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INTRODUCTION

Flavor discrimination

Probe the flavor transition,
ex: V oscillation, vV decay,
Lorentz Violation(LV

OJCRONENORS H OO R
U T H T
A A\
detected at the
Generate the source Earth

(cbe:q)u:ch) — Po(B(cbeO:cDuO:cho)



INTRODUCTION

There are two types of astrophysical sources in proton-proton
collision and proton-Yy collision:

PP— (1%, 7T, TT%)+X PYy—=A™=n1r*
Tt +v, T =M+,
,[1+_)Vﬂ+e*+v‘, ;1*—>17/,+e*+v‘,

T —uT + 7, (Ve,Vp,V1)=(1,1,0)
P e + T + U, Ve,V V7)=(0,1,0)

Ve,Vu,V1)=(Ve, v, 7-)=(1,2,0
VeV V1) =(eryun Pr) = (1,2.0) | T source(1/3,2/3,0)

|. T source(1/3,2/3,0) 2. Y damped source(0,1,0)
2. M damped source(0,1,0)

J. P. Rachen and P. Meszaros, 1998
T. Kashti and E. Waxman, Phy. Rev. Lett. 2005



We shall focus on pion source from pp collision
(Ve, Vi, V1) =(Ve, v, V7) = (1/3,2/3,0)

Defining neutrino flavor fraction:

fg — (I)O(Va)/(q)o(ye) + (I)O(Vu) + (I)O(VT))

T

total flux of neutrinos
and anti-neutrinos at
the source

Hence
(fe, [, 7)) = (1/3,2/3,0)



fo = ®(va)/(P(re) + (1) + ®(v7))

T

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

fa: aﬁfg PaB:P(VB%VOJ

with (6(3)7 Safg):(1/372/370)

fe=1/3+ (Peyy — Per)/3
fu=1/3+(P,, — P,;)/3 A test of UT symmetry breaking
Mo T

fr=1/3+ (Pur — Pr7)/3



LV EFFECTS TO NEUTRINO
FLAVOR TRANSITION

For neutrinos, the general form of LV Hamiltonian

A A A PA PA PA
Uee ae,u Aer [ )90 Cee Ceu Cer
v ZQ a)\* a)\ a)\ . pp Cp)\* CpA C,O)\
LV = @ ep Lt wT E e [ wT
a)\* a)\* a)\ Cp)\* Cp)\* Cp)\
eT T TT eT T TT
For rotationally invariant LV effects
T T T T T T
Aee  Ue Aer AE Cee Ce Cer
1 CLT* a CLT = CTT* CCZHT CTT
LV — e Ut e T
Téi * T 3 THT* ’#’%* %‘T
aeT a,LLT a'T'T CGT C,LLT CT’T
T T T * T T T *
a’ee a’e aeT 4E’ Cee Ce CG’T
v CLT* a aT = CTT* C’ZHT CTT
LV — e T e g
’I'éfk ’éle'/i T 3 THT* #’tlf* lf‘T
aeT CL,LL’T aTT CGT C,LL’T C’T’T

Sun-centered celestial equatorial frame
(T,X,Y,Z) Let us first focus on a'p

Teppei Katori, V. Alan Kostelecky, and Rex Tayloe, Phys. Rev. D 74, 105009(2006)
V. Alan Kostelecky and Matthew Mewes, Phys. Rev. D 69, 016005(2004)



LO

“NTZVIOLATIONS AND CURRENT [CECUBE
-SULTS ON ASTROPHYSICAL NEUTRINO
FLAVOR COMPOSITION

E, is between 25 TeV and 2.8 PeV
Hsm=~Am?23,/2E,

Hence HsM is between

5x 1026 GeV
and

4.5 x 1028 GeV

0 O

Can Lorentz Violation play role in this data?

M. G.Aartsen et al. (lceCube Collaboration), Astrophys.). 809 (2015) no.l, 98




CURRENT BOUNDS ON LORENTZ
VIOLATION PARAMETERS

Super— K’s result: K.Abe et al. (Super-Kamiokande Collaboration),Phys. Rev. D 91,052003(2015)

LV parameter Limit at 95% C.L. Best fit No LV Ay Previous limit
Re(a”) 1.8 x 102 GeV 1.0 x 102 GeV .
2
y Im(aT) 1.8 x 102 GeV 4.6 10% GeV LA 42x 107" GeV [1]
Re(c™T) 8.0x 107% 1.0 x 107 20
Im(cTT) 8.0 x 107 1.0 x 10~ 00 9.6x 107 [1]
Re(a”) 4.1 x 1072 GeV 22 x 107 GeV e 2
. Im(a") 28 x 1072 GeV 1.0 x 1072 GeV 0.0 78x 1072 GeV [Z]
Re(c™T) 9.3x 107> 1.0x 1075 -
Im(c™T) 1.0 x 1072 3.5% 107 0.3 13x 1077 [2]
Re(a”) 6.5 x 10~ GeV 32 x 107 GeV 00
Im(a”) 5.1 x 107 GeV 1.0 x 102 GeV :
ad Re(c™T) 4.4 x10°7 1.0 x 10~ o1
Im(c7T) 42 %1077 7.5 x 10~ :

Hsm< 5 x 10726 GeV
Significant room for Hyy to play an important role

V. Alan Kostelecky and Neil Russell, Rev. Mod. Phys. 83, 11(2016)
[1]T. Katori(MiniBooNE Collaboration), Mod. Phys. Lett. A 27, 1230024(2012)
[2]T. Katori and J. Spitz, in CPT and Lorentz Symmetry VI(World scientific, Singapore, 2014)



SIMPLE LORENTZ VIOLATION HAMILTONIAN

0 0 @er 1/2 0 1/2
at 0 0 1/2 0 1/2

Recall: (Pe:®p:P1)=Pop(Pe?:P 0 P-O)

(Pey-Per)=(Pyur-Prr)= -1/2

(Pup-Pur)=1 Large breaking of UT symmetry
(fe,fu,fr)=(1/6,2/3,1/6)



SIMPLE LORENTZ VIOLATION HAMILTONIAN

0 0 0
HZV — L 0 ':JA> P = 0 , auuT:)baTTT
0 a;, 1

Recall: (Pe:®:P1)=Pop(Pe2:P 0 P-°)
(Pep-Per)=0

(Pup-Pur)=1
(Ppt-Prr)= -1

(Fo,fufr)=(1/3,2/3,0)

o O O
)
~
o O ==
o = O

Large breaking of T symmetry
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All cases fall into 20 region as
other elements grow from zero



|[CECUBE-GEN2 AND TS5 POTENTIAL OF

CONSTRAINING LORENTZ VIOLATION
HAMILTONIAN

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

~]0 km?3 instrumented volume
~250 m spacing of photo sensors

* A possible lceCube-Gen2 configuration

* lceCube, in red, and the infill sub-detector DeepCore, in green.

* blue volume shows the full instrumented next-generation detector, with
PINGU displayed in grey as a denser infill extension within DeepCore.



SENSITIVITIES OF ICECUBE-GEN2 OIN
ASTROPHYSICAL NEUTRINO FLAVOR
COMPOSITIONS

. 100 TeV \7
(I)v(b) — (I)O( 5 )

v=2.240.2
®o=(5.1£0.8) x 10-'8GeV-'em2s-!sr!

Pion source from pp collision is assumed

E~x=100 TeV

10 years of exposure

|0, 20, and 30 regions

|. M. Shoemaker and K. Murase, Phys. Rev. D 93
085004 (2016) lceCube-Gen2 regions



SK 95% C.L. limits: Re(aer")< 4.1x10% GeV Im(acr')< 2.8x10-23GeV

Allow other elements to
grow from zero and include
the contribution from Hswm

al 5x 10724 GeV|5 x 1072° GeV
T | /(T
The parameter ranges in the table Qepl/|ter||(0,0.42) (0,0.39)
predict the black region of flavor T T 11(0.0.42 0.0.39
fraction—disfavored at 30. Gyr|/10er](0,0.42) (0,0.39)
al |/lal(0,0.50) (0,0.45)
lat.|/]ae-|{(0,0.50) (0,0.45)
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The parameter ranges in the table
predict the black region of flavor
fraction—disfavored at 30.

Allow other elements to
grow from zero and include
the contribution from Hswm

al, =2al |5 x 107 GeV|5 x 107%° GeV
at,|/lal,| (0,0.40) (0,0.39)
al;|/lal,| [(0,0.40) (0,0.39)
al,|/|al,| (0,0.40) (0,0.39)




H=Hsm+H.v

T T
0 a;, a..
v CLT* aTu CLT
LV — %—H %u Ut
* * T
CL@’T a/,UJ’T CLTT

0 cospe’®  sinpe' Y 0
=M | cospe*? 0 0 — M| O cos2a
sinpe™ " 0 0 0 sin2ae™ "’

Increasing M until the predicted
flavor fraction is out of the
lceCube Gen2 30 region.

0
sin2aets
—CoS2x
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For most values of sin2a x sin2p, the energy scale M
IS constrained to be less than few times 1026 GeV



Constraint on Cyp'!

-4ECup""/3 replaces agg’ when the latter is turn off.

if the constraint on M, which is made of agg', is few times 10-2¢ GeV,
the corresponding constraint on M’ (dimensionless quantity made of

Cup'T) is about 103! with E chosen as 100 TeV(Threshold energy).

K.Abe et al. (Super-Kamiokande Collaboration),Phys. Rev. D 91,052003(2015)

LV parameter Limit at 95% C.L. Best fit No LV Ay? Previous limit
Re(a”) 1.8 x 1073 GeV 1.0 x 1072 GeV L o 1120

» Im(a” 1.8 x 10-23 GeV 4.6 x 10~ GeV L4 4.2x 107 GeV [1]
Re(cTT 8.0 x 107%7 1.0 x 10-28 _
Imgc"; 8.0 x 10727 1.0 x 10728 0.0 9.6 1072 [1]
Re(a’) 4.1 x 107 GeV 2.2 x 107 GeV 20

e Im(a” 2.8 x 1072 GeV 1.0 x 10728 GeV 0.0 7.8 x 1077 GeV [2]
Re(c™T 9.3 x 107> 1.0 x 10~28 _
Imfcrr§ 1.0 x 10724 3.5 % 10725 0.3 13x 10717 [2]
Re(a’) 6.5 x 107 GeV 3.2 x 107%* GeV 0.9
Im(a” 5.1 x 1072 GeV 1.0 x 10728 GeV '

ad Re(cTT) 4.4 x 1077 1.0 x 10-28 .

( .

cTT) 42 x 1072 7.5 x 10728




SUMMARY

We have introduced Lorentz violation Hamiltonian in neutrino sector.

Previous experimental search on Lorentz violation with neutrino is
introduced. Previous best limit by Super-Kamiokande experiment is
summarized.

We have shown that Lorentz violating Hamiltonian with parameters in the
above SK limits can change significantly the flavor transition probabilities of
high energy astrophysical neutrinos in TeV to PeV energy range.

For the pion source induced from pp collisions, Lorentz violating

Hamiltonian with large Pt symmetry breaking effect is more stringently
constrained.

We show that lceCube-Gen2 can place stringent constraints on the
Lorentz violating Hamiltonian.



