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Why study supernovae? 
•  What happens to a star after it dies? 
•  How does a supernova explode? 
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Supernova neutrino astroparticle physics 

snap.lbl.gov Stars must die --- we just do not know how 
 
For massive stars (        ), most of the energy (~ 99%) is dissipated in neutrinos  
--- detecting them might solve the puzzle 
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SN 1987A 



Supernova explosion mechanism 
and supernova neutrino emission  

Ranjan Laha 



Supernova explosion 

Ranjan	Laha	

https://
www.nature.com/
articles/
d41586-018-04601-7 
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Supernova explosion (contd.) 

https://www.nature.com/
articles/d41586-018 
-04601-7 
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Theoretical expectations 

Ranjan Laha 

Neutrino burst of all flavors --- lasting for ~ 10 seconds 
 
Neutrino energies up to ~ 50 MeV 
 
Total energy carried by the neutrinos is approximately the full 
binding energy of the star ≈ 3 × 1053 erg --- must detect ALL the 
neutrinos 
 
Neutrinos can be detected from Galactic supernova in large numbers 

Totani etal., ApJ 1998 
Keil PhD thesis 



From numerical simulations 

Ranjan	Laha	
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Nikrant, Laha & Horiuchi 
1711.00008 (PRD) 
Input from the simulation of Nakamura etal. 
1602.03028 
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= average neutrino energy of the spectrum 
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Neutrino fluence 
Distance from the 
supernova to the Earth = 
10 kpc 



Supernova neutrino detectors and 
supernova neutrino detection 

Ranjan Laha 



Supernova neutrino detectors all around 
the World 

Georg Raffelt, MPI Physics, Munich Klausurtagung “Symmetry Breaking”, Bad Kreuznach, 15–17 Sept 2015 

Operational Detectors for Supernova Neutrinos 

Super-K (104) 
KamLAND (400) 

SNO+ 
(300) 

In brackets events 
for a “fiducial SN” 
at distance 10 kpc 

LVD (400) 
Borexino (100) 

IceCube (106) 

 Baksan 
 (100) 

 HALO 
 (tens) 

 Daya Bay 
 (100) 

Raffelt PRISMA Lectures in Mainz 2015 

Many detectors ready all 
over the world to detect 
the supernova neutrinos  

Supernova rate 
in our galaxy ~ 
1/ century 



Event numbers in various detectors 

Ranjan Laha 

Georg Raffelt, MPI Physics, Munich Klausurtagung “Symmetry Breaking”, Bad Kreuznach, 15–17 Sept 2015 

Current and Near-Future SN Neutrino Detectors 

K. Scholberg in arXiv:1508.00785  

Multiple detectors necessary --- IMB would have missed SN 1987A if there was no 
Kamiokande-II and if the supernova light was attenuated 



Supernova neutrino detection:  

Ranjan Laha 

⌫̄e + p ! e+ + n

e+: Detected by Cherenkov radiation/ scintillation 

n : At present difficult to detect via proton capture; near future  
addition of Gadolinium (Gd) in water Cherenkov detectors will  
improve detection prospects 
 
 
 
 
 

water Cherenkov / liquid scintillator detector 

Threshold of interaction 
	
	

E⌫ > 1.8MeV

Te ⇡ E⌫ � 1.8MeV

Te : kinetic energy of the positron 

Strumia & Vissani 2003  
 
Vogel & Beacom 1999 

⌫̄e

�(⌫̄ep) ⇡ 10�43 cm2 peEeE
�0.07056+0.02018 lnE⌫�0.001953 ln3E⌫
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Largest cross section at the relevant energies (~ MeV --- 50 MeV) 

: Inverse beta (IB) interaction 



Supernova neutrino detection:  
•  Neutron capture on free proton produces 2.2 MeV 

photon  ---  delay time ~ 200 µsec --- capture cross 
section 0.3 barns   

•  Neutron capture on Gd produces ~ 8 MeV photons  ---  
delay time ~ 20 µsec --- capture cross section 49000 
barns 

•  Typical number of events in SuperKamiokande 
detector (inner volume 32 kton) ~ 104 

 
•  Detecting both the final products uniquely identifies 

this reaction 

•  Determine      properties to ~ 1% 
Ranjan Laha 

⌫̄e

n + p ! d + �

⌫̄e



SN 1987A in LMC 

Ranjan Laha 

Time (min) 

Nhit 
(no. of 
hit PMTs) 

Nhit = 26 => 10 MeV total energy 
Nhit = 73 => 30 MeV total energy 

Hirata etal. PRD Kamiokande 

Simultaneous observation 
by IMB, Baksan 

⌫̄e + p ! e+ + n

In broad agreement with the theoretical expectations 
 
Many analyses to understand these events 

Nobel prize in Physics 2002 



Analysis of the SN 1987A data 

Ranjan Laha 

A comprehensive analysis of the SN 
1987A data by Vissani in 1409.4710 
 
Analysis of the Kamiokande-II, IMB and 
Baksan data using various different 
models and assumptions on the signal and 
background 
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hE⌫i = 3T
<latexit sha1_base64="ywpFrHAqWvl5W31lixGtZ47tn30=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUlU0I1QFMFlhb6gCWEynbZDJ5MwMxFK6MKNv+LGhSJu/Qh3/o3TNgttPXDhzDn3MveeMOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2JFORO0qZnmtJNIiqOQ03Y4upn67QcqFYtFQ48T6kd4IFifEayNFNhlj2Mx4BTdBp5IkSfnryt0hhqBXXGqzgxombg5qUCOemB/eb2YpBEVmnCsVNd1Eu1nWGpGOJ2UvFTRBJMRHtCuoQJHVPnZ7IgJOjZKD/VjaUpoNFN/T2Q4UmochaYzwnqoFr2p+J/XTXX/0s+YSFJNBZl/1E850jGaJoJ6TFKi+dgQTCQzuyIyxBITbXIrmRDcxZOXSeu06jpV9/68UrvO4yhCGY7gBFy4gBrcQR2aQOARnuEV3qwn68V6tz7mrQUrnzmEP7A+fwBuiZak</latexit><latexit sha1_base64="ywpFrHAqWvl5W31lixGtZ47tn30=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUlU0I1QFMFlhb6gCWEynbZDJ5MwMxFK6MKNv+LGhSJu/Qh3/o3TNgttPXDhzDn3MveeMOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2JFORO0qZnmtJNIiqOQ03Y4upn67QcqFYtFQ48T6kd4IFifEayNFNhlj2Mx4BTdBp5IkSfnryt0hhqBXXGqzgxombg5qUCOemB/eb2YpBEVmnCsVNd1Eu1nWGpGOJ2UvFTRBJMRHtCuoQJHVPnZ7IgJOjZKD/VjaUpoNFN/T2Q4UmochaYzwnqoFr2p+J/XTXX/0s+YSFJNBZl/1E850jGaJoJ6TFKi+dgQTCQzuyIyxBITbXIrmRDcxZOXSeu06jpV9/68UrvO4yhCGY7gBFy4gBrcQR2aQOARnuEV3qwn68V6tz7mrQUrnzmEP7A+fwBuiZak</latexit><latexit sha1_base64="ywpFrHAqWvl5W31lixGtZ47tn30=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUlU0I1QFMFlhb6gCWEynbZDJ5MwMxFK6MKNv+LGhSJu/Qh3/o3TNgttPXDhzDn3MveeMOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2JFORO0qZnmtJNIiqOQ03Y4upn67QcqFYtFQ48T6kd4IFifEayNFNhlj2Mx4BTdBp5IkSfnryt0hhqBXXGqzgxombg5qUCOemB/eb2YpBEVmnCsVNd1Eu1nWGpGOJ2UvFTRBJMRHtCuoQJHVPnZ7IgJOjZKD/VjaUpoNFN/T2Q4UmochaYzwnqoFr2p+J/XTXX/0s+YSFJNBZl/1E850jGaJoJ6TFKi+dgQTCQzuyIyxBITbXIrmRDcxZOXSeu06jpV9/68UrvO4yhCGY7gBFy4gBrcQR2aQOARnuEV3qwn68V6tz7mrQUrnzmEP7A+fwBuiZak</latexit><latexit sha1_base64="ywpFrHAqWvl5W31lixGtZ47tn30=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUlU0I1QFMFlhb6gCWEynbZDJ5MwMxFK6MKNv+LGhSJu/Qh3/o3TNgttPXDhzDn3MveeMOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2JFORO0qZnmtJNIiqOQ03Y4upn67QcqFYtFQ48T6kd4IFifEayNFNhlj2Mx4BTdBp5IkSfnryt0hhqBXXGqzgxombg5qUCOemB/eb2YpBEVmnCsVNd1Eu1nWGpGOJ2UvFTRBJMRHtCuoQJHVPnZ7IgJOjZKD/VjaUpoNFN/T2Q4UmochaYzwnqoFr2p+J/XTXX/0s+YSFJNBZl/1E850jGaJoJ6TFKi+dgQTCQzuyIyxBITbXIrmRDcxZOXSeu06jpV9/68UrvO4yhCGY7gBFy4gBrcQR2aQOARnuEV3qwn68V6tz7mrQUrnzmEP7A+fwBuiZak</latexit>

“… consistent with the hypothesis that the supernova emitted about 5 × 
1052 erg in electron antineutrinos with an average energy of one dozen of 
MeV. The errors are not very large: the average energy is known within 
∼10%, while the radiated energy is known within −20% to +50% ...”      from 
Vissani 1409.4710 

Vissani 1409.4710 



Ranjan Laha 

⌫ +12 C
<latexit sha1_base64="bRQBT9MWYWVXniioOcpfVc3p6VA=">AAAB+3icdVDLSsNAFL2pr1pfsS7dDBZBEEpSBF0Wu3FZwT6giWUynbRDZyZhZiKWkF9x40IRt/6IO//G9CHU14ELh3Pu5R5OEHOmjeN8WIWV1bX1jeJmaWt7Z3fP3i+3dZQoQlsk4pHqBlhTziRtGWY47caKYhFw2gnGjanfuaNKs0jemElMfYGHkoWMYJNLfbvsyQSdotvUrWWppwRqZH274ladGZDzi3xZFVig2bffvUFEEkGlIRxr3XOd2PgpVoYRTrOSl2gaYzLGQ9rLqcSCaj+dZc/Qca4MUBipfKRBM3X5IsVC64kI8k2BzUj/9KbiX14vMeGFnzIZJ4ZKMn8UJhyZCE2LQAOmKDF8khNMFMuzIjLCChOT11VaLuF/0q5VXafqXp9V6peLOopwCEdwAi6cQx2uoAktIHAPD/AEz1ZmPVov1ut8tWAtbg7gG6y3T11Jk1k=</latexit><latexit sha1_base64="bRQBT9MWYWVXniioOcpfVc3p6VA=">AAAB+3icdVDLSsNAFL2pr1pfsS7dDBZBEEpSBF0Wu3FZwT6giWUynbRDZyZhZiKWkF9x40IRt/6IO//G9CHU14ELh3Pu5R5OEHOmjeN8WIWV1bX1jeJmaWt7Z3fP3i+3dZQoQlsk4pHqBlhTziRtGWY47caKYhFw2gnGjanfuaNKs0jemElMfYGHkoWMYJNLfbvsyQSdotvUrWWppwRqZH274ladGZDzi3xZFVig2bffvUFEEkGlIRxr3XOd2PgpVoYRTrOSl2gaYzLGQ9rLqcSCaj+dZc/Qca4MUBipfKRBM3X5IsVC64kI8k2BzUj/9KbiX14vMeGFnzIZJ4ZKMn8UJhyZCE2LQAOmKDF8khNMFMuzIjLCChOT11VaLuF/0q5VXafqXp9V6peLOopwCEdwAi6cQx2uoAktIHAPD/AEz1ZmPVov1ut8tWAtbg7gG6y3T11Jk1k=</latexit><latexit sha1_base64="bRQBT9MWYWVXniioOcpfVc3p6VA=">AAAB+3icdVDLSsNAFL2pr1pfsS7dDBZBEEpSBF0Wu3FZwT6giWUynbRDZyZhZiKWkF9x40IRt/6IO//G9CHU14ELh3Pu5R5OEHOmjeN8WIWV1bX1jeJmaWt7Z3fP3i+3dZQoQlsk4pHqBlhTziRtGWY47caKYhFw2gnGjanfuaNKs0jemElMfYGHkoWMYJNLfbvsyQSdotvUrWWppwRqZH274ladGZDzi3xZFVig2bffvUFEEkGlIRxr3XOd2PgpVoYRTrOSl2gaYzLGQ9rLqcSCaj+dZc/Qca4MUBipfKRBM3X5IsVC64kI8k2BzUj/9KbiX14vMeGFnzIZJ4ZKMn8UJhyZCE2LQAOmKDF8khNMFMuzIjLCChOT11VaLuF/0q5VXafqXp9V6peLOopwCEdwAi6cQx2uoAktIHAPD/AEz1ZmPVov1ut8tWAtbg7gG6y3T11Jk1k=</latexit><latexit sha1_base64="bRQBT9MWYWVXniioOcpfVc3p6VA=">AAAB+3icdVDLSsNAFL2pr1pfsS7dDBZBEEpSBF0Wu3FZwT6giWUynbRDZyZhZiKWkF9x40IRt/6IO//G9CHU14ELh3Pu5R5OEHOmjeN8WIWV1bX1jeJmaWt7Z3fP3i+3dZQoQlsk4pHqBlhTziRtGWY47caKYhFw2gnGjanfuaNKs0jemElMfYGHkoWMYJNLfbvsyQSdotvUrWWppwRqZH274ladGZDzi3xZFVig2bffvUFEEkGlIRxr3XOd2PgpVoYRTrOSl2gaYzLGQ9rLqcSCaj+dZc/Qca4MUBipfKRBM3X5IsVC64kI8k2BzUj/9KbiX14vMeGFnzIZJ4ZKMn8UJhyZCE2LQAOmKDF8khNMFMuzIjLCChOT11VaLuF/0q5VXafqXp9V6peLOopwCEdwAi6cQx2uoAktIHAPD/AEz1ZmPVov1ut8tWAtbg7gG6y3T11Jk1k=</latexit>

⌫e + 12C !12 Ng.s. + e�
<latexit sha1_base64="Y3HGC0hSo404HGGmsd+Om5rDv0c="></latexit><latexit sha1_base64="Y3HGC0hSo404HGGmsd+Om5rDv0c="></latexit><latexit sha1_base64="Y3HGC0hSo404HGGmsd+Om5rDv0c="></latexit><latexit sha1_base64="Y3HGC0hSo404HGGmsd+Om5rDv0c="></latexit>

E⌫ ⇠ 17.34MeV
<latexit sha1_base64="jUsCZD2fNNtdZQkvA1LOk+R0b7k=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkqihbosiuBGqGAf0IQwmU7aoTOTMDMRSujKjb/ixoUibv0Gd/6N0zYLbT1w4XDOvdx 7T5gwqrTjfFuFpeWV1bXiemljc2t7x97da6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDq8mfvuBSEVjca9HCfE56gsaUYy0kQL78DrwRAo9RTl0a5XzKvROYeZJDm9JaxzYZafiTAEXiZuTMsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHJSxVJEB6iPukaKhAnys+mb4zhsVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kmsEclwZqNDEFYUnMrxAMkEdYmuZIJwZ1/eZG0ziquU3HvquX6ZR5HERyAI3ACXFADdXADGqAJMHgEz+AVvFlP1ov1bn3MWgtWPrMP/sD6/AGygJa1</latexit><latexit sha1_base64="jUsCZD2fNNtdZQkvA1LOk+R0b7k=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkqihbosiuBGqGAf0IQwmU7aoTOTMDMRSujKjb/ixoUibv0Gd/6N0zYLbT1w4XDOvdx 7T5gwqrTjfFuFpeWV1bXiemljc2t7x97da6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDq8mfvuBSEVjca9HCfE56gsaUYy0kQL78DrwRAo9RTl0a5XzKvROYeZJDm9JaxzYZafiTAEXiZuTMsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHJSxVJEB6iPukaKhAnys+mb4zhsVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kmsEclwZqNDEFYUnMrxAMkEdYmuZIJwZ1/eZG0ziquU3HvquX6ZR5HERyAI3ACXFADdXADGqAJMHgEz+AVvFlP1ov1bn3MWgtWPrMP/sD6/AGygJa1</latexit><latexit sha1_base64="jUsCZD2fNNtdZQkvA1LOk+R0b7k=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkqihbosiuBGqGAf0IQwmU7aoTOTMDMRSujKjb/ixoUibv0Gd/6N0zYLbT1w4XDOvdx 7T5gwqrTjfFuFpeWV1bXiemljc2t7x97da6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDq8mfvuBSEVjca9HCfE56gsaUYy0kQL78DrwRAo9RTl0a5XzKvROYeZJDm9JaxzYZafiTAEXiZuTMsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHJSxVJEB6iPukaKhAnys+mb4zhsVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kmsEclwZqNDEFYUnMrxAMkEdYmuZIJwZ1/eZG0ziquU3HvquX6ZR5HERyAI3ACXFADdXADGqAJMHgEz+AVvFlP1ov1bn3MWgtWPrMP/sD6/AGygJa1</latexit><latexit sha1_base64="jUsCZD2fNNtdZQkvA1LOk+R0b7k=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkqihbosiuBGqGAf0IQwmU7aoTOTMDMRSujKjb/ixoUibv0Gd/6N0zYLbT1w4XDOvdx 7T5gwqrTjfFuFpeWV1bXiemljc2t7x97da6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDq8mfvuBSEVjca9HCfE56gsaUYy0kQL78DrwRAo9RTl0a5XzKvROYeZJDm9JaxzYZafiTAEXiZuTMsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHJSxVJEB6iPukaKhAnys+mb4zhsVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kmsEclwZqNDEFYUnMrxAMkEdYmuZIJwZ1/eZG0ziquU3HvquX6ZR5HERyAI3ACXFADdXADGqAJMHgEz+AVvFlP1ov1bn3MWgtWPrMP/sD6/AGygJa1</latexit>

Threshold: 

� ⇡ 0.036⇥ 10�42

⇥ (E⌫ � 18)1.97 cm2
<latexit sha1_base64="i9E3MOmAUoM7fnNVRMe6g79w6aU="></latexit><latexit sha1_base64="i9E3MOmAUoM7fnNVRMe6g79w6aU="></latexit><latexit sha1_base64="i9E3MOmAUoM7fnNVRMe6g79w6aU="></latexit><latexit sha1_base64="i9E3MOmAUoM7fnNVRMe6g79w6aU="></latexit>

Cross-section: 
 
 
 
 
for E⌫ 2 [25, 50]MeV

<latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit>

12Ng.s. !12 C+ e+ + ⌫e
<latexit sha1_base64="ZxwBbXSs52DQWoNLypyjAXrWYe0=">AAACJ3icbVBdS8MwFE39dn5NffQlOARhUNoh6JOIvvgkCs4N1q6k2e0WlqYlSZVR+m988a/4IqiIPvpPzOZA3TyQ3MO555LcE6acKe04H9bM7Nz8wuLScmlldW19o7y5daOSTFKo04QnshkSBZwJqGumOTRTCSQOOTTC/tmw37gFqVgirvUgBT8mXcEiRok2UlA+budurcg9GeOLIhjVrq3sAnuSdXuaSJnc4R/PWYGrGNpVc3siCyAoVxzbGQFPE3dMKmiMy6D87HUSmsUgNOVEqZbrpNrPidSMcihKXqYgJbRPutAyVJAYlJ+P9izwnlE6OEqkOULjkfp7IiexUoM4NM6Y6J6a7A3F/3qtTEdHfs5EmmkQ9PuhKONYJ3gYGu4wCVTzgSGESmb+immPSEK1ibZkQnAnV54mNzXbdWz36qBycjqOYwntoF20j1x0iE7QObpEdUTRPXpEL+jVerCerDfr/ds6Y41nttEfWJ9fW9OkVA==</latexit><latexit sha1_base64="ZxwBbXSs52DQWoNLypyjAXrWYe0=">AAACJ3icbVBdS8MwFE39dn5NffQlOARhUNoh6JOIvvgkCs4N1q6k2e0WlqYlSZVR+m988a/4IqiIPvpPzOZA3TyQ3MO555LcE6acKe04H9bM7Nz8wuLScmlldW19o7y5daOSTFKo04QnshkSBZwJqGumOTRTCSQOOTTC/tmw37gFqVgirvUgBT8mXcEiRok2UlA+budurcg9GeOLIhjVrq3sAnuSdXuaSJnc4R/PWYGrGNpVc3siCyAoVxzbGQFPE3dMKmiMy6D87HUSmsUgNOVEqZbrpNrPidSMcihKXqYgJbRPutAyVJAYlJ+P9izwnlE6OEqkOULjkfp7IiexUoM4NM6Y6J6a7A3F/3qtTEdHfs5EmmkQ9PuhKONYJ3gYGu4wCVTzgSGESmb+immPSEK1ibZkQnAnV54mNzXbdWz36qBycjqOYwntoF20j1x0iE7QObpEdUTRPXpEL+jVerCerDfr/ds6Y41nttEfWJ9fW9OkVA==</latexit><latexit sha1_base64="ZxwBbXSs52DQWoNLypyjAXrWYe0=">AAACJ3icbVBdS8MwFE39dn5NffQlOARhUNoh6JOIvvgkCs4N1q6k2e0WlqYlSZVR+m988a/4IqiIPvpPzOZA3TyQ3MO555LcE6acKe04H9bM7Nz8wuLScmlldW19o7y5daOSTFKo04QnshkSBZwJqGumOTRTCSQOOTTC/tmw37gFqVgirvUgBT8mXcEiRok2UlA+budurcg9GeOLIhjVrq3sAnuSdXuaSJnc4R/PWYGrGNpVc3siCyAoVxzbGQFPE3dMKmiMy6D87HUSmsUgNOVEqZbrpNrPidSMcihKXqYgJbRPutAyVJAYlJ+P9izwnlE6OEqkOULjkfp7IiexUoM4NM6Y6J6a7A3F/3qtTEdHfs5EmmkQ9PuhKONYJ3gYGu4wCVTzgSGESmb+immPSEK1ibZkQnAnV54mNzXbdWz36qBycjqOYwntoF20j1x0iE7QObpEdUTRPXpEL+jVerCerDfr/ds6Y41nttEfWJ9fW9OkVA==</latexit><latexit sha1_base64="ZxwBbXSs52DQWoNLypyjAXrWYe0=">AAACJ3icbVBdS8MwFE39dn5NffQlOARhUNoh6JOIvvgkCs4N1q6k2e0WlqYlSZVR+m988a/4IqiIPvpPzOZA3TyQ3MO555LcE6acKe04H9bM7Nz8wuLScmlldW19o7y5daOSTFKo04QnshkSBZwJqGumOTRTCSQOOTTC/tmw37gFqVgirvUgBT8mXcEiRok2UlA+budurcg9GeOLIhjVrq3sAnuSdXuaSJnc4R/PWYGrGNpVc3siCyAoVxzbGQFPE3dMKmiMy6D87HUSmsUgNOVEqZbrpNrPidSMcihKXqYgJbRPutAyVJAYlJ+P9izwnlE6OEqkOULjkfp7IiexUoM4NM6Y6J6a7A3F/3qtTEdHfs5EmmkQ9PuhKONYJ3gYGu4wCVTzgSGESmb+immPSEK1ibZkQnAnV54mNzXbdWz36qBycjqOYwntoF20j1x0iE7QObpEdUTRPXpEL+jVerCerDfr/ds6Y41nttEfWJ9fW9OkVA==</latexit>

t1/2 ⇡ 11ms
<latexit sha1_base64="a4dWbE4r1pmod8qX5QJEKn69lWw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmqmCLosunFZwT6gCWEynbRDZ5IwMxFLyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPkHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVhLZIzGPZDbCinEW0pZnmtJtIikXAaScYXU/8zj2VisXRnR4n1BN4ELGQEayN5NuH2s/QWT2HLk4SGT9AhKB7CjNXCihU7ttVp+ZMARcJKkgVFGj69pfbj0kqaKQJx0r1kJNoL8NSM8JpXnFTRRNMRnhAe4ZGWFDlZdM/cnhslD4MY2kq0nCq/p7IsFBqLALTKbAeqnlvIv7n9VIdXnoZi5JU04jMFoUphzqGk1Bgn0lKNB8bgolk5lZIhlhiok10FRMCmn95kbTrNeTU0O15tXFVxFEGB+AInAAELkAD3IAmaAECHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AHqPl8c=</latexit><latexit sha1_base64="a4dWbE4r1pmod8qX5QJEKn69lWw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmqmCLosunFZwT6gCWEynbRDZ5IwMxFLyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPkHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVhLZIzGPZDbCinEW0pZnmtJtIikXAaScYXU/8zj2VisXRnR4n1BN4ELGQEayN5NuH2s/QWT2HLk4SGT9AhKB7CjNXCihU7ttVp+ZMARcJKkgVFGj69pfbj0kqaKQJx0r1kJNoL8NSM8JpXnFTRRNMRnhAe4ZGWFDlZdM/cnhslD4MY2kq0nCq/p7IsFBqLALTKbAeqnlvIv7n9VIdXnoZi5JU04jMFoUphzqGk1Bgn0lKNB8bgolk5lZIhlhiok10FRMCmn95kbTrNeTU0O15tXFVxFEGB+AInAAELkAD3IAmaAECHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AHqPl8c=</latexit><latexit sha1_base64="a4dWbE4r1pmod8qX5QJEKn69lWw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmqmCLosunFZwT6gCWEynbRDZ5IwMxFLyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPkHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVhLZIzGPZDbCinEW0pZnmtJtIikXAaScYXU/8zj2VisXRnR4n1BN4ELGQEayN5NuH2s/QWT2HLk4SGT9AhKB7CjNXCihU7ttVp+ZMARcJKkgVFGj69pfbj0kqaKQJx0r1kJNoL8NSM8JpXnFTRRNMRnhAe4ZGWFDlZdM/cnhslD4MY2kq0nCq/p7IsFBqLALTKbAeqnlvIv7n9VIdXnoZi5JU04jMFoUphzqGk1Bgn0lKNB8bgolk5lZIhlhiok10FRMCmn95kbTrNeTU0O15tXFVxFEGB+AInAAELkAD3IAmaAECHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AHqPl8c=</latexit><latexit sha1_base64="a4dWbE4r1pmod8qX5QJEKn69lWw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmqmCLosunFZwT6gCWEynbRDZ5IwMxFLyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPkHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVhLZIzGPZDbCinEW0pZnmtJtIikXAaScYXU/8zj2VisXRnR4n1BN4ELGQEayN5NuH2s/QWT2HLk4SGT9AhKB7CjNXCihU7ttVp+ZMARcJKkgVFGj69pfbj0kqaKQJx0r1kJNoL8NSM8JpXnFTRRNMRnhAe4ZGWFDlZdM/cnhslD4MY2kq0nCq/p7IsFBqLALTKbAeqnlvIv7n9VIdXnoZi5JU04jMFoUphzqGk1Bgn0lKNB8bgolk5lZIhlhiok10FRMCmn95kbTrNeTU0O15tXFVxFEGB+AInAAELkAD3IAmaAECHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AHqPl8c=</latexit>

Te 2 [0, 16.8]MeV
<latexit sha1_base64="c+pMHL8oEz7WwAdKrMk6l2Skli0=">AAACDHicbVDLSsNAFJ34rPVVdelmsAguSkhEtMuiGzdChb6gCWUyvW2HTiZhZiKU0A9w46+4caGIWz/AnX/jpM1CWw8MHM45lzv3BDFnSjvOt7Wyura+sVnYKm7v7O7tlw4OWypKJIUmjXgkOwFRwJmApmaaQyeWQMKAQzsY32R++wGkYpFo6EkMfkiGgg0YJdpIvVK50Uthij0mcNepYK+C3Uu76mck9WSI76A1NSnHdmbAy8TNSRnlqPdKX14/okkIQlNOlOq6Tqz9lEjNKIdp0UsUxISOyRC6hgoSgvLT2TFTfGqUPh5E0jyh8Uz9PZGSUKlJGJhkSPRILXqZ+J/XTfSg6qdMxIkGQeeLBgnHOsJZM7jPJFDNJ4YQKpn5K6YjIgnVpr+iKcFdPHmZtM5t17Hd+4ty7Tqvo4CO0Qk6Qy66QjV0i+qoiSh6RM/oFb1ZT9aL9W59zKMrVj5zhP7A+vwB5d6YWA==</latexit><latexit sha1_base64="c+pMHL8oEz7WwAdKrMk6l2Skli0=">AAACDHicbVDLSsNAFJ34rPVVdelmsAguSkhEtMuiGzdChb6gCWUyvW2HTiZhZiKU0A9w46+4caGIWz/AnX/jpM1CWw8MHM45lzv3BDFnSjvOt7Wyura+sVnYKm7v7O7tlw4OWypKJIUmjXgkOwFRwJmApmaaQyeWQMKAQzsY32R++wGkYpFo6EkMfkiGgg0YJdpIvVK50Uthij0mcNepYK+C3Uu76mck9WSI76A1NSnHdmbAy8TNSRnlqPdKX14/okkIQlNOlOq6Tqz9lEjNKIdp0UsUxISOyRC6hgoSgvLT2TFTfGqUPh5E0jyh8Uz9PZGSUKlJGJhkSPRILXqZ+J/XTfSg6qdMxIkGQeeLBgnHOsJZM7jPJFDNJ4YQKpn5K6YjIgnVpr+iKcFdPHmZtM5t17Hd+4ty7Tqvo4CO0Qk6Qy66QjV0i+qoiSh6RM/oFb1ZT9aL9W59zKMrVj5zhP7A+vwB5d6YWA==</latexit><latexit sha1_base64="c+pMHL8oEz7WwAdKrMk6l2Skli0=">AAACDHicbVDLSsNAFJ34rPVVdelmsAguSkhEtMuiGzdChb6gCWUyvW2HTiZhZiKU0A9w46+4caGIWz/AnX/jpM1CWw8MHM45lzv3BDFnSjvOt7Wyura+sVnYKm7v7O7tlw4OWypKJIUmjXgkOwFRwJmApmaaQyeWQMKAQzsY32R++wGkYpFo6EkMfkiGgg0YJdpIvVK50Uthij0mcNepYK+C3Uu76mck9WSI76A1NSnHdmbAy8TNSRnlqPdKX14/okkIQlNOlOq6Tqz9lEjNKIdp0UsUxISOyRC6hgoSgvLT2TFTfGqUPh5E0jyh8Uz9PZGSUKlJGJhkSPRILXqZ+J/XTfSg6qdMxIkGQeeLBgnHOsJZM7jPJFDNJ4YQKpn5K6YjIgnVpr+iKcFdPHmZtM5t17Hd+4ty7Tqvo4CO0Qk6Qy66QjV0i+qoiSh6RM/oFb1ZT9aL9W59zKMrVj5zhP7A+vwB5d6YWA==</latexit><latexit sha1_base64="c+pMHL8oEz7WwAdKrMk6l2Skli0=">AAACDHicbVDLSsNAFJ34rPVVdelmsAguSkhEtMuiGzdChb6gCWUyvW2HTiZhZiKU0A9w46+4caGIWz/AnX/jpM1CWw8MHM45lzv3BDFnSjvOt7Wyura+sVnYKm7v7O7tlw4OWypKJIUmjXgkOwFRwJmApmaaQyeWQMKAQzsY32R++wGkYpFo6EkMfkiGgg0YJdpIvVK50Uthij0mcNepYK+C3Uu76mck9WSI76A1NSnHdmbAy8TNSRnlqPdKX14/okkIQlNOlOq6Tqz9lEjNKIdp0UsUxISOyRC6hgoSgvLT2TFTfGqUPh5E0jyh8Uz9PZGSUKlJGJhkSPRILXqZ+J/XTfSg6qdMxIkGQeeLBgnHOsJZM7jPJFDNJ4YQKpn5K6YjIgnVpr+iKcFdPHmZtM5t17Hd+4ty7Tqvo4CO0Qk6Qy66QjV0i+qoiSh6RM/oFb1ZT9aL9W59zKMrVj5zhP7A+vwB5d6YWA==</latexit>

⌫̄e + 12C !12 Bg.s. + e+
<latexit sha1_base64="5UAQD0kFCEGv8+dwKMJ6lgifoGM="></latexit><latexit sha1_base64="5UAQD0kFCEGv8+dwKMJ6lgifoGM="></latexit><latexit sha1_base64="5UAQD0kFCEGv8+dwKMJ6lgifoGM="></latexit><latexit sha1_base64="5UAQD0kFCEGv8+dwKMJ6lgifoGM="></latexit>

E⌫ ⇠ 14.39MeV
<latexit sha1_base64="CLKW+Ozy9nCLb5HEoR04g9i+LSs=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkKiBXVXFMGNUME+oAlhMp20Q2cmYWYilNCVG3/FjQtF3PoN7vwbp4+Fth64cDjnXu69J0oZVdp1v63CwuLS8kpxtbS2vrG5ZW/vNFSSSUzqOGGJbEVIEUYFqWuqGWmlkiAeMdKM+lcjv/lApKKJuNeDlAQcdQWNKUbaSKG9fx36IoO+ohx6Fef0AvrHMPclh7ekMQztsuu4Y8B54k1JGUxRC+0vv5PgjBOhMUNKtT031UGOpKaYkWHJzxRJEe6jLmkbKhAnKsjHbwzhoVE6ME6kKaHhWP09kSOu1IBHppMj3VOz3kj8z2tnOj4PcirSTBOBJ4vijEGdwFEmsEMlwZoNDEFYUnMrxD0kEdYmuZIJwZt9eZ40ThzPdby7Srl6OY2jCPbAATgCHjgDVXADaqAOMHgEz+AVvFlP1ov1bn1MWgvWdGYX/IH1+QO1mZa3</latexit><latexit sha1_base64="CLKW+Ozy9nCLb5HEoR04g9i+LSs=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkKiBXVXFMGNUME+oAlhMp20Q2cmYWYilNCVG3/FjQtF3PoN7vwbp4+Fth64cDjnXu69J0oZVdp1v63CwuLS8kpxtbS2vrG5ZW/vNFSSSUzqOGGJbEVIEUYFqWuqGWmlkiAeMdKM+lcjv/lApKKJuNeDlAQcdQWNKUbaSKG9fx36IoO+ohx6Fef0AvrHMPclh7ekMQztsuu4Y8B54k1JGUxRC+0vv5PgjBOhMUNKtT031UGOpKaYkWHJzxRJEe6jLmkbKhAnKsjHbwzhoVE6ME6kKaHhWP09kSOu1IBHppMj3VOz3kj8z2tnOj4PcirSTBOBJ4vijEGdwFEmsEMlwZoNDEFYUnMrxD0kEdYmuZIJwZt9eZ40ThzPdby7Srl6OY2jCPbAATgCHjgDVXADaqAOMHgEz+AVvFlP1ov1bn1MWgvWdGYX/IH1+QO1mZa3</latexit><latexit sha1_base64="CLKW+Ozy9nCLb5HEoR04g9i+LSs=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkKiBXVXFMGNUME+oAlhMp20Q2cmYWYilNCVG3/FjQtF3PoN7vwbp4+Fth64cDjnXu69J0oZVdp1v63CwuLS8kpxtbS2vrG5ZW/vNFSSSUzqOGGJbEVIEUYFqWuqGWmlkiAeMdKM+lcjv/lApKKJuNeDlAQcdQWNKUbaSKG9fx36IoO+ohx6Fef0AvrHMPclh7ekMQztsuu4Y8B54k1JGUxRC+0vv5PgjBOhMUNKtT031UGOpKaYkWHJzxRJEe6jLmkbKhAnKsjHbwzhoVE6ME6kKaHhWP09kSOu1IBHppMj3VOz3kj8z2tnOj4PcirSTBOBJ4vijEGdwFEmsEMlwZoNDEFYUnMrxD0kEdYmuZIJwZt9eZ40ThzPdby7Srl6OY2jCPbAATgCHjgDVXADaqAOMHgEz+AVvFlP1ov1bn1MWgvWdGYX/IH1+QO1mZa3</latexit><latexit sha1_base64="CLKW+Ozy9nCLb5HEoR04g9i+LSs=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkKiBXVXFMGNUME+oAlhMp20Q2cmYWYilNCVG3/FjQtF3PoN7vwbp4+Fth64cDjnXu69J0oZVdp1v63CwuLS8kpxtbS2vrG5ZW/vNFSSSUzqOGGJbEVIEUYFqWuqGWmlkiAeMdKM+lcjv/lApKKJuNeDlAQcdQWNKUbaSKG9fx36IoO+ohx6Fef0AvrHMPclh7ekMQztsuu4Y8B54k1JGUxRC+0vv5PgjBOhMUNKtT031UGOpKaYkWHJzxRJEe6jLmkbKhAnKsjHbwzhoVE6ME6kKaHhWP09kSOu1IBHppMj3VOz3kj8z2tnOj4PcirSTBOBJ4vijEGdwFEmsEMlwZoNDEFYUnMrxD0kEdYmuZIJwZt9eZ40ThzPdby7Srl6OY2jCPbAATgCHjgDVXADaqAOMHgEz+AVvFlP1ov1bn1MWgvWdGYX/IH1+QO1mZa3</latexit>

Threshold: 

� ⇡ 0.086⇥ 10�42

⇥ (E⌫ � 16)1.5 cm2
<latexit sha1_base64="tSGptXKyWiAxE7GnpNdrj6bxTwg="></latexit><latexit sha1_base64="tSGptXKyWiAxE7GnpNdrj6bxTwg="></latexit><latexit sha1_base64="tSGptXKyWiAxE7GnpNdrj6bxTwg="></latexit><latexit sha1_base64="tSGptXKyWiAxE7GnpNdrj6bxTwg="></latexit>

Cross-section: 
 
 
 
 
for E⌫ 2 [25, 50]MeV

<latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit>

12Bg.s. !12 C+ e� + ⌫̄e
<latexit sha1_base64="Jtc8BpLNXqq8yBT6PqoNsoSzeCQ="></latexit><latexit sha1_base64="Jtc8BpLNXqq8yBT6PqoNsoSzeCQ="></latexit><latexit sha1_base64="Jtc8BpLNXqq8yBT6PqoNsoSzeCQ="></latexit><latexit sha1_base64="Jtc8BpLNXqq8yBT6PqoNsoSzeCQ="></latexit>

t1/2 ⇡ 20ms
<latexit sha1_base64="k4mQAdkgQ4QTP9kkTqw4/u2Z/eY=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmpSBF0W3bisYB/QhDCZTtqhM5MwMxFLyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+555IRWNxp8cJ8TkaCBpRjLSRAvtQB5l7Vs+hh5JExg+w7kDvFGae5JCrPLCrTs2ZAi4StyBVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjecVLFUkQHqEB6RkqECfKz6Z/5PDYKH0YxdKU0HCq/p7IEFdqzEPTyZEeqnlvIv7n9VIdXfoZFUmqicCzRVHKoI7hJBTYp5JgzcaGICypuRXiIZIIaxNdxYTgzr+8SNr1muvU3NvzauOqiKMMDsAROAEuuAANcAOaoAUweATP4BW8WU/Wi/VufcxaS1Yxsw/+wPr8AXqQl8c=</latexit><latexit sha1_base64="k4mQAdkgQ4QTP9kkTqw4/u2Z/eY=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmpSBF0W3bisYB/QhDCZTtqhM5MwMxFLyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+555IRWNxp8cJ8TkaCBpRjLSRAvtQB5l7Vs+hh5JExg+w7kDvFGae5JCrPLCrTs2ZAi4StyBVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjecVLFUkQHqEB6RkqECfKz6Z/5PDYKH0YxdKU0HCq/p7IEFdqzEPTyZEeqnlvIv7n9VIdXfoZFUmqicCzRVHKoI7hJBTYp5JgzcaGICypuRXiIZIIaxNdxYTgzr+8SNr1muvU3NvzauOqiKMMDsAROAEuuAANcAOaoAUweATP4BW8WU/Wi/VufcxaS1Yxsw/+wPr8AXqQl8c=</latexit><latexit sha1_base64="k4mQAdkgQ4QTP9kkTqw4/u2Z/eY=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmpSBF0W3bisYB/QhDCZTtqhM5MwMxFLyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+555IRWNxp8cJ8TkaCBpRjLSRAvtQB5l7Vs+hh5JExg+w7kDvFGae5JCrPLCrTs2ZAi4StyBVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjecVLFUkQHqEB6RkqECfKz6Z/5PDYKH0YxdKU0HCq/p7IEFdqzEPTyZEeqnlvIv7n9VIdXfoZFUmqicCzRVHKoI7hJBTYp5JgzcaGICypuRXiIZIIaxNdxYTgzr+8SNr1muvU3NvzauOqiKMMDsAROAEuuAANcAOaoAUweATP4BW8WU/Wi/VufcxaS1Yxsw/+wPr8AXqQl8c=</latexit><latexit sha1_base64="k4mQAdkgQ4QTP9kkTqw4/u2Z/eY=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmpSBF0W3bisYB/QhDCZTtqhM5MwMxFLyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+555IRWNxp8cJ8TkaCBpRjLSRAvtQB5l7Vs+hh5JExg+w7kDvFGae5JCrPLCrTs2ZAi4StyBVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjecVLFUkQHqEB6RkqECfKz6Z/5PDYKH0YxdKU0HCq/p7IEFdqzEPTyZEeqnlvIv7n9VIdXfoZFUmqicCzRVHKoI7hJBTYp5JgzcaGICypuRXiIZIIaxNdxYTgzr+8SNr1muvU3NvzauOqiKMMDsAROAEuuAANcAOaoAUweATP4BW8WU/Wi/VufcxaS1Yxsw/+wPr8AXqQl8c=</latexit>

Te 2 [0, 12.9]MeV
<latexit sha1_base64="8P6aZRkXL6BUj0PzHzNnoya955k=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCh1KSIqi3ohcvQoV+QRLKZjttl242YXcjlNCbF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZF8ScKW3b31ZuZXVtfSO/Wdja3tndK+4ftFSUSApNGvFIdgKigDMBTc00h04sgYQBh3Ywupn67QeQikWioccx+CEZCNZnlGgjdYvHjS5gjwns2mXsVCtXPvbKOPVkiO+gNekWS3bFngEvEycjJZSh3i1+eb2IJiEITTlRynXsWPspkZpRDpOClyiICR2RAbiGChKC8tPZHxN8apQe7kfSlNB4pv6eSEmo1DgMTGdI9FAtelPxP89NdP/ST5mIEw2Czhf1E451hKeh4B6TQDUfG0KoZOZWTIdEEqpNdAUTgrP48jJpVSuOXXHuz0u16yyOPDpCJ+gMOegC1dAtqqMmougRPaNX9GY9WS/Wu/Uxb81Z2cwh+gPr8wd5g5aD</latexit><latexit sha1_base64="8P6aZRkXL6BUj0PzHzNnoya955k=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCh1KSIqi3ohcvQoV+QRLKZjttl242YXcjlNCbF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZF8ScKW3b31ZuZXVtfSO/Wdja3tndK+4ftFSUSApNGvFIdgKigDMBTc00h04sgYQBh3Ywupn67QeQikWioccx+CEZCNZnlGgjdYvHjS5gjwns2mXsVCtXPvbKOPVkiO+gNekWS3bFngEvEycjJZSh3i1+eb2IJiEITTlRynXsWPspkZpRDpOClyiICR2RAbiGChKC8tPZHxN8apQe7kfSlNB4pv6eSEmo1DgMTGdI9FAtelPxP89NdP/ST5mIEw2Czhf1E451hKeh4B6TQDUfG0KoZOZWTIdEEqpNdAUTgrP48jJpVSuOXXHuz0u16yyOPDpCJ+gMOegC1dAtqqMmougRPaNX9GY9WS/Wu/Uxb81Z2cwh+gPr8wd5g5aD</latexit><latexit sha1_base64="8P6aZRkXL6BUj0PzHzNnoya955k=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCh1KSIqi3ohcvQoV+QRLKZjttl242YXcjlNCbF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZF8ScKW3b31ZuZXVtfSO/Wdja3tndK+4ftFSUSApNGvFIdgKigDMBTc00h04sgYQBh3Ywupn67QeQikWioccx+CEZCNZnlGgjdYvHjS5gjwns2mXsVCtXPvbKOPVkiO+gNekWS3bFngEvEycjJZSh3i1+eb2IJiEITTlRynXsWPspkZpRDpOClyiICR2RAbiGChKC8tPZHxN8apQe7kfSlNB4pv6eSEmo1DgMTGdI9FAtelPxP89NdP/ST5mIEw2Czhf1E451hKeh4B6TQDUfG0KoZOZWTIdEEqpNdAUTgrP48jJpVSuOXXHuz0u16yyOPDpCJ+gMOegC1dAtqqMmougRPaNX9GY9WS/Wu/Uxb81Z2cwh+gPr8wd5g5aD</latexit><latexit sha1_base64="8P6aZRkXL6BUj0PzHzNnoya955k=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCh1KSIqi3ohcvQoV+QRLKZjttl242YXcjlNCbF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZF8ScKW3b31ZuZXVtfSO/Wdja3tndK+4ftFSUSApNGvFIdgKigDMBTc00h04sgYQBh3Ywupn67QeQikWioccx+CEZCNZnlGgjdYvHjS5gjwns2mXsVCtXPvbKOPVkiO+gNekWS3bFngEvEycjJZSh3i1+eb2IJiEITTlRynXsWPspkZpRDpOClyiICR2RAbiGChKC8tPZHxN8apQe7kfSlNB4pv6eSEmo1DgMTGdI9FAtelPxP89NdP/ST5mIEw2Czhf1E451hKeh4B6TQDUfG0KoZOZWTIdEEqpNdAUTgrP48jJpVSuOXXHuz0u16yyOPDpCJ+gMOegC1dAtqqMmougRPaNX9GY9WS/Wu/Uxb81Z2cwh+gPr8wd5g5aD</latexit>

kinetic energy of the electron kinetic energy of the positron 

⌫ + 12C ! ⌫ +12 C⇤
<latexit sha1_base64="Iy1V9DW5vW1bdN9LSF8YMDZulUw=">AAACIHicbVDLSsNAFJ34rPUVdelmsAhiS0mKUJfFblxWsA9o0jKZTtqhk0mYmSgl5FPc+CtuXCiiO/0ap20WtvXAwOGcc7lzjxcxKpVlfRtr6xubW9u5nfzu3v7BoXl03JJhLDBp4pCFouMhSRjlpKmoYqQTCYICj5G2N65P/fYDEZKG/F5NIuIGaMipTzFSWuqbVYfH0CkVnRLsJXYlTRwRwHoKHUGHI4WECB/hNFJcsHuXfbNgla0Z4CqxM1IAGRp988sZhDgOCFeYISm7thUpN0FCUcxImndiSSKEx2hIuppyFBDpJrMDU3iulQH0Q6EfV3Cm/p1IUCDlJPB0MkBqJJe9qfif142Vf+0mlEexIhzPF/kxgyqE07bggAqCFZtogrCg+q8Qj5BAWOlO87oEe/nkVdKqlG2rbN9dFWo3WR05cArOwAWwQRXUwC1ogCbA4Am8gDfwbjwbr8aH8TmPrhnZzAlYgPHzC13OoUA=</latexit><latexit sha1_base64="Iy1V9DW5vW1bdN9LSF8YMDZulUw=">AAACIHicbVDLSsNAFJ34rPUVdelmsAhiS0mKUJfFblxWsA9o0jKZTtqhk0mYmSgl5FPc+CtuXCiiO/0ap20WtvXAwOGcc7lzjxcxKpVlfRtr6xubW9u5nfzu3v7BoXl03JJhLDBp4pCFouMhSRjlpKmoYqQTCYICj5G2N65P/fYDEZKG/F5NIuIGaMipTzFSWuqbVYfH0CkVnRLsJXYlTRwRwHoKHUGHI4WECB/hNFJcsHuXfbNgla0Z4CqxM1IAGRp988sZhDgOCFeYISm7thUpN0FCUcxImndiSSKEx2hIuppyFBDpJrMDU3iulQH0Q6EfV3Cm/p1IUCDlJPB0MkBqJJe9qfif142Vf+0mlEexIhzPF/kxgyqE07bggAqCFZtogrCg+q8Qj5BAWOlO87oEe/nkVdKqlG2rbN9dFWo3WR05cArOwAWwQRXUwC1ogCbA4Am8gDfwbjwbr8aH8TmPrhnZzAlYgPHzC13OoUA=</latexit><latexit sha1_base64="Iy1V9DW5vW1bdN9LSF8YMDZulUw=">AAACIHicbVDLSsNAFJ34rPUVdelmsAhiS0mKUJfFblxWsA9o0jKZTtqhk0mYmSgl5FPc+CtuXCiiO/0ap20WtvXAwOGcc7lzjxcxKpVlfRtr6xubW9u5nfzu3v7BoXl03JJhLDBp4pCFouMhSRjlpKmoYqQTCYICj5G2N65P/fYDEZKG/F5NIuIGaMipTzFSWuqbVYfH0CkVnRLsJXYlTRwRwHoKHUGHI4WECB/hNFJcsHuXfbNgla0Z4CqxM1IAGRp988sZhDgOCFeYISm7thUpN0FCUcxImndiSSKEx2hIuppyFBDpJrMDU3iulQH0Q6EfV3Cm/p1IUCDlJPB0MkBqJJe9qfif142Vf+0mlEexIhzPF/kxgyqE07bggAqCFZtogrCg+q8Qj5BAWOlO87oEe/nkVdKqlG2rbN9dFWo3WR05cArOwAWwQRXUwC1ogCbA4Am8gDfwbjwbr8aH8TmPrhnZzAlYgPHzC13OoUA=</latexit><latexit sha1_base64="Iy1V9DW5vW1bdN9LSF8YMDZulUw=">AAACIHicbVDLSsNAFJ34rPUVdelmsAhiS0mKUJfFblxWsA9o0jKZTtqhk0mYmSgl5FPc+CtuXCiiO/0ap20WtvXAwOGcc7lzjxcxKpVlfRtr6xubW9u5nfzu3v7BoXl03JJhLDBp4pCFouMhSRjlpKmoYqQTCYICj5G2N65P/fYDEZKG/F5NIuIGaMipTzFSWuqbVYfH0CkVnRLsJXYlTRwRwHoKHUGHI4WECB/hNFJcsHuXfbNgla0Z4CqxM1IAGRp988sZhDgOCFeYISm7thUpN0FCUcxImndiSSKEx2hIuppyFBDpJrMDU3iulQH0Q6EfV3Cm/p1IUCDlJPB0MkBqJJe9qfif142Vf+0mlEexIhzPF/kxgyqE07bggAqCFZtogrCg+q8Qj5BAWOlO87oEe/nkVdKqlG2rbN9dFWo3WR05cArOwAWwQRXUwC1ogCbA4Am8gDfwbjwbr8aH8TmPrhnZzAlYgPHzC13OoUA=</latexit>

12C⇤ !12 C + �
<latexit sha1_base64="JcE72Gt9AZ08Oz0CGhHEOaDNA/4=">AAACHXicbVBNSwJRFH1jX2ZfVss2jySIEpkRoZaSm5YG+QGOyp3nUx++NzO896aQwT/Spr/SpkURLdpE/6anzsK0AxcO59zLvfd4IWdK2/aPlVpb39jcSm9ndnb39g+yh0d1FUSS0BoJeCCbHijKmU9rmmlOm6GkIDxOG96oMvUbD1QqFvj3ehzStoCBz/qMgDZSN1vqxE5xErtS4Mqkc4FdyQZDDVIGj3jRwm7+0s1jdwBCQDebswv2DHiVOAnJoQTVbvbL7QUkEtTXhINSLccOdTsGqRnhdJJxI0VDICMY0JahPgiq2vHsuwk+M0oP9wNpytd4pi5OxCCUGgvPdArQQ7XsTcX/vFak+9ftmPlhpKlP5ov6Ecc6wNOocI9JSjQfGwJEMnMrJkOQQLQJNGNCcJZfXiX1YsGxC85dKVe+SeJIoxN0is6Rg65QGd2iKqohgp7QC3pD79az9Wp9WJ/z1pSVzByjP7C+fwEEFqCY</latexit><latexit sha1_base64="JcE72Gt9AZ08Oz0CGhHEOaDNA/4=">AAACHXicbVBNSwJRFH1jX2ZfVss2jySIEpkRoZaSm5YG+QGOyp3nUx++NzO896aQwT/Spr/SpkURLdpE/6anzsK0AxcO59zLvfd4IWdK2/aPlVpb39jcSm9ndnb39g+yh0d1FUSS0BoJeCCbHijKmU9rmmlOm6GkIDxOG96oMvUbD1QqFvj3ehzStoCBz/qMgDZSN1vqxE5xErtS4Mqkc4FdyQZDDVIGj3jRwm7+0s1jdwBCQDebswv2DHiVOAnJoQTVbvbL7QUkEtTXhINSLccOdTsGqRnhdJJxI0VDICMY0JahPgiq2vHsuwk+M0oP9wNpytd4pi5OxCCUGgvPdArQQ7XsTcX/vFak+9ftmPlhpKlP5ov6Ecc6wNOocI9JSjQfGwJEMnMrJkOQQLQJNGNCcJZfXiX1YsGxC85dKVe+SeJIoxN0is6Rg65QGd2iKqohgp7QC3pD79az9Wp9WJ/z1pSVzByjP7C+fwEEFqCY</latexit><latexit sha1_base64="JcE72Gt9AZ08Oz0CGhHEOaDNA/4=">AAACHXicbVBNSwJRFH1jX2ZfVss2jySIEpkRoZaSm5YG+QGOyp3nUx++NzO896aQwT/Spr/SpkURLdpE/6anzsK0AxcO59zLvfd4IWdK2/aPlVpb39jcSm9ndnb39g+yh0d1FUSS0BoJeCCbHijKmU9rmmlOm6GkIDxOG96oMvUbD1QqFvj3ehzStoCBz/qMgDZSN1vqxE5xErtS4Mqkc4FdyQZDDVIGj3jRwm7+0s1jdwBCQDebswv2DHiVOAnJoQTVbvbL7QUkEtTXhINSLccOdTsGqRnhdJJxI0VDICMY0JahPgiq2vHsuwk+M0oP9wNpytd4pi5OxCCUGgvPdArQQ7XsTcX/vFak+9ftmPlhpKlP5ov6Ecc6wNOocI9JSjQfGwJEMnMrJkOQQLQJNGNCcJZfXiX1YsGxC85dKVe+SeJIoxN0is6Rg65QGd2iKqohgp7QC3pD79az9Wp9WJ/z1pSVzByjP7C+fwEEFqCY</latexit><latexit sha1_base64="JcE72Gt9AZ08Oz0CGhHEOaDNA/4=">AAACHXicbVBNSwJRFH1jX2ZfVss2jySIEpkRoZaSm5YG+QGOyp3nUx++NzO896aQwT/Spr/SpkURLdpE/6anzsK0AxcO59zLvfd4IWdK2/aPlVpb39jcSm9ndnb39g+yh0d1FUSS0BoJeCCbHijKmU9rmmlOm6GkIDxOG96oMvUbD1QqFvj3ehzStoCBz/qMgDZSN1vqxE5xErtS4Mqkc4FdyQZDDVIGj3jRwm7+0s1jdwBCQDebswv2DHiVOAnJoQTVbvbL7QUkEtTXhINSLccOdTsGqRnhdJJxI0VDICMY0JahPgiq2vHsuwk+M0oP9wNpytd4pi5OxCCUGgvPdArQQ7XsTcX/vFak+9ftmPlhpKlP5ov6Ecc6wNOocI9JSjQfGwJEMnMrJkOQQLQJNGNCcJZfXiX1YsGxC85dKVe+SeJIoxN0is6Rg65QGd2iKqohgp7QC3pD79az9Wp9WJ/z1pSVzByjP7C+fwEEFqCY</latexit>

E� = 15.11MeV
<latexit sha1_base64="1yqtMPShuMgMWhD7nONvfhH1MEk=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJARRTdCUQQ3QgX7gCaEyXTSDp1JwsxEKCFLN/6KGxeKuPUT3Pk3Th8LbT1w4XDOvdx7T5hyprTrfltz8wuLS8ullfLq2vrGpr213VBJJgmtk4QnshViRTmLaV0zzWkrlRSLkNNm2L8a+s0HKhVL4ns9SKkvcDdmESNYGymw966D3OtiIXABLyA6dRCC3hHMPSngLW0UgV1xHXcEOEvQhFTABLXA/vI6CckEjTXhWKk2clPt51hqRjgtyl6maIpJH3dp29AYC6r8fPRIAQ+M0oFRIk3FGo7U3xM5FkoNRGg6BdY9Ne0Nxf+8dqajcz9ncZppGpPxoijjUCdwmArsMEmJ5gNDMJHM3ApJD0tMtMmubEJA0y/Pksaxg1wH3Z1UqpeTOEpgF+yDQ4DAGaiCG1ADdUDAI3gGr+DNerJerHfrY9w6Z01mdsAfWJ8/E0eXcg==</latexit><latexit sha1_base64="1yqtMPShuMgMWhD7nONvfhH1MEk=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJARRTdCUQQ3QgX7gCaEyXTSDp1JwsxEKCFLN/6KGxeKuPUT3Pk3Th8LbT1w4XDOvdx7T5hyprTrfltz8wuLS8ullfLq2vrGpr213VBJJgmtk4QnshViRTmLaV0zzWkrlRSLkNNm2L8a+s0HKhVL4ns9SKkvcDdmESNYGymw966D3OtiIXABLyA6dRCC3hHMPSngLW0UgV1xHXcEOEvQhFTABLXA/vI6CckEjTXhWKk2clPt51hqRjgtyl6maIpJH3dp29AYC6r8fPRIAQ+M0oFRIk3FGo7U3xM5FkoNRGg6BdY9Ne0Nxf+8dqajcz9ncZppGpPxoijjUCdwmArsMEmJ5gNDMJHM3ApJD0tMtMmubEJA0y/Pksaxg1wH3Z1UqpeTOEpgF+yDQ4DAGaiCG1ADdUDAI3gGr+DNerJerHfrY9w6Z01mdsAfWJ8/E0eXcg==</latexit><latexit sha1_base64="1yqtMPShuMgMWhD7nONvfhH1MEk=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJARRTdCUQQ3QgX7gCaEyXTSDp1JwsxEKCFLN/6KGxeKuPUT3Pk3Th8LbT1w4XDOvdx7T5hyprTrfltz8wuLS8ullfLq2vrGpr213VBJJgmtk4QnshViRTmLaV0zzWkrlRSLkNNm2L8a+s0HKhVL4ns9SKkvcDdmESNYGymw966D3OtiIXABLyA6dRCC3hHMPSngLW0UgV1xHXcEOEvQhFTABLXA/vI6CckEjTXhWKk2clPt51hqRjgtyl6maIpJH3dp29AYC6r8fPRIAQ+M0oFRIk3FGo7U3xM5FkoNRGg6BdY9Ne0Nxf+8dqajcz9ncZppGpPxoijjUCdwmArsMEmJ5gNDMJHM3ApJD0tMtMmubEJA0y/Pksaxg1wH3Z1UqpeTOEpgF+yDQ4DAGaiCG1ADdUDAI3gGr+DNerJerHfrY9w6Z01mdsAfWJ8/E0eXcg==</latexit><latexit sha1_base64="1yqtMPShuMgMWhD7nONvfhH1MEk=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJARRTdCUQQ3QgX7gCaEyXTSDp1JwsxEKCFLN/6KGxeKuPUT3Pk3Th8LbT1w4XDOvdx7T5hyprTrfltz8wuLS8ullfLq2vrGpr213VBJJgmtk4QnshViRTmLaV0zzWkrlRSLkNNm2L8a+s0HKhVL4ns9SKkvcDdmESNYGymw966D3OtiIXABLyA6dRCC3hHMPSngLW0UgV1xHXcEOEvQhFTABLXA/vI6CckEjTXhWKk2clPt51hqRjgtyl6maIpJH3dp29AYC6r8fPRIAQ+M0oFRIk3FGo7U3xM5FkoNRGg6BdY9Ne0Nxf+8dqajcz9ncZppGpPxoijjUCdwmArsMEmJ5gNDMJHM3ApJD0tMtMmubEJA0y/Pksaxg1wH3Z1UqpeTOEpgF+yDQ4DAGaiCG1ADdUDAI3gGr+DNerJerHfrY9w6Z01mdsAfWJ8/E0eXcg==</latexit>

�⌫ ⇡ 0.01⇥ 10�42

⇥ (E⌫ � 16)2.08 cm2
<latexit sha1_base64="v8eCRP29dNwkobGU77LbyD1gfRk="></latexit><latexit sha1_base64="v8eCRP29dNwkobGU77LbyD1gfRk="></latexit><latexit sha1_base64="v8eCRP29dNwkobGU77LbyD1gfRk="></latexit><latexit sha1_base64="v8eCRP29dNwkobGU77LbyD1gfRk="></latexit>

Cross-section: 
 
 
 
 
 
 
for  

�⌫̄ ⇡ 0.0095⇥ 10�42

⇥ (E⌫ � 16)2.03 cm2
<latexit sha1_base64="vFJ1XkGTiWerH08TngRyuwvS3yA="></latexit><latexit sha1_base64="vFJ1XkGTiWerH08TngRyuwvS3yA="></latexit><latexit sha1_base64="vFJ1XkGTiWerH08TngRyuwvS3yA="></latexit><latexit sha1_base64="vFJ1XkGTiWerH08TngRyuwvS3yA="></latexit>

E⌫ 2 [25, 50]MeV
<latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit><latexit sha1_base64="69EJBjq2yKs0z2DSYwvE5cJu81Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgED6UkxaLHoghehAq2FZIQNtttu3R3E3Y3Qgk9evGvePGgiFd/gjf/jds2B219MPB4b4aZeVHCqNKO820VlpZXVteK66WNza3tHXt3r63iVGLSwjGL5X2EFGFUkJammpH7RBLEI0Y60fBy4nceiFQ0Fnd6lJCAo76gPYqRNlJoH16FvkihTwX0avUKrDsB9Csw8yWHN6Q9Du2yU3WmgIvEzUkZ5GiG9pffjXHKidCYIaU810l0kCGpKWZkXPJTRRKEh6hPPEMF4kQF2fSRMTw2Shf2YmlKaDhVf09kiCs14pHp5EgP1Lw3Ef/zvFT3zoOMiiTVRODZol7KoI7hJBXYpZJgzUaGICypuRXiAZIIa5NdyYTgzr+8SNq1qutU3dvTcuMij6MIDsAROAEuOAMNcA2aoAUweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AZ1tlyo=</latexit>

Lujan-Peschard, Pagliaroli and  
Vissani 
 1402.6953 (JCAP) 
 
Laha, Beacom and Agarwalla  
1412.8425 
  
  



Supernova neutrino detection: 	

Ranjan Laha 
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Maximum number of events in water Cherenkov detectors 
 
The electrons are forward scattered 
 
Neutrino energy      è recoil electron energy  
 
 
 
		

Sensitive to all neutrino species;      produces largest 
number of events 
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Laha & Beacom 1311.6407 
(PRD) 

Electron spectra for  
detection channels for a Galactic 
Supernova in Super-K   
 
These are events in the forward 40o 
cone (~ 68% of the total).  We take  

     
          

      

⌫ + e� ! ⌫ + e�
<latexit sha1_base64="xOeqYSqyzJG2/pbUfz4EPr1EGho=">AAACEHicbVBNS8NAEJ3Ur1q/oh69LBZRsJZEBD0WvXisYD+giWWz3bSLm03Y3Sil9Cd48a948aCIV4/e/Ddu2xxs64OBx3szzMwLEs6UdpwfK7ewuLS8kl8trK1vbG7Z2zt1FaeS0BqJeSybAVaUM0FrmmlOm4mkOAo4bQT3VyO/8UClYrG41f2E+hHuChYygrWR2vahJ1LklY69EqJ3J8iTrNvTWMr4EU05bbvolJ0x0DxxM1KEDNW2/e11YpJGVGjCsVIt10m0P8BSM8LpsOCliiaY3OMubRkqcESVPxg/NEQHRumgMJamhEZj9e/EAEdK9aPAdEZY99SsNxL/81qpDi/8ARNJqqkgk0VhypGO0Sgd1GGSEs37hmAimbkVkR6WmGiTYcGE4M6+PE/qp2XXKbs3Z8XKZRZHHvZgH47AhXOowDVUoQYEnuAF3uDderZerQ/rc9Kas7KZXZiC9fULnXGaag==</latexit><latexit sha1_base64="xOeqYSqyzJG2/pbUfz4EPr1EGho=">AAACEHicbVBNS8NAEJ3Ur1q/oh69LBZRsJZEBD0WvXisYD+giWWz3bSLm03Y3Sil9Cd48a948aCIV4/e/Ddu2xxs64OBx3szzMwLEs6UdpwfK7ewuLS8kl8trK1vbG7Z2zt1FaeS0BqJeSybAVaUM0FrmmlOm4mkOAo4bQT3VyO/8UClYrG41f2E+hHuChYygrWR2vahJ1LklY69EqJ3J8iTrNvTWMr4EU05bbvolJ0x0DxxM1KEDNW2/e11YpJGVGjCsVIt10m0P8BSM8LpsOCliiaY3OMubRkqcESVPxg/NEQHRumgMJamhEZj9e/EAEdK9aPAdEZY99SsNxL/81qpDi/8ARNJqqkgk0VhypGO0Sgd1GGSEs37hmAimbkVkR6WmGiTYcGE4M6+PE/qp2XXKbs3Z8XKZRZHHvZgH47AhXOowDVUoQYEnuAF3uDderZerQ/rc9Kas7KZXZiC9fULnXGaag==</latexit><latexit sha1_base64="xOeqYSqyzJG2/pbUfz4EPr1EGho=">AAACEHicbVBNS8NAEJ3Ur1q/oh69LBZRsJZEBD0WvXisYD+giWWz3bSLm03Y3Sil9Cd48a948aCIV4/e/Ddu2xxs64OBx3szzMwLEs6UdpwfK7ewuLS8kl8trK1vbG7Z2zt1FaeS0BqJeSybAVaUM0FrmmlOm4mkOAo4bQT3VyO/8UClYrG41f2E+hHuChYygrWR2vahJ1LklY69EqJ3J8iTrNvTWMr4EU05bbvolJ0x0DxxM1KEDNW2/e11YpJGVGjCsVIt10m0P8BSM8LpsOCliiaY3OMubRkqcESVPxg/NEQHRumgMJamhEZj9e/EAEdK9aPAdEZY99SsNxL/81qpDi/8ARNJqqkgk0VhypGO0Sgd1GGSEs37hmAimbkVkR6WmGiTYcGE4M6+PE/qp2XXKbs3Z8XKZRZHHvZgH47AhXOowDVUoQYEnuAF3uDderZerQ/rc9Kas7KZXZiC9fULnXGaag==</latexit><latexit sha1_base64="xOeqYSqyzJG2/pbUfz4EPr1EGho=">AAACEHicbVBNS8NAEJ3Ur1q/oh69LBZRsJZEBD0WvXisYD+giWWz3bSLm03Y3Sil9Cd48a948aCIV4/e/Ddu2xxs64OBx3szzMwLEs6UdpwfK7ewuLS8kl8trK1vbG7Z2zt1FaeS0BqJeSybAVaUM0FrmmlOm4mkOAo4bQT3VyO/8UClYrG41f2E+hHuChYygrWR2vahJ1LklY69EqJ3J8iTrNvTWMr4EU05bbvolJ0x0DxxM1KEDNW2/e11YpJGVGjCsVIt10m0P8BSM8LpsOCliiaY3OMubRkqcESVPxg/NEQHRumgMJamhEZj9e/EAEdK9aPAdEZY99SsNxL/81qpDi/8ARNJqqkgk0VhypGO0Sgd1GGSEs37hmAimbkVkR6WmGiTYcGE4M6+PE/qp2XXKbs3Z8XKZRZHHvZgH47AhXOowDVUoQYEnuAF3uDderZerQ/rc9Kas7KZXZiC9fULnXGaag==</latexit>

hE⌫ei = 12MeV
<latexit sha1_base64="YtVpb4yZqd4l78jtR2GxFeBp2ck=">AAACFHicbVBNS8NAEN34WetX1KOXxSIISkmKoBehKIIXoYL9gCaEzXbaLt1swu5GKKE/wot/xYsHRbx68Oa/cdvmoK0PBh7vzTAzL0w4U9pxvq2FxaXlldXCWnF9Y3Nr297Zbag4lRTqNOaxbIVEAWcC6pppDq1EAolCDs1wcDX2mw8gFYvFvR4m4EekJ1iXUaKNFNjHHieixwFfB5kn0gBG2JNT5QK7Feyd4MyTEb6FxiiwS07ZmQDPEzcnJZSjFthfXiemaQRCU06UartOov2MSM0oh1HRSxUkhA5ID9qGChKB8rPJUyN8aJQO7sbSlNB4ov6eyEik1DAKTWdEdF/NemPxP6+d6u65nzGRpBoEnS7qphzrGI8Twh0mgWo+NIRQycytmPaJJFSbHIsmBHf25XnSqJRdp+zenZaql3kcBbSPDtARctEZqqIbVEN1RNEjekav6M16sl6sd+tj2rpg5TN76A+szx8DjZzf</latexit><latexit sha1_base64="YtVpb4yZqd4l78jtR2GxFeBp2ck=">AAACFHicbVBNS8NAEN34WetX1KOXxSIISkmKoBehKIIXoYL9gCaEzXbaLt1swu5GKKE/wot/xYsHRbx68Oa/cdvmoK0PBh7vzTAzL0w4U9pxvq2FxaXlldXCWnF9Y3Nr297Zbag4lRTqNOaxbIVEAWcC6pppDq1EAolCDs1wcDX2mw8gFYvFvR4m4EekJ1iXUaKNFNjHHieixwFfB5kn0gBG2JNT5QK7Feyd4MyTEb6FxiiwS07ZmQDPEzcnJZSjFthfXiemaQRCU06UartOov2MSM0oh1HRSxUkhA5ID9qGChKB8rPJUyN8aJQO7sbSlNB4ov6eyEik1DAKTWdEdF/NemPxP6+d6u65nzGRpBoEnS7qphzrGI8Twh0mgWo+NIRQycytmPaJJFSbHIsmBHf25XnSqJRdp+zenZaql3kcBbSPDtARctEZqqIbVEN1RNEjekav6M16sl6sd+tj2rpg5TN76A+szx8DjZzf</latexit><latexit sha1_base64="YtVpb4yZqd4l78jtR2GxFeBp2ck=">AAACFHicbVBNS8NAEN34WetX1KOXxSIISkmKoBehKIIXoYL9gCaEzXbaLt1swu5GKKE/wot/xYsHRbx68Oa/cdvmoK0PBh7vzTAzL0w4U9pxvq2FxaXlldXCWnF9Y3Nr297Zbag4lRTqNOaxbIVEAWcC6pppDq1EAolCDs1wcDX2mw8gFYvFvR4m4EekJ1iXUaKNFNjHHieixwFfB5kn0gBG2JNT5QK7Feyd4MyTEb6FxiiwS07ZmQDPEzcnJZSjFthfXiemaQRCU06UartOov2MSM0oh1HRSxUkhA5ID9qGChKB8rPJUyN8aJQO7sbSlNB4ov6eyEik1DAKTWdEdF/NemPxP6+d6u65nzGRpBoEnS7qphzrGI8Twh0mgWo+NIRQycytmPaJJFSbHIsmBHf25XnSqJRdp+zenZaql3kcBbSPDtARctEZqqIbVEN1RNEjekav6M16sl6sd+tj2rpg5TN76A+szx8DjZzf</latexit><latexit sha1_base64="YtVpb4yZqd4l78jtR2GxFeBp2ck=">AAACFHicbVBNS8NAEN34WetX1KOXxSIISkmKoBehKIIXoYL9gCaEzXbaLt1swu5GKKE/wot/xYsHRbx68Oa/cdvmoK0PBh7vzTAzL0w4U9pxvq2FxaXlldXCWnF9Y3Nr297Zbag4lRTqNOaxbIVEAWcC6pppDq1EAolCDs1wcDX2mw8gFYvFvR4m4EekJ1iXUaKNFNjHHieixwFfB5kn0gBG2JNT5QK7Feyd4MyTEb6FxiiwS07ZmQDPEzcnJZSjFthfXiemaQRCU06UartOov2MSM0oh1HRSxUkhA5ID9qGChKB8rPJUyN8aJQO7sbSlNB4ov6eyEik1DAKTWdEdF/NemPxP6+d6u65nzGRpBoEnS7qphzrGI8Twh0mgWo+NIRQycytmPaJJFSbHIsmBHf25XnSqJRdp+zenZaql3kcBbSPDtARctEZqqIbVEN1RNEjekav6M16sl6sd+tj2rpg5TN76A+szx8DjZzf</latexit>

hE⌫̄ei = 15MeV
<latexit sha1_base64="D2uzSV4t9N1Zjqn4/xgsKjSBIE8=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwISURRTdCUQQ3QgX7gCaEyfSmHTqZhJmJUEK+w42/4saFIu7EjX/j9LHQ1gMXDufcy733BAlnStv2t1VYWFxaXimultbWNza3yts7TRWnkkKDxjyW7YAo4ExAQzPNoZ1IIFHAoRUMrkZ+6wGkYrG418MEvIj0BAsZJdpIftlxORE9Dvjaz9yAyMwVae5Djl050S+wc4rdI5y5MsK30Mz9csWu2mPgeeJMSQVNUffLn243pmkEQlNOlOo4dqK9jEjNKIe85KYKEkIHpAcdQwWJQHnZ+LUcHxili8NYmhIaj9XfExmJlBpGgemMiO6rWW8k/ud1Uh2eexkTSapB0MmiMOVYx3iUE+4yCVTzoSGESmZuxbRPJKHapFkyITizL8+T5nHVsavO3UmldjmNo4j20D46RA46QzV0g+qogSh6RM/oFb1ZT9aL9W59TFoL1nRmF/2B9fUDL2mfpw==</latexit><latexit sha1_base64="D2uzSV4t9N1Zjqn4/xgsKjSBIE8=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwISURRTdCUQQ3QgX7gCaEyfSmHTqZhJmJUEK+w42/4saFIu7EjX/j9LHQ1gMXDufcy733BAlnStv2t1VYWFxaXimultbWNza3yts7TRWnkkKDxjyW7YAo4ExAQzPNoZ1IIFHAoRUMrkZ+6wGkYrG418MEvIj0BAsZJdpIftlxORE9Dvjaz9yAyMwVae5Djl050S+wc4rdI5y5MsK30Mz9csWu2mPgeeJMSQVNUffLn243pmkEQlNOlOo4dqK9jEjNKIe85KYKEkIHpAcdQwWJQHnZ+LUcHxili8NYmhIaj9XfExmJlBpGgemMiO6rWW8k/ud1Uh2eexkTSapB0MmiMOVYx3iUE+4yCVTzoSGESmZuxbRPJKHapFkyITizL8+T5nHVsavO3UmldjmNo4j20D46RA46QzV0g+qogSh6RM/oFb1ZT9aL9W59TFoL1nRmF/2B9fUDL2mfpw==</latexit><latexit sha1_base64="D2uzSV4t9N1Zjqn4/xgsKjSBIE8=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwISURRTdCUQQ3QgX7gCaEyfSmHTqZhJmJUEK+w42/4saFIu7EjX/j9LHQ1gMXDufcy733BAlnStv2t1VYWFxaXimultbWNza3yts7TRWnkkKDxjyW7YAo4ExAQzPNoZ1IIFHAoRUMrkZ+6wGkYrG418MEvIj0BAsZJdpIftlxORE9Dvjaz9yAyMwVae5Djl050S+wc4rdI5y5MsK30Mz9csWu2mPgeeJMSQVNUffLn243pmkEQlNOlOo4dqK9jEjNKIe85KYKEkIHpAcdQwWJQHnZ+LUcHxili8NYmhIaj9XfExmJlBpGgemMiO6rWW8k/ud1Uh2eexkTSapB0MmiMOVYx3iUE+4yCVTzoSGESmZuxbRPJKHapFkyITizL8+T5nHVsavO3UmldjmNo4j20D46RA46QzV0g+qogSh6RM/oFb1ZT9aL9W59TFoL1nRmF/2B9fUDL2mfpw==</latexit><latexit sha1_base64="D2uzSV4t9N1Zjqn4/xgsKjSBIE8=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwISURRTdCUQQ3QgX7gCaEyfSmHTqZhJmJUEK+w42/4saFIu7EjX/j9LHQ1gMXDufcy733BAlnStv2t1VYWFxaXimultbWNza3yts7TRWnkkKDxjyW7YAo4ExAQzPNoZ1IIFHAoRUMrkZ+6wGkYrG418MEvIj0BAsZJdpIftlxORE9Dvjaz9yAyMwVae5Djl050S+wc4rdI5y5MsK30Mz9csWu2mPgeeJMSQVNUffLn243pmkEQlNOlOo4dqK9jEjNKIe85KYKEkIHpAcdQwWJQHnZ+LUcHxili8NYmhIaj9XfExmJlBpGgemMiO6rWW8k/ud1Uh2eexkTSapB0MmiMOVYx3iUE+4yCVTzoSGESmZuxbRPJKHapFkyITizL8+T5nHVsavO3UmldjmNo4j20D46RA46QzV0g+qogSh6RM/oFb1ZT9aL9W59TFoL1nRmF/2B9fUDL2mfpw==</latexit>

hE⌫
x

i = 18MeV
<latexit sha1_base64="Eg025LMVpo0GjJAZDOtQQ/ehFjo=">AAACFHicbVDLSsNAFJ3UV62vqks3g0UQlJKIYDdCUQQ3QgX7gCaEyfSmHTqZhJmJWEI/wo2/4saFIm5duPNvnD4W2nrgwuGce7n3niDhTGnb/rZyC4tLyyv51cLa+sbmVnF7p6HiVFKo05jHshUQBZwJqGumObQSCSQKODSD/uXIb96DVCwWd3qQgBeRrmAho0QbyS8euZyILgd85WeuSP2HIXblRDnHTgW7xzhzZYRvoDH0iyW7bI+B54kzJSU0Rc0vfrmdmKYRCE05Uart2In2MiI1oxyGBTdVkBDaJ11oGypIBMrLxk8N8YFROjiMpSmh8Vj9PZGRSKlBFJjOiOiemvVG4n9eO9VhxcuYSFINgk4WhSnHOsajhHCHSaCaDwwhVDJzK6Y9IgnVJseCCcGZfXmeNE7Kjl12bk9L1YtpHHm0h/bRIXLQGaqia1RDdUTRI3pGr+jNerJerHfrY9Kas6Yzu+gPrM8fK8Cc+A==</latexit><latexit sha1_base64="Eg025LMVpo0GjJAZDOtQQ/ehFjo=">AAACFHicbVDLSsNAFJ3UV62vqks3g0UQlJKIYDdCUQQ3QgX7gCaEyfSmHTqZhJmJWEI/wo2/4saFIm5duPNvnD4W2nrgwuGce7n3niDhTGnb/rZyC4tLyyv51cLa+sbmVnF7p6HiVFKo05jHshUQBZwJqGumObQSCSQKODSD/uXIb96DVCwWd3qQgBeRrmAho0QbyS8euZyILgd85WeuSP2HIXblRDnHTgW7xzhzZYRvoDH0iyW7bI+B54kzJSU0Rc0vfrmdmKYRCE05Uart2In2MiI1oxyGBTdVkBDaJ11oGypIBMrLxk8N8YFROjiMpSmh8Vj9PZGRSKlBFJjOiOiemvVG4n9eO9VhxcuYSFINgk4WhSnHOsajhHCHSaCaDwwhVDJzK6Y9IgnVJseCCcGZfXmeNE7Kjl12bk9L1YtpHHm0h/bRIXLQGaqia1RDdUTRI3pGr+jNerJerHfrY9Kas6Yzu+gPrM8fK8Cc+A==</latexit><latexit sha1_base64="Eg025LMVpo0GjJAZDOtQQ/ehFjo=">AAACFHicbVDLSsNAFJ3UV62vqks3g0UQlJKIYDdCUQQ3QgX7gCaEyfSmHTqZhJmJWEI/wo2/4saFIm5duPNvnD4W2nrgwuGce7n3niDhTGnb/rZyC4tLyyv51cLa+sbmVnF7p6HiVFKo05jHshUQBZwJqGumObQSCSQKODSD/uXIb96DVCwWd3qQgBeRrmAho0QbyS8euZyILgd85WeuSP2HIXblRDnHTgW7xzhzZYRvoDH0iyW7bI+B54kzJSU0Rc0vfrmdmKYRCE05Uart2In2MiI1oxyGBTdVkBDaJ11oGypIBMrLxk8N8YFROjiMpSmh8Vj9PZGRSKlBFJjOiOiemvVG4n9eO9VhxcuYSFINgk4WhSnHOsajhHCHSaCaDwwhVDJzK6Y9IgnVJseCCcGZfXmeNE7Kjl12bk9L1YtpHHm0h/bRIXLQGaqia1RDdUTRI3pGr+jNerJerHfrY9Kas6Yzu+gPrM8fK8Cc+A==</latexit><latexit sha1_base64="Eg025LMVpo0GjJAZDOtQQ/ehFjo=">AAACFHicbVDLSsNAFJ3UV62vqks3g0UQlJKIYDdCUQQ3QgX7gCaEyfSmHTqZhJmJWEI/wo2/4saFIm5duPNvnD4W2nrgwuGce7n3niDhTGnb/rZyC4tLyyv51cLa+sbmVnF7p6HiVFKo05jHshUQBZwJqGumObQSCSQKODSD/uXIb96DVCwWd3qQgBeRrmAho0QbyS8euZyILgd85WeuSP2HIXblRDnHTgW7xzhzZYRvoDH0iyW7bI+B54kzJSU0Rc0vfrmdmKYRCE05Uart2In2MiI1oxyGBTdVkBDaJ11oGypIBMrLxk8N8YFROjiMpSmh8Vj9PZGRSKlBFJjOiOiemvVG4n9eO9VhxcuYSFINgk4WhSnHOsajhHCHSaCaDwwhVDJzK6Y9IgnVJseCCcGZfXmeNE7Kjl12bk9L1YtpHHm0h/bRIXLQGaqia1RDdUTRI3pGr+jNerJerHfrY9Kas6Yzu+gPrM8fK8Cc+A==</latexit>

,       , and 

Number of events in a Super-K ~ 200 
See also Rosso, Vissani, and Volpe 1712.05584 (JCAP) 



•  Use angular cut: 128 signal events v/s 827 background events 
(mostly from inverse beta interactions) 

•  Difficult to distinguish these in the present configuration of 
Super-K 

•  How do we utilize this important neutrino detection channel? 

Ranjan Laha 
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•  In the present configuration of 
Super-K, the signal is dwarfed by 
the background 

•  Important to extract this signal to 
improve reliability of the signal and 
search for various physics effects 



Supernova neutrino detection: 	

Ranjan Laha 

⌫e
Another important reaction in water Cherenkov detectors 

⌫e + 16O ! e� + 16F⇤

   Threshold ≈ 15 MeV 
 
    Only the electron is detectable 
 
     

Haxton PRD 1987 

O(⌫e, e
�)F

O(⌫̄e, e
+)N

Te ⇡ E⌫ � 15MeV

for supernova neutrino energies 

Subdominant contribution for 
relevant supernova neutrino 
energies by other isotopes of 
oxygen  

�(E⌫) ⇡ 4.7⇥ 10�40
�
E0.25

⌫ � 150.25
�6

cm2



•  Very sensitive to the incoming neutrino energy 
•  Extremely sensitive probe of     if it has a higher average 

energy due to mixing 
•  Angular dependence of electrons is backward tilted 

Ranjan Laha 
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background / 10 •  In the present configuration of 
Super-K, the signal is dwarfed 
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•  Important to extract this signal 
to understand the supernova 
completely 
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Liquid Argon detectors are very sensitive to  
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 Threshold ≈ 1.5 MeV 

 
There is ongoing photon detector 
system R&D that aims to 
distinguish the  -ray emitting de-
excitations of 40K∗  
 
Uncertainty in the theoretical 
calculations of the cross-
sections 
 
Proposed CAPTAIN experiment 
to measure the cross section at 
CCSN energies for the first  
time  
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Neutrino mixing 
•  Extremely complicated in supernova 

environment 
•  Depends on both matter density and neutrino 

density 
•  Simplifying assumptions: 
(A)  
 
(B) 
 
 
 
(C) Consider MSW mixing in supernova  

Ranjan Laha 
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A new strategy to detect supernova 
in water Cherenkov detectors  

Ranjan Laha 
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<latexit sha1_base64="lsZXEW8HIKMROL+9IndbVLNz9kQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jNq1Qvx4MPN6bYWZemAqujet+OKWV1bX1jfJmZWt7Z3evun/Q0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+nvnte1SaJ/LOTFIMYjqUPOKMGiv5PZn1sV+teXW3AHF/kS+rBgs0+9X33iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTFsVNyYpUBiRJlSxpSqMsTOY21nsSh7YypGemf3kz8y+tmJroMci7TzKBk80VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp7Icwv+kdVb33Lp3e15rXC3iKMMRHMMpeHABDbiBJvjAgMMDPMGzI51H58V5nbeWnMXMIXyD8/YJ1jGOsA==</latexit><latexit sha1_base64="lsZXEW8HIKMROL+9IndbVLNz9kQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jNq1Qvx4MPN6bYWZemAqujet+OKWV1bX1jfJmZWt7Z3evun/Q0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+nvnte1SaJ/LOTFIMYjqUPOKMGiv5PZn1sV+teXW3AHF/kS+rBgs0+9X33iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTFsVNyYpUBiRJlSxpSqMsTOY21nsSh7YypGemf3kz8y+tmJroMci7TzKBk80VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp7Icwv+kdVb33Lp3e15rXC3iKMMRHMMpeHABDbiBJvjAgMMDPMGzI51H58V5nbeWnMXMIXyD8/YJ1jGOsA==</latexit><latexit sha1_base64="lsZXEW8HIKMROL+9IndbVLNz9kQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jNq1Qvx4MPN6bYWZemAqujet+OKWV1bX1jfJmZWt7Z3evun/Q0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+nvnte1SaJ/LOTFIMYjqUPOKMGiv5PZn1sV+teXW3AHF/kS+rBgs0+9X33iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTFsVNyYpUBiRJlSxpSqMsTOY21nsSh7YypGemf3kz8y+tmJroMci7TzKBk80VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp7Icwv+kdVb33Lp3e15rXC3iKMMRHMMpeHABDbiBJvjAgMMDPMGzI51H58V5nbeWnMXMIXyD8/YJ1jGOsA==</latexit><latexit sha1_base64="lsZXEW8HIKMROL+9IndbVLNz9kQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jNq1Qvx4MPN6bYWZemAqujet+OKWV1bX1jfJmZWt7Z3evun/Q0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+nvnte1SaJ/LOTFIMYjqUPOKMGiv5PZn1sV+teXW3AHF/kS+rBgs0+9X33iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTFsVNyYpUBiRJlSxpSqMsTOY21nsSh7YypGemf3kz8y+tmJroMci7TzKBk80VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp7Icwv+kdVb33Lp3e15rXC3iKMMRHMMpeHABDbiBJvjAgMMDPMGzI51H58V5nbeWnMXMIXyD8/YJ1jGOsA==</latexit>



Number of     events in various detectors 

Ranjan Laha 

⌫e
<latexit sha1_base64="lsZXEW8HIKMROL+9IndbVLNz9kQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jNq1Qvx4MPN6bYWZemAqujet+OKWV1bX1jfJmZWt7Z3evun/Q0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+nvnte1SaJ/LOTFIMYjqUPOKMGiv5PZn1sV+teXW3AHF/kS+rBgs0+9X33iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTFsVNyYpUBiRJlSxpSqMsTOY21nsSh7YypGemf3kz8y+tmJroMci7TzKBk80VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp7Icwv+kdVb33Lp3e15rXC3iKMMRHMMpeHABDbiBJvjAgMMDPMGzI51H58V5nbeWnMXMIXyD8/YJ1jGOsA==</latexit><latexit sha1_base64="lsZXEW8HIKMROL+9IndbVLNz9kQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jNq1Qvx4MPN6bYWZemAqujet+OKWV1bX1jfJmZWt7Z3evun/Q0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+nvnte1SaJ/LOTFIMYjqUPOKMGiv5PZn1sV+teXW3AHF/kS+rBgs0+9X33iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTFsVNyYpUBiRJlSxpSqMsTOY21nsSh7YypGemf3kz8y+tmJroMci7TzKBk80VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp7Icwv+kdVb33Lp3e15rXC3iKMMRHMMpeHABDbiBJvjAgMMDPMGzI51H58V5nbeWnMXMIXyD8/YJ1jGOsA==</latexit><latexit sha1_base64="lsZXEW8HIKMROL+9IndbVLNz9kQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jNq1Qvx4MPN6bYWZemAqujet+OKWV1bX1jfJmZWt7Z3evun/Q0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+nvnte1SaJ/LOTFIMYjqUPOKMGiv5PZn1sV+teXW3AHF/kS+rBgs0+9X33iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTFsVNyYpUBiRJlSxpSqMsTOY21nsSh7YypGemf3kz8y+tmJroMci7TzKBk80VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp7Icwv+kdVb33Lp3e15rXC3iKMMRHMMpeHABDbiBJvjAgMMDPMGzI51H58V5nbeWnMXMIXyD8/YJ1jGOsA==</latexit><latexit sha1_base64="lsZXEW8HIKMROL+9IndbVLNz9kQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jNq1Qvx4MPN6bYWZemAqujet+OKWV1bX1jfJmZWt7Z3evun/Q0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+nvnte1SaJ/LOTFIMYjqUPOKMGiv5PZn1sV+teXW3AHF/kS+rBgs0+9X33iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTFsVNyYpUBiRJlSxpSqMsTOY21nsSh7YypGemf3kz8y+tmJroMci7TzKBk80VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp7Icwv+kdVb33Lp3e15rXC3iKMMRHMMpeHABDbiBJvjAgMMDPMGzI51H58V5nbeWnMXMIXyD8/YJ1jGOsA==</latexit>

DUNE (via 40Ar inelastic scattering)     few thousand 
DUNE (via                 elastic scattering)    few hundred ⌫e + e�

<latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit>

JUNO (via 12C inelastic scattering)      few hundred 
JUNO (via        elastic scattering)     few hundred 

Super-K (via 16O inelastic scattering)       few hundred 
Super-K (via    elastic scattering)           few hundred 

Hyper-K (via 16O inelastic scattering)       few thousand 
Hyper-K (via    elastic scattering)      few thousand  

⌫e + e�
<latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit>

⌫e + e�
<latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit>

⌫e + e�
<latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit><latexit sha1_base64="5wWwyaR6fvyAvBLnTrYJVvulwmI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSII1pKIoMeiF48V7Ac0MWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tlZW19Y3Nktb5e2d3b19++CwpZJMUmjShCeyExIFnAloaqY5dFIJJA45tMPh3dRvj0AqlohHPU7Bj0lfsIhRoo0U2LYnsgCwVz33qhieLnBgV5yaMwNeJm5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRDpOylylICR2SPnQNFSQG5eezyyf41Cg9HCXSlNB4pv6eyEms1DgOTWdM9EAtelPxP6+b6ejGz5lIMw2CzhdFGcc6wdMYcI9JoJqPDSFUMnMrpgMiCdUmrLIJwV18eZm0LmuuU3Mfrir12yKOEjpGJ+gMuega1dE9aqAmomiEntErerNy68V6tz7mrStWMXOE/sD6/AHg45HZ</latexit>

Water Cherenkov detector have lots of   events --- how to detect 
them? 

⌫e
<latexit sha1_base64="Pm+Q5yZTt+y/x5MdRxYkOq6xlmg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AHUsY6v</latexit><latexit sha1_base64="Pm+Q5yZTt+y/x5MdRxYkOq6xlmg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AHUsY6v</latexit><latexit sha1_base64="Pm+Q5yZTt+y/x5MdRxYkOq6xlmg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AHUsY6v</latexit><latexit sha1_base64="Pm+Q5yZTt+y/x5MdRxYkOq6xlmg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AHUsY6v</latexit>



⌫e + e� ! ⌫e + e�
<latexit sha1_base64="9Hc37vrq8KF20VYLjv3t6aM4Mek=">AAACFHicdZBLS8NAFIUn9VXrK+rSzWARhNaSiKDLohuXFewDmhgm05t26GQSZiZKCf0Rbvwrblwo4taFO/+N6UOoVQ8MHM53LzNz/JgzpS3r08gtLC4tr+RXC2vrG5tb5vZOQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPr9ixFv3oJULBLXehCDG5KuYAGjRGeRZ5YckXiAnXLJKWO4OcKOZN2eJlJGd3iOeWbRrlhjYeuX+UZFNFXNMz+cTkSTEISmnCjVtq1YuymRmlEOw4KTKIgJ7ZMutDMrSAjKTcefGuKDLOngIJLZERqP09mNlIRKDUI/mwyJ7ql5Ngr/Yu1EB2duykScaBB0clGQcKwjPGoId5gEqvkgM4RKlr0V0x6RhOqsx8JsCf+bxnHFtir21Umxej6tI4/20D46RDY6RVV0iWqojii6R4/oGb0YD8aT8Wq8TUZzxnRnF/2Q8f4Fwh6cGw==</latexit><latexit sha1_base64="9Hc37vrq8KF20VYLjv3t6aM4Mek=">AAACFHicdZBLS8NAFIUn9VXrK+rSzWARhNaSiKDLohuXFewDmhgm05t26GQSZiZKCf0Rbvwrblwo4taFO/+N6UOoVQ8MHM53LzNz/JgzpS3r08gtLC4tr+RXC2vrG5tb5vZOQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPr9ixFv3oJULBLXehCDG5KuYAGjRGeRZ5YckXiAnXLJKWO4OcKOZN2eJlJGd3iOeWbRrlhjYeuX+UZFNFXNMz+cTkSTEISmnCjVtq1YuymRmlEOw4KTKIgJ7ZMutDMrSAjKTcefGuKDLOngIJLZERqP09mNlIRKDUI/mwyJ7ql5Ngr/Yu1EB2duykScaBB0clGQcKwjPGoId5gEqvkgM4RKlr0V0x6RhOqsx8JsCf+bxnHFtir21Umxej6tI4/20D46RDY6RVV0iWqojii6R4/oGb0YD8aT8Wq8TUZzxnRnF/2Q8f4Fwh6cGw==</latexit><latexit sha1_base64="9Hc37vrq8KF20VYLjv3t6aM4Mek=">AAACFHicdZBLS8NAFIUn9VXrK+rSzWARhNaSiKDLohuXFewDmhgm05t26GQSZiZKCf0Rbvwrblwo4taFO/+N6UOoVQ8MHM53LzNz/JgzpS3r08gtLC4tr+RXC2vrG5tb5vZOQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPr9ixFv3oJULBLXehCDG5KuYAGjRGeRZ5YckXiAnXLJKWO4OcKOZN2eJlJGd3iOeWbRrlhjYeuX+UZFNFXNMz+cTkSTEISmnCjVtq1YuymRmlEOw4KTKIgJ7ZMutDMrSAjKTcefGuKDLOngIJLZERqP09mNlIRKDUI/mwyJ7ql5Ngr/Yu1EB2duykScaBB0clGQcKwjPGoId5gEqvkgM4RKlr0V0x6RhOqsx8JsCf+bxnHFtir21Umxej6tI4/20D46RDY6RVV0iWqojii6R4/oGb0YD8aT8Wq8TUZzxnRnF/2Q8f4Fwh6cGw==</latexit><latexit sha1_base64="9Hc37vrq8KF20VYLjv3t6aM4Mek=">AAACFHicdZBLS8NAFIUn9VXrK+rSzWARhNaSiKDLohuXFewDmhgm05t26GQSZiZKCf0Rbvwrblwo4taFO/+N6UOoVQ8MHM53LzNz/JgzpS3r08gtLC4tr+RXC2vrG5tb5vZOQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPr9ixFv3oJULBLXehCDG5KuYAGjRGeRZ5YckXiAnXLJKWO4OcKOZN2eJlJGd3iOeWbRrlhjYeuX+UZFNFXNMz+cTkSTEISmnCjVtq1YuymRmlEOw4KTKIgJ7ZMutDMrSAjKTcefGuKDLOngIJLZERqP09mNlIRKDUI/mwyJ7ql5Ngr/Yu1EB2duykScaBB0clGQcKwjPGoId5gEqvkgM4RKlr0V0x6RhOqsx8JsCf+bxnHFtir21Umxej6tI4/20D46RDY6RVV0iWqojii6R4/oGb0YD8aT8Wq8TUZzxnRnF/2Q8f4Fwh6cGw==</latexit>

⌫̄e + p ! e+ + n
<latexit sha1_base64="PLdFXUoD2px1fvgZHH60s3UJ/N4=">AAACFHicdVDLSgMxFM3UV62vqks3wSIILWVGBF0W3bisYB/QGUsmvdOGZjJDklHK0I9w46+4caGIWxfu/BvTdoT6OnDhcM65JPf4MWdK2/aHlVtYXFpeya8W1tY3NreK2ztNFSWSQoNGPJJtnyjgTEBDM82hHUsgoc+h5Q/PJ37rBqRikbjSoxi8kPQFCxgl2kjdYtn1iUxdkYy7gN1K2a3gGLuS9QeaSBndYrguZ7pJl5yqPQW2f5Evq4Qy1LvFd7cX0SQEoSknSnUcO9ZeSqRmlMO44CYKYkKHpA8dQwUJQXnp9KgxPjBKDweRNCM0nqrzGykJlRqFvkmGRA/UT28i/uV1Eh2ceikTcaJB0NlDQcKxjvCkIdxjEqjmI0MIlcz8FdMBkYRq02NhvoT/SfOo6thV5/K4VDvL6sijPbSPDpGDTlANXaA6aiCK7tADekLP1r31aL1Yr7Nozsp2dtE3WG+fhUmcjQ==</latexit><latexit sha1_base64="PLdFXUoD2px1fvgZHH60s3UJ/N4=">AAACFHicdVDLSgMxFM3UV62vqks3wSIILWVGBF0W3bisYB/QGUsmvdOGZjJDklHK0I9w46+4caGIWxfu/BvTdoT6OnDhcM65JPf4MWdK2/aHlVtYXFpeya8W1tY3NreK2ztNFSWSQoNGPJJtnyjgTEBDM82hHUsgoc+h5Q/PJ37rBqRikbjSoxi8kPQFCxgl2kjdYtn1iUxdkYy7gN1K2a3gGLuS9QeaSBndYrguZ7pJl5yqPQW2f5Evq4Qy1LvFd7cX0SQEoSknSnUcO9ZeSqRmlMO44CYKYkKHpA8dQwUJQXnp9KgxPjBKDweRNCM0nqrzGykJlRqFvkmGRA/UT28i/uV1Eh2ceikTcaJB0NlDQcKxjvCkIdxjEqjmI0MIlcz8FdMBkYRq02NhvoT/SfOo6thV5/K4VDvL6sijPbSPDpGDTlANXaA6aiCK7tADekLP1r31aL1Yr7Nozsp2dtE3WG+fhUmcjQ==</latexit><latexit sha1_base64="PLdFXUoD2px1fvgZHH60s3UJ/N4=">AAACFHicdVDLSgMxFM3UV62vqks3wSIILWVGBF0W3bisYB/QGUsmvdOGZjJDklHK0I9w46+4caGIWxfu/BvTdoT6OnDhcM65JPf4MWdK2/aHlVtYXFpeya8W1tY3NreK2ztNFSWSQoNGPJJtnyjgTEBDM82hHUsgoc+h5Q/PJ37rBqRikbjSoxi8kPQFCxgl2kjdYtn1iUxdkYy7gN1K2a3gGLuS9QeaSBndYrguZ7pJl5yqPQW2f5Evq4Qy1LvFd7cX0SQEoSknSnUcO9ZeSqRmlMO44CYKYkKHpA8dQwUJQXnp9KgxPjBKDweRNCM0nqrzGykJlRqFvkmGRA/UT28i/uV1Eh2ceikTcaJB0NlDQcKxjvCkIdxjEqjmI0MIlcz8FdMBkYRq02NhvoT/SfOo6thV5/K4VDvL6sijPbSPDpGDTlANXaA6aiCK7tADekLP1r31aL1Yr7Nozsp2dtE3WG+fhUmcjQ==</latexit><latexit sha1_base64="PLdFXUoD2px1fvgZHH60s3UJ/N4=">AAACFHicdVDLSgMxFM3UV62vqks3wSIILWVGBF0W3bisYB/QGUsmvdOGZjJDklHK0I9w46+4caGIWxfu/BvTdoT6OnDhcM65JPf4MWdK2/aHlVtYXFpeya8W1tY3NreK2ztNFSWSQoNGPJJtnyjgTEBDM82hHUsgoc+h5Q/PJ37rBqRikbjSoxi8kPQFCxgl2kjdYtn1iUxdkYy7gN1K2a3gGLuS9QeaSBndYrguZ7pJl5yqPQW2f5Evq4Qy1LvFd7cX0SQEoSknSnUcO9ZeSqRmlMO44CYKYkKHpA8dQwUJQXnp9KgxPjBKDweRNCM0nqrzGykJlRqFvkmGRA/UT28i/uV1Eh2ceikTcaJB0NlDQcKxjvCkIdxjEqjmI0MIlcz8FdMBkYRq02NhvoT/SfOo6thV5/K4VDvL6sijPbSPDpGDTlANXaA6aiCK7tADekLP1r31aL1Yr7Nozsp2dtE3WG+fhUmcjQ==</latexit>

How to distinguish                    from
                                ? 

Important to identify all the final state products of the inverse beta 
interaction  
 
Present configuration of Super-K:  

Easy to detect 
                                            
Hard to detect n

<latexit sha1_base64="FEjajHuRxK9Oki9Y7PK+APwV2vc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jpi2irQ8GHu/NMDMvSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8m/vtR1Sax/LeTBL0IzqUPOSMGis1ZL9ccavuDOSHeMukAgvU++XP3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WezQ6fkzCoDEsbKljRkpv6eyGik9SQKbGdEzUgve7n4n9dNTXjtZ1wmqUHJ5ovCVBATk/xrMuAKmRETSyhT3N5K2IgqyozNpmRDWHl5lbQuqp5b9RqXldrNIo4inMApnIMHV1CDO6hDExggPMELvDoPzrPz5rzPWwvOYuYY/sD5+AbYf4zz</latexit><latexit sha1_base64="FEjajHuRxK9Oki9Y7PK+APwV2vc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jpi2irQ8GHu/NMDMvSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8m/vtR1Sax/LeTBL0IzqUPOSMGis1ZL9ccavuDOSHeMukAgvU++XP3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WezQ6fkzCoDEsbKljRkpv6eyGik9SQKbGdEzUgve7n4n9dNTXjtZ1wmqUHJ5ovCVBATk/xrMuAKmRETSyhT3N5K2IgqyozNpmRDWHl5lbQuqp5b9RqXldrNIo4inMApnIMHV1CDO6hDExggPMELvDoPzrPz5rzPWwvOYuYY/sD5+AbYf4zz</latexit><latexit sha1_base64="FEjajHuRxK9Oki9Y7PK+APwV2vc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jpi2irQ8GHu/NMDMvSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8m/vtR1Sax/LeTBL0IzqUPOSMGis1ZL9ccavuDOSHeMukAgvU++XP3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WezQ6fkzCoDEsbKljRkpv6eyGik9SQKbGdEzUgve7n4n9dNTXjtZ1wmqUHJ5ovCVBATk/xrMuAKmRETSyhT3N5K2IgqyozNpmRDWHl5lbQuqp5b9RqXldrNIo4inMApnIMHV1CDO6hDExggPMELvDoPzrPz5rzPWwvOYuYY/sD5+AbYf4zz</latexit><latexit sha1_base64="FEjajHuRxK9Oki9Y7PK+APwV2vc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jpi2irQ8GHu/NMDMvSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8m/vtR1Sax/LeTBL0IzqUPOSMGis1ZL9ccavuDOSHeMukAgvU++XP3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WezQ6fkzCoDEsbKljRkpv6eyGik9SQKbGdEzUgve7n4n9dNTXjtZ1wmqUHJ5ovCVBATk/xrMuAKmRETSyhT3N5K2IgqyozNpmRDWHl5lbQuqp5b9RqXldrNIo4inMApnIMHV1CDO6hDExggPMELvDoPzrPz5rzPWwvOYuYY/sD5+AbYf4zz</latexit>
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many nucleons of 16O significantly deviate - by about a
factor of four - from predictions.

VIII. ACKNOWLEDGMENT

We gratefully acknowledge the cooperation of the
Kamioka Mining and Smelting Company. The Super-
Kamiokande experiment has been built and operated
from funding by the Japanese Ministry of Education,
Culture, Sports, Science and Technology, the U.S. De-
partment of Energy, and the U.S. National Science Foun-

dation. Some of us have been supported by funds from
the Research Foundation of Korea (BK21 and KNRC),
the Korean Ministry of Science and Technology, the Na-
tional Research Foundation of Korea (NRF- 20110024009
), the European Union FP7 (DS laguna-lbno PN-284518
and ITN invisibles GA-2011-289442), the Japan Society
for the Promotion of Science, the National Science and
Engineering Research Council (NSERC) of Canada, and
the Scinet and Westgrid consortia of Compute Canada;
This work is also supported by the National Natural Sci-
ence Foundation of China (Grants No.11235006).

[1] T. Hagner et al., Astropart. Phys. 14, 33(2000).
[2] S. Abe et al., (KamLAND Collaboration), Phys.Rev.

C81, (2010) 025807.
[3] B. Bellini et al., (Borexino Collaboration), J. Cosmol.

Astropart. Phys. 08 (2013) 049.
[4] J. F. Beacom and M. R. Vagins, Phys. Rev. Lett., 93:

171101 (2004).
[5] K. Abe, et al., (Hyper-Kamiokande working group),

arXiv:1109.3262.
[6] M. Askins, et al., (WATCHMAN Collaboration),

arXiv:1502.01132.
[7] L. Agostino, et al., (MEMPHYS Collaboration), J. Cos-

mol. Astropart. Phys. 1301 (2013) 024.
[8] C. Adams, et al., (LBNE Collaboration),

arXiv:1307.7335.
[9] S. Fukuda et al., (The Super-Kamiokande Collabora-

tion), Phys. Rev. Lett. 86, 5651 (2001).
[10] J. Hosaka et al, (Super-Kamiokande Collaboration),

Phys. Rev. D 73, 112001 (2006).
[11] K. Abe et al., (The Super-Kamiokande Collaboration),

Phys. Rev. D 83, 052010 (2011).
[12] K. Bays et al., (The Super-Kamiokande Collaboration),

Phys. Rev. D 85, 052007 (2012).
[13] S. W. Li and J. F. Beacom, Phys. Rev. C 89, 045801

(2014).
[14] S. W. Li and J. F. Beacom, Phys. Rev. D 91, 105005

(2015).
[15] S. W. Li and J. F. Beacom, arXiv:1508.05389.
[16] D. R. Tilley, J. H. Kelley, J. L. Godwin, D. J. Millener,

J. E. Purcell, C. G. Sheu, and H. R. Weller, Nucl. Phys.
A 745, 155 (2004).

[17] H. Zhang et al., (Super-Kamiokande Collaboration), As-
tropart. Phys. 60 (2015) 41.

[18] K. Abe, et al., (Super-Kamiokander Collaboration),
Nucl. Instr. Meth, A 737 (2014).

[19] S. Yamada, et al., IEEE Trans. Nucl. Sci., 57 (2010) 428.
[20] Z. Conner, PhD thesis, University of Maryland, 1997.
[21] S. Desai, PhD thesis, Boston Univesity, 2004.
[22] http://www.nndc.bnl.gov.
[23] http://www.tunl.duke.edu/nucldata/GroundStatedecays/.
[24] R. Brun, R. Hagelberg, M. Hansroul, and J. C. Lassalle,

Simulation program for particle physics experiments,
GEANT : user guide and reference manual, CERN-DD-
78-2(1978).

[25] A. Hoecker, P. Speckmayer, J. Stelzer, J. Therhaag,
E. von Toerne, and H. Voss, PoS A CAT 040 (2007);
arXiv: physics/0703039.

[26] P. Speckmayer, A. Hoecker, J. Stelzer, and H. VossJ.
Phys.: Conf. Ser. 219, 032057 (2010).

[27] H. Watanabe et al., (Super-Kamiokande Collaboration),
Astropart. Phys., 2009, 31: 320.

[28] D. Cokinos and E. Melkonian, Phys. Rev. C 15, 1636
(1977).

[29] A. Ferrari, P. R. Sala, A. Fasso, and J. Ranft, FLUKA:
A multi-particle transport code, CERN-2005-10 (2005),
INFN-TC-05-11, SLAC-R-773.

[30] G. Battistoni et al., AIP Conf. Proc. 896, 31 (2007).
[31] S. Ando, K. Sato and T. Totani, Astropart. Phys. 18, 307

(2003).
[32] T. Totani and K. Sato, Astropart. Phys. 3, 367 (1995).
[33] R. A. Malaney, Astropart. Phys. 7, 125 (1997).
[34] D. H. Hartmann and S. E. Woosley, Astropart. Phys. 7,

137 (1997).
[35] M. Kaplinghat, G. Steigman, and T. P. Walker, Phys.

Rev. D 62, 043001 (2000).
[36] L. Strigari, M. Kaplinghat, G. Steigman, and T. Walker,

JCAP, 0403:007 (2004).
[37] T. Totani, K. Sato, and Y. Yoshii, Astrophys. J. 460, 303

(1996).
[38] S. Horiuchi, J. F. Beacom, and E. Dwek, Phys. Rev. D

79, 083013 (2009).
[39] M. Fukugita and M.Kawasaki, Mon. Not. Roy. Astron.

Soc. 340, L7 (2003).
[40] C. Lunardini, Phys. Rev. Lett. 102, 231101(2009).
[41] Ref. [4] proposed adding a 0.2% gadolinium solution into

the SK water. After exhaustive studies, on June 27,
2015, the SK Collaboration formally approved the con-
cept, officially initiating the SuperK-Gd project, which
will enhance anti-neutrino detectability (along with other
physics capabilities) by dissolving 0.2% gadolinium sul-
fate by mass in the SK water.

Fate)of)the)GADZOOKS!)Proposal)

SuperfK%2015:%Yes%

For%about%10%years:%
Vagins%and%colleagues%developed%experimental%aspects%
Beacom%and%colleagues%developed%theore<cal%aspects%

Will%greatly%increase%sensi<vity%for%many%studies%

Super-K 2015 

e±
<latexit sha1_base64="3N31bVAK4NlY4ZEzirlwYIsi+QA=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCmwSSNcxOepMhM7PLzKwQQr7BiwdFvPpB3vwbJw9EEwsaiqpuurviTHBjff/LW1ldW9/YLGwVt3d29/ZLB4d1k+aaYchSkepmTA0KrjC03ApsZhqpjAU24sHNxG88ojY8Vfd2mGEkaU/xhDNqnRTiQzuTnVLZr/hTkB8SLJIyzFHrlD7b3ZTlEpVlghrTCvzMRiOqLWcCx8V2bjCjbEB72HJUUYkmGk2PHZNTp3RJkmpXypKp+ntiRKUxQxm7Tklt3yx6E/E/r5Xb5CoacZXlFhWbLUpyQWxKJp+TLtfIrBg6Qpnm7lbC+lRTZl0+RRfC0svLpH5eCfxKcHdRrl7P4yjAMZzAGQRwCVW4hRqEwIDDE7zAq6e8Z+/Ne5+1rnjzmSP4A+/jG8tWjqk=</latexit><latexit sha1_base64="3N31bVAK4NlY4ZEzirlwYIsi+QA=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCmwSSNcxOepMhM7PLzKwQQr7BiwdFvPpB3vwbJw9EEwsaiqpuurviTHBjff/LW1ldW9/YLGwVt3d29/ZLB4d1k+aaYchSkepmTA0KrjC03ApsZhqpjAU24sHNxG88ojY8Vfd2mGEkaU/xhDNqnRTiQzuTnVLZr/hTkB8SLJIyzFHrlD7b3ZTlEpVlghrTCvzMRiOqLWcCx8V2bjCjbEB72HJUUYkmGk2PHZNTp3RJkmpXypKp+ntiRKUxQxm7Tklt3yx6E/E/r5Xb5CoacZXlFhWbLUpyQWxKJp+TLtfIrBg6Qpnm7lbC+lRTZl0+RRfC0svLpH5eCfxKcHdRrl7P4yjAMZzAGQRwCVW4hRqEwIDDE7zAq6e8Z+/Ne5+1rnjzmSP4A+/jG8tWjqk=</latexit><latexit sha1_base64="3N31bVAK4NlY4ZEzirlwYIsi+QA=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCmwSSNcxOepMhM7PLzKwQQr7BiwdFvPpB3vwbJw9EEwsaiqpuurviTHBjff/LW1ldW9/YLGwVt3d29/ZLB4d1k+aaYchSkepmTA0KrjC03ApsZhqpjAU24sHNxG88ojY8Vfd2mGEkaU/xhDNqnRTiQzuTnVLZr/hTkB8SLJIyzFHrlD7b3ZTlEpVlghrTCvzMRiOqLWcCx8V2bjCjbEB72HJUUYkmGk2PHZNTp3RJkmpXypKp+ntiRKUxQxm7Tklt3yx6E/E/r5Xb5CoacZXlFhWbLUpyQWxKJp+TLtfIrBg6Qpnm7lbC+lRTZl0+RRfC0svLpH5eCfxKcHdRrl7P4yjAMZzAGQRwCVW4hRqEwIDDE7zAq6e8Z+/Ne5+1rnjzmSP4A+/jG8tWjqk=</latexit><latexit sha1_base64="3N31bVAK4NlY4ZEzirlwYIsi+QA=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCmwSSNcxOepMhM7PLzKwQQr7BiwdFvPpB3vwbJw9EEwsaiqpuurviTHBjff/LW1ldW9/YLGwVt3d29/ZLB4d1k+aaYchSkepmTA0KrjC03ApsZhqpjAU24sHNxG88ojY8Vfd2mGEkaU/xhDNqnRTiQzuTnVLZr/hTkB8SLJIyzFHrlD7b3ZTlEpVlghrTCvzMRiOqLWcCx8V2bjCjbEB72HJUUYkmGk2PHZNTp3RJkmpXypKp+ntiRKUxQxm7Tklt3yx6E/E/r5Xb5CoacZXlFhWbLUpyQWxKJp+TLtfIrBg6Qpnm7lbC+lRTZl0+RRfC0svLpH5eCfxKcHdRrl7P4yjAMZzAGQRwCVW4hRqEwIDDE7zAq6e8Z+/Ne5+1rnjzmSP4A+/jG8tWjqk=</latexit>

Neutron capture:        Gd        p  
                          49000 barn        0.3 barn  
                                        8 MeV         2.2 MeV   
                20 µsec     200 µsec  

Gd makes it much easier to 
detect neutrons 
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40Ar - - 2,200
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Event numbers 

Super-K : 32 kton,     Hyper-K : 370 kton,          DUNE : 40 kton 

Nikrant, Laha & Horiuchi 1711.00008 
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Input from the simulation of Nakamura etal. 1602.03028 
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A new way to detect supernova    in water-Cherenkov 
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Galactic Supernova happens 
 •  Implement angular cut: forward cone contains most of the 

electron elastic scattering events; inverse beta is quasi-isotropic 

•  Gd can individually detect and remove the inverse beta reactions 
in the forward cone 

•  Remaining inverse beta backgrounds can be statistically 
subtracted  

•  Use the information about    and    to statistically subtract the 
electron scattering events due to these flavors 

•  Addition of Gd also helps in identifying     events        

⌫
x

⌫̄e

⌫e
16O



Effect of Gd on elastic electron 
scattering events 
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reduces the inverse beta 
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Effect of Gd on oxygen scattering 
events	
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From numerical simulations 
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= average neutrino energy of the spectrum 
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Constraints on neutrino spectrum  
(no mixing scenario) 
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Dramatic improvement in 
constraining the      spectral 
parameters while using Gd in 
water Cherenkov detectors 
 
The contours of DUNE and 
Hyper-K are almost orthogonal 
--- importance of detecting 
supernova neutrino in different 
detectors 
 
Contour shapes are orthogonal 
as the water Cherenkov 
interactions and the Argon 
interactions probe different 
part of the underlying neutrino 
spectrum  
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Constraints on neutrino spectrum  
(MSW mixing scenario) 

Nikrant, Laha & Horiuchi 
1711.00008 (PRD) 

Nikrant, Laha & Horiuchi 
1711.00008 (PRD) 

Improvement due to our technique in water Cherenkov detectors is possible 
even in the case of mixing among the various flavors of supernova neutrino.  The 
complementarity between DUNE and Hyper-K + Gd is also applicable. 



Spectrum constraints during various 
stages of supernova neutrino emission 
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neutronization burst: 
start to 60 ms;  
 
accretion phase: 60 ms 
to 1 s;  
 
cooling phase: 1 s to end. 
 

Hyper-K + DUNE will 
produce stringent 
constraints on   
spectral parameters for 
all the phases of the 
supernova  
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Liquid scintillator detector 
(JUNO) 

Ranjan Laha 



Event spectrum 

Ranjan Laha 
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JUNO can detect supernova neutrinos of all 
flavors 
 
Large number of events in distinct channels 
imply strong constraints on supernova neutrino 
spectral parameters  
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Event numbers in JUNO 
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Constraints on   spectral parameters  
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Neutrino – nucleus scattering provides the stronger constraint on the average 
energy of the spectrum 
 
Neutrino – electron scattering provides the stronger constraint on the total energy 
of the spectrum 

Laha, Beacom and Agarwalla 1412.8425  
  



Conclusions 
•  It is essential to detect all the flavors of supernova 

neutrinos 

•  We study how to constrain supernova      in various near 
future neutrino detectors 

•  We show how to detect supernova       in Gd loaded water 
Cherenkov detectors 

•  We use the directionality of   elastic scattering 
events and the individual detection and removal of inverse 
beta events using Gd to detect supernova 

•  Super-K + Gd, Hyper-K + Gd, DUNE and JUNO will 
constrain      spectral parameters very strongly 

 
Comments/ questions to ranjalah@uni-mainz.de 
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Production of neutrinos and their 
average energies 

⌫e + n $ p + e�

Ranjan Laha 
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N + N $ N + N + ⌫ + ⌫̄ ⌫e + ⌫̄e $ ⌫ + ⌫̄

e+ + e� $ ⌫ + ⌫̄

Lowest cross section of      è decouples from matter earliest è highest 
average energy 
 
Larger number of neutrons than protons è      decouples last  è lowest 
average energy 
 
      has an average energy in between these two extremes 
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Simplifying assumptions about supernova  
 
Total binding energy released in the explosion 
 
 Total energy carried by each     (or     ) flavor 
 
Quasi-thermal neutrino spectrum 
 
 
 
 
 
At supernova energies,     (and their antiparticles); 
denoted by 
 
Neutrino mixing can change the average energies of the 
detected neutrinos 
 
Supernova located at a distance of 10 kpc 
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Constraints on   spectrum ⌫e
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ie + 16O = fiducial value 
 
 
 
Lack of events in 
the oxygen 
channel gives an 
upper limit 
 
 
Use of Gd and 
pointing 
determines the 
spectral 
parameters to 
~20% 

XLaha & Beacom 2013 



Constraints on   spectrum ⌫e
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Oxygen reaction 
gives a very 
strong 
constraint on  
 
 
 
Again Gd gives 
improvement in 
the constraints 

hE⌫ei

Laha & Beacom 2013 



Improvements for lower values of  hE⌫ei
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Joint constraints 
 
 
Improvements over 
the case when 
Super-Kamiokande 
has no Gd 
 
Almost no 
discrimination 
without Gd 
 
Some discrimination 
with Gd 

Laha & Beacom 2013 



Flux and event rate 
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Time integrated flux for single flavor 

Observed interaction rate 
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Present difficulty in detecting 

Ranjan Laha 

⌫e
At present detecting    in water Cherenkov detectors is 
easy 
 
Adding Gadolinium will make it easier	(future) 
 
Detecting       is easiest in liquid scintillator detectors 
 
The remaining is      : how do we detect it? 
 
Let us concentrate on the largest neutrino detector (at 
these energies) at present: Super-Kamiokande 
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has the largest electron elastic 
scattering cross section 

Ranjan Laha 
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Optimistic as 
 
gives the largest number 
of events --- other 
events can only be 
subtracted statistically	

Laha & Beacom 2013 

⌫e + e� ! ⌫e + e�
Recoil electron spectra 
Forward 40o cone 
Super-Kamiokande 32 
kton 
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Strategy to detect  

•  Forward cone contains most of the electron 
elastic scattering events 

•  Gd can individually detect and remove the 
inverse beta reactions in the forward cone 

•  Remaining inverse beta backgrounds can be 
statistically subtracted  

•  Use the information about   and     to 
statistically subtract the electron scattering 
events due to these flavors 

•  Addition of Gd also helps in identifying    
          events    				

Ranjan Laha 

Galactic Supernova happens 
 
Assume (i) SuperKamiokande (water Cherenkov) with Gd loading,  
(ii) liquid scintillator detectors are present 
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Variation of detected spectrum with 
different average energies 

Ranjan Laha 

There is change in the 
spectrum but the total event 
rate in weakly dependent on the 
average energy of the incoming 
neutrino spectrum 
 
Spectra changes linearly with 
total energy of the incoming 
neutrino spectrum 
 
 

Laha & Beacom 2013 
	



Variation of detected spectrum with 
different average energies	

Ranjan Laha 

Rapid change in the number of 
events with average energy of 
the incoming neutrino spectrum 
 
 
Due to the high threshold, 
probes the tail of the incoming 
neutrino spectrum --- very 
sensitive to the average energy 
 
 
Due to few events only upper 
limits for lower average 
energies, but strong constraints 
for higher average energies 

Laha & Beacom 2013 
	



Supernova neutrino detection: 	

Ranjan Laha 
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+ p
Liquid scintillator detector 

 Recoil protons detected by scintillation light      
 Neutral current interaction è sensitive to all flavors 

 
  

 
 

   

Detectable part of the 
interaction mainly provided 
by  ⌫

x
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Recoil proton energy 

Incoming neutrino energy 

Neutrino	of	energy	E	è	proton	recoil	energy		✏


0,
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mp

�

Dasgupta & 
Beacom PRD 
2011 

Detectable recoil proton spectrum in KamLAND 
 
Smaller number of events in Borexino 

Beacom, Farr and Vogel hep-ph/0205220 
Lujan-Peschard, Pagliaroli and Vissani 1402.6953 
Laha, Beacom and Agarwalla 1412.8425  
  



 
•  Number of events above threshold ~ 100/ kton 

•  Lowering the threshold can give more events 

•  Sensitive to the incoming neutrino spectrum 

•  There are other ways to detect     , but they have smaller 
yields and not sensitive to the spectrum 

 
•  β-decays of 14C poses a problem below 0.2 MeV --- pulse 

shape discrimination can be used to reject this background 
(Borexino Collaboration, Phys. Rev. C 81, 034317 2010)  

Ranjan Laha 
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