmk0MQVhSc6uDR0girE1WJROCt/zyKmmf17x67eK+Xmlc53EU4RhO4Aw8uIQG3EETWoAhhWd4hTfryXqx3q2PRWvBymeO4A+szx+5yJJ/</latexit>

Liquid  
scintillator 
9600 PMTs



Neutrino oscillation physics - reactor experiments

• Medium baseline  KamLand cannot resolve short wavelength oscillations:!

• Survival probability KamLand measures θ12, $ m2
21
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P (! e ! ! e) = 1 " cos4 "13 sin2 2"12 sin2 ! 21 " sin2 2"13 sin2 ! 32

# cos4 "13! "# $
! 1

%
1 " sin2 2"12 sin2 ! 21

&

<latexit sha1_base64="4BmLrLSSjwjl1agQTIQUX3MUpME="></latexit>

! sin2 ! 32" =
1
2

<latexit sha1_base64="yDMNyc4PaqoO31MKP9oiCbzX8as="></latexit>

1 !
1
2

sin2 2x = cos(x)4 + sin( x)4

<latexit sha1_base64="sQdzjYGAyA36Wt5XNKA+XGvg5v0="></latexit>

neglect O(sin4(! 13))

<latexit sha1_base64="LuCnsiEr4dlHnZ72bxTFsuaInM0="></latexit>



Neutrino oscillation physics - accelerator experiments

• Long baseline accelerator experiment such as MINOS, NOvA and T2K can  
determine the atmospheric angle and mass squared splitting. 


!E! " # GeV

<latexit sha1_base64="c4bHI53AqCjOaTs87zQ9r0duK30=">AAACC3icbVDLSgMxFM3UV62vqks3oUVwVWakosuiiC4r2Ad0ypBJ77ShSWZIMkIZunfjr7hxoYhbf8Cdf2P6WGjrgQsn59xL7j1hwpk2rvvt5FZW19Y38puFre2d3b3i/kFTx6mi0KAxj1U7JBo4k9AwzHBoJwqICDm0wuHVxG89gNIslvdmlEBXkL5kEaPEWCkolnxOZJ8Dvg58mfpq9vA1E9hXIruB5jgolt2KOwVeJt6clNEc9aD45fdimgqQhnKidcdzE9PNiDKMchgX/FRDQuiQ9KFjqSQCdDeb3jLGx1bp4ShWtqTBU/X3REaE1iMR2k5BzEAvehPxP6+TmuiimzGZpAYknX0UpRybGE+CwT2mgBo+soRQxeyumA6IItTY+Ao2BG/x5GXSPK141crZXbVcu5zHkUdHqIROkIfOUQ3dojpqIIoe0TN6RW/Ok/PivDsfs9acM585RH/gfP4AmduayA==</latexit>

FD planes of iron 
4cm wide plastic 
scintillator strips

Magnetised  
momentum muon 
from CC 
interactions 

! µ

<latexit sha1_base64="EfpvgYl8U0HSey0Dz35CplJ13P4="></latexit>

Size of circle indicates  
amount light recorded 
In scintillators in MINOS



Neutrino oscillation physics - accelerator experiments
• Long baseline accelerator experiment: MINOS, NOvA and T2K determine the 

atmospheric angle and mass squared splitting. 
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"
dominant term since reactor mixing angle small

L=735 km  
MINOS baseline

E! ! GeV
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Neutrino oscillation physics - CP-violation

• To observe CP-violation  difference between an oscillation process and its 
CP-conjugate process: 

!

(! µ ! ! e) "! (! µ ! ! e)
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• What is the current status of CP-violation in the neutrino sector? 

T2K

NoVA



• T2K has a preference for normal ordering,  &  maximal CPV:  θ23 > 45% δ # 270%

• NOvA has a preference for normal ordering,  & closer to CPC: θ23 > 45% δ # 145%



http://www-pnp.physics.ox.ac.uk/~luxi/visos/

http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/

There are amazing neutrino

Oscillation visualisation tools, check these out!

Thanks to Xianguo Lu

http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/
http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/
http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/
http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/


Neutrino Physics
Neutrino Oscillations in matter

Jessica Turner 



Solar neutrinos - PP chain

• The Sun shines by making hydrogen  helium. There are two main ways of 
doing this: pp chain or CNO cycle


•

&

Sun most loses its energy (98.5 %) 
through pp-chain. This is pp-I chain and 
occurs around 85% of the time 

pp-chain I


Binding energy of deuterium 



pp-neutrinos are hard to detect 
# 2.2MeV ! Ev < 0.5MeV



pp-II chain  occurs around 15% of the 
time


Solar neutrinos - PP chain

pp-chain II


• The Sun shines by making hydrogen into helium. There are two main ways of 
doing this: pp chain or CNO cycle


•



Solar neutrinos - CNO cycle



• Many nuclear processes (pp chain and CNO cycle) produce νe
• Energies of the neutrinos will differ, depending on the reaction.


•

  

Occurs  of the time 

Subdominant to pp-I 
since getting 3 particles  
in one place at one time is  
PS suppressed 

p + p + e ' & D + νe
# 1%



Solar neutrinos

• 1964 Homestake experiment (headed by Davis & Bahcall) detected solar 
neutrinos but there were approximately 2/3 less than  expected from Bahcall’s 
Standard Solar Model prediction. 


•

• It was initially proposed that the solar models were wrong.

• As you can guess, the resolution to this problem is neither!


•

• Or that two experiment Homestake and GALLEX were wrong!


•



Board




Solar neutrinos
• Confirmation of neutrino oscillations came in 2001 by the Sudbury Neutrino. They  

measured not only electron neutrino flux but all flavour neutrinos via NC interactions  
•

! e
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Charged current (CC)

Neutral current (NC)

Elastic scattering (ES)

SNO 1 ton heavy water ( ) tank 
surrounded by 9600 PMTs. Deuterium 
has binding energy 2.2 MeV SNO 
can detect Boron 8 solar neutrinos.


D2O

!


