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OUTLINE
1. The detection of high energy astrophysical neutrinos 

by IceCube 
2. What are neutrinos and their oscillations? What are 

the mechanisms for producing high energy 
astrophysical neutrinos?  

3. What can we learn from the detection of these 
neutrinos? The flavour fraction of neutrinos at the 
source or the flavour transition mechanism occurring 
in the propagations of neutrinos? 

4. Some recent results 
5. Conclusion



THE DETECTION OF HIGH ENERGY 
ASTROPHYSICAL NEUTRINOS BY ICECUBE

Quoted from the official website of IceCube Observatory 
``Six years after its completion, IceCube has isolated more than 80 high-energy  
cosmic neutrinos, with energies between 100 TeV and 10 PeV, from more than  
a million atmospheric neutrinos and hundreds of billions of cosmic-ray muons.“

Science  22 Nov 2013:
Vol. 342, Issue 6161, 1242856





A 250 TeV neutrino interaction in IceCube
At the neutrino interaction point (bottom), a large particle shower 
is visible with a muon produced in the interaction leaving up and 
to the left. The direction of the muon indicates the direction of the
original neutrino.

PeV cascade event



FACTS ABOUT NEUTRINOS

� decays







• We now know there are 3 types of neutrinos: 
• We also know neutrinos oscillate from one kind to other kinds when they 

propagate.     
      

⌫e, ⌫µ, ⌫⌧

Weak interaction states Mass eigenstates

Daya Bay 2012







Common astrophysical neutrino sources 
(1) pp collisions: roughly the same number of 𝛑+ and 𝛑-  

are produced. Neutrinos and anti-neutrinos are produced equally 
     ⇡+(⇡�) ! µ+(µ�)⌫µ(⌫̄µ)

µ+(µ�) ! ⌫µ(⌫̄µ)e
+(e�)⌫̄e(⌫e)

(a) secondary muons decay immediately

(b) secondary muons lose significant energies before decay

Pion source

Muon-damped source

⌫̄e : ⌫̄µ : ⌫̄⌧ = 0 : 1 : 0⌫e : ⌫µ : ⌫⌧ = 0 : 1 : 0

⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0 ⌫̄e : ⌫̄µ : ⌫̄⌧ = 1 : 2 : 0



(2) p𝛄 collisions: leading contributions  

(a) secondary muons decay immediately

(b) secondary muons lose significant energies before decay

p+ � ! �+ ! n+ ⇡+

⇡+ ! µ+⌫µ

µ+ ! ⌫̄µe
+⌫e

Pion source

Muon-damped source

⌫̄e : ⌫̄µ : ⌫̄⌧ = 0 : 1 : 0⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 0

⌫e : ⌫µ : ⌫⌧ = 0 : 1 : 0



(2) p𝛄 collisions: sub-leading contributions  

(a) secondary muons decay immediately

(b) secondary muons lose significant energies before decay

Pion source

Muon-damped source

p� ! p⇡+⇡�

Neutrinos and anti-neutrinos are produced equally 
Non-negligible if gamma spectrum is hard enough 

⌫e : ⌫µ : ⌫⌧ = 1/3 : 2/3 : 0 ⌫̄e : ⌫̄µ : ⌫̄⌧ = 1/3 : 2/3 : 0

⌫̄e : ⌫̄µ : ⌫̄⌧ = 0 : 1 : 0⌫e : ⌫µ : ⌫⌧ = 0 : 1 : 0

(10-15)%



In some cases, the neutrino flavour ratio at the source 
can be energy dependent 

The competition between decay and interaction time scales. 





Neutrino oscillations
Take a simplified example

At t=0 when muon neutrinos are produced  
                 in the atmosphere 

At time t 

with 



Here x is the traveling distance of neutrino  
for time interval t while l is the oscillation length 
given by

P⌫ = 10 GeV/c,m2
2 �m2

1 = 2.5⇥ 10�3
�
eV/c2

�2
, l = 104 km



The neutrino flavour transition probability

P↵� = �↵� � 4
X

j>i

<(U�jU
⇤
�iU

⇤
↵jU↵i) sin

2(�m2
jiL/4E)

+2
X

j>i

=(U�jU
⇤
�iU

⇤
↵jU↵i) sin(�m2

jiL/2E),

For distant sources, the sinusoidal variations should be averaged 
so that  

P↵� =
3X

i=1

|U↵i|2|U�i|2

P↵� ⌘ P (⌫� ! ⌫↵) � ↵
i = 1, 2, 3

3 channels interfere



WHAT CAN WE LEARN 
FROM THE DETECTION OF 

THESE NEUTRINOS?











K. C. Lai, G. L. Lin and T. C. Liu,  
Phys. Rev. D 82, 103003 (2010)

K. C. Lai, G. L. Lin and T. C. Liu,  
Phys. Rev. D 80, 103005 (2009)



Disfavor (1,0,0)!

True fraction (0.33,0.67,0)



E𝛎   is between 25 TeV and  2.8 PeV    (1:0:0) is disfavoured.  

M. G. Aartsen et al. [IceCube Collaboration], 
Astrophys. J. 809, no. 1, 98 (2015).



Understanding the flavour transition mechanisms during 
neutrino propagations from the source to terrestrial detector  

P↵� =
3X

i=1

|U↵i|2|U�i|2

� ↵
i = 1, 2, 3

Standard 3-flavour transition

If neutrino mass eigenstates are not stable…



P↵� = |U↵1|2
 

3X

i=1

|U�i|2
!

= |U↵1|2

Normal hierarchy

Inverted hierarchy

P↵� = |U↵3|2
 

3X

i=1

|U�i|2
!

= |U↵3|2

The flavor fraction on the Earth
(|Ue1|2, |Uµ1|2, |U⌧1|2) ⇡ (0.67, 0.17, 0.17)

Disfavored by more than 2�

Independent of flavor fraction at the source



If neutrino Hamiltonian contains additional beyond standard  
model terms, then we have the following generalization: 

U↵i ! V↵i

Hence P↵� =
3X

i=1

|V↵i|2|V�i|2

Let us consider Lorentz violation as the example of new 
physics that modifies the PMNS matrix 



CONSTRAINING THE MASS SCALE OF A 
LORENTZ VIOLATION HAMILTONIAN WITH 
THE MEASUREMENT OF ASTROPHYSICAL 

NEUTRINO FLAVOR FRACTIONS

K.-C. Lai, W.-H. Lai and G.-L. Lin, Phys. Rev. D 96 
(2017) no. 11, 115026 



• Violations of Lorentz symmetry could arise in Planck scale 
physics    

                   V. A. Kostelecky and S. Samuel, Phys. Rev. D 39, 683 (1989) 
                         V. A. Kostelecky and R. Potting, Nucl. Phys. B 359, 545 (1991)  
• The effects of Lorentz violations (LV) to neutrino oscillations 
     have been studied before 
                V. A. Kostelecky and M. Mewes, Phys. Rev. D 69, 016005 (2004) 
                     V. A. Kostelecky and M. Mewes, Phys. Rev. D 70, 031902 (2004) 
                     V. A. Kostelecky and M. Mewes, Phys. Rev. D 70, 076002 (2004) 
                     



• The standard model neutrino Hamiltonian in vacuum 

U : PMNS matrix

• With Lorentz violation  

HSM behaves as 1/E

HLV contains E0 and E1 terms

HSM = U

0

@
0 0 0
0 �m

2
21 0

0 0 �m
2
31

1

AU
†
/2E

H = HSM +HLV



• We shall study the LV effects with high energy astrophysical  
    neutrino source. The neutrino flavor transition probability  
    this case is 

P (⌫↵ ! ⌫�) = |V↵i|2|V�i|2,

        where V is the matrix that diagonalizes the full Hamiltonian

1/E E0 and E1 

• V approaches to PMNS matrix U for HLV=0. 
• When the neutrino energy is sufficiently high, the structure 
   of V is dictated by HLV. 

H = HSM +HLV

Diagonalized by U
Diagonalized by V



We shall focus on pion source from pp collisions, i.e.,  

⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0 ⌫̄e : ⌫̄µ : ⌫̄⌧ = 1 : 2 : 0

Defining neutrino flavor fraction:

f0
↵ ⌘ �0(⌫↵)/(�

0(⌫e) + �0(⌫µ) + �0(⌫⌧ ))

total flux of neutrinos and anti-neutrinos 
of flavor     at the source↵

(f0
e , f

0
µ, f

0
⌧ ) = (1/3, 2/3, 0)

Hence



f↵ ⌘ �(⌫↵)/(�(⌫e) + �(⌫µ) + �(⌫⌧ ))

total flux of neutrinos and anti-neutrinos 
of flavor at the terrestrial detector

f↵ = P↵�f
0
� P↵� ⌘ P (⌫� ! ⌫↵)

With (f0
e , f

0
µ, f

0
⌧ ) = (1/3, 2/3, 0)

fe = 1/3 + (Peµ � Pe⌧ )/3

fµ = 1/3 + (Pµµ � Pµ⌧ )/3

f⌧ = 1/3 + (Pµ⌧ � P⌧⌧ )/3

A test of μ𝛕 symmetry breaking



μ𝛕 symmetry breaking effects are small in 
the standard model neutrino Hamiltonian

(Peµ � Pe⌧ ) = 2✏ (Pµµ � Pµ⌧ ) = (Pµ⌧ � P⌧⌧ ) = �✏

Here ✏ = 2 cos 2✓23/9 +
p
2 sin ✓13 cos �/9

   (1) Taking 
   and keeping only the leading-order symmetry breaking terms 
   (2) Lorentz violating Hamiltonian may contain large μ𝛕             
   symmetry breaking effects

sin2 ✓12 = 1/3



LV EFFECTS TO NEUTRINO 
FLAVOR TRANSITIONS 

For neutrinos, the general form of LV Hamiltonian

For rotationally invariant LV effects

Sun-centered celestial equatorial frame
Let us first focus on aT𝛂𝛃
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LORENTZ VIOLATIONS AND CURRENT ICECUBE 
RESULTS ON ASTROPHYSICAL NEUTRINO FLAVOR 

COMPOSITIONS 

M. G. Aartsen et al. [IceCube Collaboration], 
Astrophys. J. 809, no. 1, 98 (2015)

E𝛎   is between 25 TeV and  2.8 PeV 
HSM≈∆m231/2E𝛎   

Hence HSM is between  
                              

and  
  
    

5⇥ 10�26 GeV

4.5⇥ 10�28 GeV

Can Lorentz violation play role in this data?



CURRENT BOUNDS ON LORENTZ VIOLATION 
PARAMETERS SUPER-KAMIOKANDE 

MEASUREMENTS 

5⇥ 10�26 GeVHSM <
K. Abe et al. [Super-Kamiokande Collaboration], Phys. Rev. D 91, no. 5, 052003 (2015).

Significant room for HLV to play an important role



SPECIAL STRUCTURES OF HLV AND THE RESULTING 
ASTROPHYSICAL NEUTRINO FLAVOR 

COMPOSITION ON EARTH

(A) only                  are non-vanishing 

P =

0

@
1/2 1/2 0
1/2 1/2 0
0 0 1

1

A

aTeµ(a
T⇤
eµ )

(fe, fµ, f⌧ ) = (1/2, 1/2, 0)

(Peµ � Pe⌧ ) = (Pµµ � Pµ⌧ ) = 1/2

H
⌫
LV =

0

@
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1

A

For anti-neutrinos, 
aTeµ ! �aT⇤

eµ Large  breaking of μ𝛕 symmetry 

(Pµ⌧ � P⌧⌧ ) = �1



SPECIAL STRUCTURES OF HLV AND THE RESULTING 
ASTROPHYSICAL NEUTRINO FLAVOR 

COMPOSITION ON EARTH

(B) only                  are non-vanishing 

For anti-neutrinos, 

Large  breaking of μ𝛕 
symmetry 

aTe⌧ (a
T⇤
e⌧ )

H
⌫
LV =

0

@
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T
e⌧

0 0 0
a
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e⌧ 0 0

1

A

aTe⌧ ! �aT⇤
e⌧

P =

0

@
1/2 0 1/2
0 1 0

1/2 0 1/2

1

A

(fe, fµ, f⌧ ) = (1/6, 2/3, 1/6)

(Peµ � Pe⌧ ) = (Pµ⌧ � P⌧⌧ ) = �1/2

(Pµµ � Pµ⌧ ) = 1



(C) only                  are non-vanishing 

For anti-neutrinos, 

aTµ⌧ (a
T⇤
µ⌧ )

H
⌫
LV =

0

@
0 0 0
0 0 a

T
µ⌧

0 a
T⇤
µ⌧ 0

1

A

μ𝛕 symmetric case

P =

0

@
1 0 0
0 1/2 1/2
0 1/2 1/2

1

A

aTµ⌧ ! �aT⇤
µ⌧

(Peµ � Pe⌧ ) = (Pµµ � Pµ⌧ ) = (Pµ⌧ � P⌧⌧ ) = 0

(fe, fµ, f⌧ ) = (1/3, 1/3, 1/3)



SPECIAL STRUCTURES OF HLV AND THE RESULTING 
ASTROPHYSICAL NEUTRINO FLAVOR 

COMPOSITION ON EARTH

(D) only                     are non-vanishing,  

P =

0
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aTµµ 6= aT⌧⌧

(Peµ � Pe⌧ ) = 0

(Pµµ � Pµ⌧ ) = 1 (Pµ⌧ � P⌧⌧ ) = �1

Large  breaking of  μ𝛕 symmetry 

(fe, fµ, f⌧ ) = (1/3, 2/3, 0)



COMPARISONS OF SPECIAL CASES WITH RECENT 
ICECUBE MEASUREMENT OF ASTROPHYSICAL 

NEUTRINO FLAVOR COMPOSITION  

Red: 

Yellow: 

Purple:     

Black: 

All cases fall into 2σ region as 
other elements grow from zero

aTe⌧ , a
T⇤
e⌧ 6= 0

aTµµ, a
T
⌧⌧ 6= 0

aTeµ, a
T⇤
eµ 6= 0

aTµ⌧ , a
T⇤
µ⌧ 6= 0



What happens if we consider the full Hamiltonian H
⌫,⌫̄
SM +H

⌫,⌫̄
LV

Red: 

Orange: 

Purple: 

Gray: 
 

aTe⌧ , a
T⇤
e⌧ 6= 0

aTµµ, a
T
⌧⌧ 6= 0

aTeµ, a
T⇤
eµ 6= 0

aTµ⌧ , a
T⇤
µ⌧ 6= 0

|aT↵� | in each scenario 
is varied from 0 
To SK 95% C.L.  
Limit 

Clearly IceCube Gen2 is needed to constrain LV Hamiltonian



4. ICECUBE GEN2 AND ITS POTENTIAL OF 
CONSTRAINING LORENTZ VIOLATION 

HAMILTONIAN

(1) A possible IceCube-Gen2 configuration. 
(2) IceCube, in red, and the infill sub-detector DeepCore, in green.  
(3) blue volume shows the full instrumented next-generation detector, with
 PINGU displayed in grey as a denser infill extension within DeepCore.

IceCube Collaboration (M.G. Aartsen 
(Adelaide U.) et al.),  arXiv:1412.5106

~10 km3 instrumented volume 
~250 m spacing of photo sensors



SENSITIVITIES OF ICECUBE-GEN2 ON 
ASTROPHYSICAL NEUTRINO FLAVOR 

COMPOSITIONS 

I. M. Shoemaker and K. Murase, Phys. Rev. D 93  
085004 (2016) IceCube Gen2 regions

�0 = (5.1± 1.8)⇥ 10�18GeV�1cm�2s�1sr�1

� = 2.2± 0.2

Eth = 100 TeV

10 years of exposure

1�, 2�, and 3� regions

Pion source from pp collision is assumed
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The structure of HSM in the 
limit: 
 

✓23 = 45�, ✓13 = 0

It can be written as the sum of two distinctive structures. 

Consider general LV Hamiltonian



Taking the example 
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Relevant

The relevant part of the Hamiltonian can be written as

= H
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H = HSM +H
⌫
LV Set E in HSM to be 100 TeV 
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H = HSM +H
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LV

Increasing M until the predicted  
flavor fraction is out of the  
IceCube Gen2 3   region. �

M ! �M,� ! �� for ⌫̄



Constraint valid up to sin2 2↵ = 0.46.

3� exclusion

2⇥ 10�26 GeV 48% of parameter space



K. Abe et al. [Super-Kamiokande Collaboration], Phys. Rev. D 91, no. 5, 052003 (2015).

99% C.L. bounds

Re(aTµ⌧ ) < 2.9⇥ 10�24 GeV Im(aTµ⌧ ) < 2.9⇥ 10�24 GeV

Re(cTT
µ⌧ ) < 3.9⇥ 10�28 Im(cTT

µ⌧ ) < 3.9⇥ 10�28



H
⌫
LV =

For anti-neutrino Hamiltonian

µ� ⌧ symmetry limit

⇢ = ⇡/4

Maximal Symmetry Breaking

⇢ = 0 or ⇡/2



3� exclusion

4⇥ 10�26 GeV

Constraint valid up to sin2 2⇢ = 0.27

35% of parameter space



H
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LV = H
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1 +H
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M M’
Assume M=M’  

Constraint valid up to sin 2↵⇥ sin 2⇢ = 0.11

3� exclusion

3⇥ 10�26 GeV

21% of parameter space



Constraints CPT-even cTT
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3� exclusion

~20% of parameter space



CONCLUSION
• We have discussed the mechanisms for generating the high energy 

astrophysical neutrinos. 
• The detections of these neutrinos with the measurement of neutrino flavor 

fractions on Earth provide us some understanding about astrophysical source. 
• We can also take advantage of the above detection to study non-standard 

physics that affects the flavor transition of astrophysical neutrinos during their 
propagations from the source to the terrestrial detector. 

• We have shown that some scenarios of neutrino decays can already be 
constrained by the current IceCube data.  

• We have seen that the current IceCube measurement on the astrophysical 
neutrino flavor fraction still not cannot constrain LV Hamiltonian better than 
the current SK measurement 

• On the other hand, IceCube-Gen2 is expected to probe deeper than SK into LV 
Hamiltonian.


