
U n i v e r s i t y  o f  C a m p i n a s 

( U N I C A M P )

E x p l o i t i n g  a  f u t u r e  g a l a c t i c  
s u p e r n o v a  t o  p r o b e  n e u t r i n o  

m a g n e t i c  m o m e n t s

Ta l k  b a s e d  o n  a r X i v : 2 2 0 3 . 0 1 9 5 0 

w i t h  S u d i p  J a n a  a n d  M a n i b r a t a  S e n

PA S C O S  2 0 2 2 

M P I K ,  H e i d e l b e r g 


J u l y ,  2 0 2 2

Ya g o  P P o r t o  S i l v a

S u p p o r t e d  b y :

https://arxiv.org/abs/2203.01950


N e u t r i n o  e l e c t r o m a g n e t i c  p r o p e r t i e s

S C :  S .  J a n a

B a b u ,  J a n a ,  L i n d n e r ,  a r X i v : 2 0 0 7 . 0 4 2 9 1 

G i u n t i ,  S t u d e n i k i n ,  a r X i v : 1 4 0 3 . 6 3 4 4 

… 


• I n  t h e  s t a n d a r d  m o d e l  ( S M )  
n e u t r i n o s  d o  n o t  h a v e  
d i r e c t  c o u p l i n g  t o  p h o t o n s ;

• S t u d y  o f  n e u t r i n o  E M  
i n t e r a c t i o n s  m a y  s h e d  l i g h t  
o n  t h e  u n d e r l y i n g  t h e o r y.

• Q u a n t u m  l o o p  c o r r e c t i o n s  
c a n  i n d u c e  E M  p r o p e r t i e s  
o f  n e u t r i n o s ;

https://arxiv.org/abs/2007.04291
https://arxiv.org/abs/1403.6344


C o r e - c o l l a p s e  S u p e r n o v a

S C :  M .  S e n



N e u t r o n i z a t i o n  B u r s t

• I t  l a s t s  f o r  3 0  m s  a f t e r  c o r e  
b o u n c e .

• E l e c t r o n  c a p t u r e  o n  p r o t o n s  
l e a d s  t o  l a r g e  b u r s t  o f  .νe

15M⊙ progenitor

S i m u l a t i o n  f r o m  G a r c h i n g  g r o u p 




N e u t r o n i z a t i o n  B u r s t

• I t  l a s t s  f o r  3 0  m s  a f t e r  c o r e  
b o u n c e .

• E l e c t r o n  c a p t u r e  o n  p r o t o n s  
l e a d s  t o  l a r g e  b u r s t  o f  .νe

15M⊙ progenitor

15M⊙ progenitor

S i m u l a t i o n  f r o m  G a r c h i n g  g r o u p 




F l a v o r  c o n v e r s i o n  i n  p r e s e n c e  o f  n e u t r i n o  
m a g n e t i c  m o m e n t s

• N e u t r i n o  e v o l u t i o n  e q u a t i o n :

• T r a n s i t i o n  m a g n e t i c  m o m e n t s : ℒM ⊃ μαβνT
αLCσηδνβLFηδ

• N e u t r i n o  H a m i l t o n i a n  i n  
m a t t e r :



F l a v o r  c o n v e r s i o n  i n  p r e s e n c e  o f  n e u t r i n o  
m a g n e t i c  m o m e n t s

• M a g n e t i c  f i e l d :

• T r a n s i t i o n  m a g n e t i c  m o m e n t s :

Wo o s l e y,  We a v e r ,  A s t r o p h y s .  J .  S u p p l .  1 0 1  
( 1 9 9 5 )  1 8 1 – 2 3 5 . 

A n d o ,  S a t o ,  a r X i v : h e p - p h / 0 2 11 0 5 3 

To t a n i ,  S a t o ,  a r X i v : a s t r o - p h / 9 6 0 9 0 3 5

https://ui.adsabs.harvard.edu/abs/1995ApJS..101..181W/abstract
https://ui.adsabs.harvard.edu/abs/1995ApJS..101..181W/abstract
https://arxiv.org/abs/hep-ph/0211053
https://arxiv.org/abs/astro-ph/9609035


C o n d i t i o n s  f o r  M S W  a n d  R S F P r e s o n a n c e s

M S W  ( M i k h e y e v - S m i r n o v - Wo l f e n s t e i n )

• M S W  c o n d i t i o n 

   j = 2  f o r  L  a n d  j = 3  f o r  H :

• M S W- L / H  a d i a b a t i c i t y  
p a r a m e t e r :

C o n d i t i o n s  f o r  M S W  a n d  R S F P r e s o n a n c e s

νe ↔ νμ νe ↔ ντ ν̄e ↔ ν̄μ ν̄e ↔ ν̄τ

M i k h e y e v,  S m i r n o v  ( 1 9 8 6 ) 




C o n d i t i o n s  f o r  M S W  a n d  R S F P r e s o n a n c e s

• R S F P  c o n d i t i o n 

   j = 2  f o r  L  a n d  j = 3  f o r  H :

M S W  ( M i k h e y e v - S m i r n o v - Wo l f e n s t e i n )

R S F P  ( R e s o n a n t  S p i n - F l a v o u r  P r e c e s s i o n )

• R S F P - L / H  a d i a b a t i c i t y  
p a r a m e t e r :

• A n d  w e  s t i l l  h a v e  t h e  R S F P - E  ( s e e  A k h m e d o v  &  F u k u y a m a  
a r X i v : h e p - p h / 0 3 1 0 11 9 )

• M S W  c o n d i t i o n 

   j = 2  f o r  L  a n d  j = 3  f o r  H :

• M S W- L / H  a d i a b a t i c i t y  
p a r a m e t e r :

C o n d i t i o n s  f o r  M S W  a n d  R S F P r e s o n a n c e s

• R S F P  c o n d i t i o n 

   j = 2  f o r  L  a n d  j = 3  f o r  H :

νe ↔ νμ νe ↔ ντ ν̄e ↔ ν̄μ ν̄e ↔ ν̄τ

νe ↔ ν̄τ νe ↔ ν̄μ ν̄e ↔ νμ ν̄e ↔ ντ

M i k h e y e v,  S m i r n o v  ( 1 9 8 6 ) 


https://arxiv.org/abs/hep-ph/0310119


L e v e l  c r o s s i n g  d i a g r a m  ( n o r m a l  o r d e r i n g )

• F i v e  r e s o n a n c e s :  R S F P - H ,  R S F P - L  ( n o n - a d ) ,  R S F P - E  ( n o n - a d ) ,  
M S W- H  ( a d )  a n d  M S W- L ( a d ) .

• R S F P - H  i s  p a r t i a l l y  a d i a b a t i c :

• R e s u l t s  d e p e n d  o n  t h e  h o p p i n g  p r o b a b i l i t y  a t  R S F P - H :  pH = e− π
2 γRSFP−H

J a n a ,  Y P S ,  S e n ,  a r X i v : 2 2 0 3 . 0 1 9 5 0



L e v e l  c r o s s i n g  d i a g r a m  ( i n v e r t e d  o r d e r i n g )

J a n a ,  Y P S ,  S e n ,  a r X i v : 2 2 0 3 . 0 1 9 5 0

• F i v e  r e s o n a n c e s :  R S F P - H ,  R S F P - L  ( n o n - a d ) ,  R S F P - E  ( n o n - a d ) ,  
M S W- H  ( a d )  a n d  M S W- L ( a d ) .

• R S F P - H  i s  p a r t i a l l y  a d i a b a t i c :

• R e s u l t s  d e p e n d  o n  t h e  h o p p i n g  p r o b a b i l i t y  a t  R S F P - H :  pH = e− π
2 γRSFP−H



U p c o m i n g  n e u t r i n o  d e t e c t o r s

D U N E H K

• 4 0 - k t o n  o f  l i q u i d  a r g o n  
t i m e  p r o j e c t i o n  
c h a m b e r ; 


• ; 


•  a t  1 0  M e V.

νe + 40Ar → 40 K* + e−

σE /Er ∼ 5 %

• Wa t e r  c h e r e n k o v  d e t e c t o r ,  
f i d u c i a l  v o l u m e  1 8 7  k t  i n  
e a c h  o f  t w o  t a n k s ; 


• ; 


•  a t  1 0  M e V.

ν̄e + p → e+ + n

σE /Er ∼ 20 %



E v e n t  s p e c t r a  ( n o r m a l  o r d e r i n g )

J a n a ,  Y P S ,  S e n ,  a r X i v : 2 2 0 3 . 0 1 9 5 0



E v e n t  s p e c t r a  ( i n v e r t e d  o r d e r i n g )

J a n a ,  Y P S ,  S e n ,  a r X i v : 2 2 0 3 . 0 1 9 5 0



N e u t r i n o  m a g n e t i c  m o m e n t s  s e n s i t i v i t i e s

• We  p e r f o r m  a   a n a l y s i s  a s s u m i n g   a s  t h e  t r u e  h y p o t h e s i s  t o  
f i n d  t h e  s e n s i t i v i t i e s  b e l o w  ( a s s u m i n g   G  a n d   k p c ) :

χ2 μν = 0
B0 = 1010 d = 10

J a n a ,  Y P S ,  S e n ,  a r X i v : 2 2 0 3 . 0 1 9 5 0

• F o r  i l l u s t r a t i o n :  w e  s e t  b o t h   a n d   a r e  e q u a l ,  s e t  t o   ( f r e e  
p a r a m e t e r )  f o r  o n e  b e n c h m a r k  p o i n t .

μeμ μeτ μν

S e n s i t i v i t i e s  ( i n  )μB



S u m m a r y  o f  s e n s i t i v i t i e s

J a n a ,  Y P S ,  S e n ,  a r X i v : 2 2 0 3 . 0 1 9 5 0

B a b u ,  J a n a ,  L i n d n e r ,  a r X i v : 2 0 0 7 . 0 4 2 9 1 


F r o m  Te r l i u k ’s  t a l k 

X E N O N n T:  μν < 6.3 × 10−12μB

https://arxiv.org/abs/2007.04291


I m p l i c a t i o n  f o r  n e u t r i n o  p r o p e r t i e s

• R e m o v i n g  t h e  p h o t o n  l i n e  f r o m  t h e  d i a g r a m  t h a t  g e n e r a t e s   a  
n e u t r i n o  m a s s  t e r m  i s  g e n e r a t e d .

μν

• D i r a c   o v e r   w o u l d  g e n e r a t e  u n a c c e p t a b l y  l a r g e  n e u t r i n o  
m a s s e s .  T h e r e f o r e ,  f o r  t h e  v a l u e s  o f   c o n s i d e r e d  h e r e ,  m o r e  
l i k e l y  f o r  n e u t r i n o s  t o  b e  M a j o r a n a .

μν 10−14μB
μν



Ta k e  a w a y  m e s s a g e

• F o r  a  g a l a c t i c  S N ,  D U N E  a n d  H K  c a n  p r o b e   f r o m   u p  t o  
.

μν O[10−11]μB
O[10−14]μB

• S p i n - f l a v o r  +  M S W  c o n v e r s i o n  l e a d s  t o  a  s u p p r e s s i o n  o f   w h i l e  
e n h a n c i n g   s p e c t r a  d u r i n g  n e u t r o n i z a t i o n  b u r s t  p h a s e .

νe
ν̄e

• T h e  d e t e c t i o n  o f  t h e s e  v a l u e s  o f   c a n  s h e d  l i g h t  o n  t h e  n e u t r i n o  
n a t u r e  a n d  i t s  m a s s  m e c h a n i s m .

μν

T h a n k  y o u !


