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ASTROPHYSICAL NEUTRINOS

AND NEW PHYSICS
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OUTLINE

. The detection of high energy astrophysical neutrinos
by lceCube
. What are neutrinos and their oscillations? What are

the mechanisms for producing high energy
astrophysical neutrinos?

. 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?

. Some recent results

. Conclusion




THE DETECTION OF HIGH ENERGY

ASTROPHYSICAL NEUTRINOS BY ICECUBE

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

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.”




IceCube Neutrino Observatory

lceCube Lab

IceTop
__—" 80 Staions, each with
- 2 IceTop Cherenkov detecior tanks
2 optical sensors per tank
320 optical sensors

S50 m

2010: 79 sinngs in operation
2011 Project complelion, 88 slrings

lceCube Ar::’
/asstrings including 6 DeapCore strings
60 optical sensors on each string
: 5180 optical sensors

el % AMANDA
5 i DeepCore

strings-spacing optimized for lower energies
350 optical sensors

' |Eiffel Tower
*‘ 324 m

Rev. Sci. Instrum. 81, 081101 (2010)

\

Detection threshold energy of Iceube > 100GeV

> ot
Detection threshold energy of Iceube + DeepCore ~ 10GeV
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FACTS ABOUT NEUTRINOS

(1). MPFREEB:

Pauli*%thwthﬁﬁuﬁﬁﬁoﬁ/'%,zgﬁﬁﬁ%

O O 8 decays

Z, A 4 Z+1, A

Electron kinetic energy I = (‘MZ"I'“ - M,

spectrum
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19314 PauliiE i PEREREEFF =
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M FFE, PaulifBEMPF 5
(1) BE =

(2) BTE 1/2

(3) B TE
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« We now know there are 3 types of neutrinos: /.. Vi, Vr
« We also know neutrinos oscillate from one kind to other kinds when they
propagate.

* PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix

( Y ov )
U, U, U, | v,
Weak interaction states U“l U“2 Up3 v, | Mass eigenstates

U, U, Uz vy

( 1 0 e “sinf, \( cos@, sinb,

V[
UMNS:[ 0 cos¢913 sm@g Jl 0 J —sinf;, cosé,

0 —sinf,; cosb, —€“sinf; 0  cos6; 0 0

(N A
Atmospheric Reactor Sa,ar Majorana
Phases

Daya Bay 2012




The motivation for detecting astrophysical
neutrinos

» Both neutrinos and photons P. Allison et al., arXiv:0904.1309.

are produced by high energy 25
hadronic collisions—Ilikely to "
in AGN, GRB,...

» The universe becomes
opaque for any photon with
an energy >10'“ eV

» On the other hand, a neutrino
propagates freely due to its

weak-interacting nature—

a complementary astrophysical | .

probe - DA -
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Fluxes of astrophysical neutrinos
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Common astrophysical neutrino sources
(1) pp collisions: roughly the same number of &+ and =-
are produced. Neutrinos and anti-neutrinos are produced equally

7T+(7T_) —¢ N+ (™ )vu(oy)

HTRES Vu(ﬁu)e—'_(e_)ﬂe(ve)

L4

(a) secondary muons decay immediately Pion source
Uiy, Con = DO DD vl =1 12 0

(b) secondary muons lose significant energies before decay

et vyl =00 L) Uaipl, iy = (0 E)

Muon-damped source




(2) py collisions: leading contributions

p+y— AT sn+al

™ =y,

,u+ S ﬂueJrue

(a) secondary muons decay immediately Pion source

2 R o — | M Ve iy 1V =0:1:0

(b) secondary muons lose significant energies before decay
e T 7 Uz = 0710

Muon-damped source




(2) py collisions: sub-leading contributions

WY T p7r+7r_

Neutrinos and anti-neutrinos are produced equally

Non-negligible if gamma spectrum is hard enough
(10-15)%

(a) secondary muons decay immediately  Pion source

/SR el — |5 W B2 T S 78 8 7 R =2 S s .

(b) secondary muons lose significant energies before decay
Ve iV U, =0:1:0 Ue o ivF =00

Muon-damped source




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

(a)v flavors at the source (b)vy flavors on Earth

N

2l —

.5
1

— N

.01 0.1 1 "0.01 0.1 1
EV/GQ,V ev/eo,u

T. Kashti and E. Waxman Phy. Rev. Lett. 2005

The competition between decay and interaction time scales.




Systematically studying sources on Hillas plot

| r:'bulk Lorentz factor
Lines g=1, protons at 10% ¢V

| NeuCosmA 2010
5 10

S. Hummer, M. Maltoni, W. Winter,and C. Yaguna,
Astropart. Phys. 34, 205 (2010).




Neutrino oscillations

Take a simplified example

/vﬂ\ (cos @ sin@ v,

V. ) \— sin & cos (9/ Vs

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

vV, (O)> = v‘u> = cos A|v, (O)) + sin A|v, (O)>
v,,> = —sin 6"1/1(0» + cos 0|, (O»

At time t
v, (t)) = exp(=iE1/h)cos 6]v,(0))+ exp(=iE 1/ 7 )sin 6] v, (0)),

l




. o
P(Vﬂ — Vr)z SlIl2 HSIHH[ T],
\ ' /

Here x is the traveling distance of neutrino
for time interval t while [ is the oscillation length

given by
2.5P,(MeV /c)
- meters

m; —m; \eV/c?
( )

—

P, =1MeVic, m: —m; =1 (eV/cz)z,lz 2.5 m;
P =1GeV/c > m; —m =0.25x107° (eV/cz)z,l =10"* km.
P10 GeVl /o, s = rn] — 25 XIT0T (eV/02)2 1 =10* km




The neutrino flavour transition probability

=1, 23
Pls = Plvs— vl )

3 channels interfere

Pop =0ap —4 Y R(Up;UpUs,Uqs) sin®(Am3, L/AE)

J>1

+2 )  S(Up;Up,U% jUas) sin(Am3,L/2E),

1>1
For distant sources, the sinusoidal variations should be averaged
so that

3
Pop = % T A0

=1




WHAT CAN WE LEARN

FROM THE DETECTION OF
THESE NEUTRINOS?




Reconstructing the neutrino flavor
ratio at the source

( ]Z!e 214 T - ( ¢O (Ve )\

. Standard neutrino

~ e u ¢°(Vﬂ) oscillations
\¢(yr)/ \Pm r r \¢0(Vz')

B r T
”

Measured flux @ Source flux @,

3
. 2

= pf — / I 1P wherey =17
Paﬁ_P(vﬁ—M/a)—ZLﬁi U, .| ,wherev, =U v,

a1 i1

AT

Flavor Eigenstate Mass Eigenstate

U ,contains 3 mixing angles--0,,, 0,4, and 0,
one CP phase o




Reconstructing the neutrino flavor ratio at
the source--continued

 How well can we distinguish astrophysical
sources with different neutrino flavor ratio,
assuming three flavor neutrino oscillations?

This depends on our understanding of neutrino
mixing parameters and flavor discrimination
capabillities In neutrino telescopes.
sin“0,,=0.386, sin%6.,=0.307, sin<06,,=0.0241,
0.,=1.087 Best fit for normal mass hierarchy

G. L. Fogli etal. Phys. Rev. D 86, 013012 (2012).




0.21 0.35 0.44

0.55 0.24 0.21 /5/9 2/9 2/9
P=1024 041 035| p...=[2/9 7/18 7/18

\2/9 7/18 7/18

Second row (column) and third row (column)
approximately the same —ut symmetry

New basis
Da=RapPo»
;= (pe) + p(vy) + P ()
b= (p(ve) — p(ve))
b3= (p(v) — (9ve) + $(v1))/2)




1 0 0 1 0 0
R = (0 0.285 0.165 Rreny=| 0 1/4 1/4
0 0.055 0.115 0 1/12 1/12

@, Is Just the normalization.
Measuring @, requires the tau neutrino identification

---rather challenging.

Measuring ©,; amounts to separating muon neutrino
from the rest—this can be done by measuring track to
shower event ratio for E, up to few tens of PeV.

J. F. Beacom et al. Phys. Rev. D 2003, arXiv: hep-ph/0307027v3
W. Winter, Phys. Rev. D 74, 033015 (2006).




Qualitatively, the reconstruction of initial flavor ratio Is
equivalent to inverting the matrix R.

K. C. Lai, G. L. Linand T. C. Liu,
1 0 0 ) Phys. Rev. D 80, 103005 (2009)

0 485 =696 ¢ L4, G. L Linand T. C. Liy,
0 —2.32 (120 Phys. Rev. D 82, 103003 (2010)

L

large number!

Dy=RypPo b P =R 4Py
;=2 (p(ve) + B (v) + p(vr))

©,=(p(vz) — p(ve))

Dy== (p(v) = (P (ve) + D(v:))/2)




For 15% accuracy on measuring shower to track ratio
(~100 events), the electron neutrino fraction of a pion
source Is reconstructed to be

compared to the true value 0.33

True fraction (0.33,0.67,0)
Disfavor (1,0,0)!




Vo1V, 'V, at source

E, 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

3
Pop = ) |Uail* Uil
i=1
Standard 3-flavour transition

i=10.3
6 8%

If neutrino mass eigenstates are not stable...

Normal hierarchy Inverted hierarchy




Normal hierarchy

3
Paﬁ i) ‘Ual‘Q (Z U5i|2) yi= ‘Ua1|2

r=]

The flavor fraction on the Earth Independent of flavor fraction at the source

QO R e = (0.6 7037 01D

Disfavored by more than 2g

Inverted hierarchy

3
Pos = |Uas| (Z UMZ) = |Uas|*

=1




If neutrino Hamiltonian contains additional beyond standard
model terms, then we have the following generalization:
* PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix
(‘Ve\ (AUel Ue2 A
Y, U . U

T ul u2

\Vt/ \Url Ut?_

Uai 7 Vai
3

Hence Fop = Z ‘Vai‘2|vﬁi‘2

73=1

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. Koste

V. A. Koste
V. A. Koste

ec
ec

<y and M. Mewes, P
<y and M. Mewes, P

eC

nys. Rev. D 69, 016005 (2004)
nys. Rev. D 70, 031902 (2004)

<y and M. Mewes, P

nys. Rev. D 70, 076002 (2004)




e The standard model neutrino Hamiltonian in vacuum

U : PMNS matrix

0 0 0
HSM = U 0 Am%l 0 UT/QE
0 0 Ams3, sm behaves as 1/E

 With Lorentz violation

H = Hqey + Hyy v contains E0 and E' terms




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

P(va = vg) = [Vail*[Vail,

where V is the matrix that diagonalizes the full Hamiltonian

H = Hgym + Hypy

Diagonalized by V 1/E E9 and ET
Diagonalized by U

 V approaches to PMNS matrix U for Hy=0.
* When the neutrino energy is sufficiently high, the structure

of Vis dictated by H,y.




We shall focus on pion source from pp collisions, i.e.,
Ve i Uyl =012 101 1 )iy =111:121: ()

Defining neutrino flavor fraction:

fg = (I)O(Va)/(q)()(”e) + (I)O(Vu) + (I)O(VT))

total flux of neutrinos and anti-neutrinos
of flavor &¢ at the source

Hence

( e(z)a ,Safg):(l/ga 2/3, 0)




fo = ®(va)/(B(ve) + B(v) + B(vr))

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

fOé s (Xﬁfg Paﬁ = P(VIB = Va)

with  (fe, fur ) = (1/3, 2/3, 0)
fe = 1/3‘|‘ (Peu _Pe’r)/3
fu=1/3+ (Pup — Pur)/3

fr=1/3+ (Pur — Prr)/3

A test of yt symmetry breaking




ut symmetry breaking effects are small in
the standard model neutrino Hamiltonian
(P, — Por) =2¢ (P — Pur) = (Pyy — Pry) = —e

Here € — 2 COS 26’23/9 A \/§Sin 913 COS 5/9

(1) Taking SiIl2 912 — 1/3
and keeping only the leading-order symmetry breaking terms
(2) Lorentz violating Hamiltonian may contain large pt

symmetry breaking effects




LV EFFECTS TO NEUTRINO
FLAVOR TRANSITIONS

For neutrinos, the general form of LV Hamiltonian

A PA PA PA
ae,u £ A Cee Ce,u Cer
al op oA | Lon [l
o e L = [CHT
Ak E PA* PA*

a’,LL’T CGT C,uT

PA
Crr

For rotationally invariant LV effects

I T T TT =t T
Aee Q. Qe AE Cee Ce Cer
= T % ’1"u i TT x TMT T
Hiy =1 a;, a a, = pEE c e
'Iéfk % T 3 THT* #ﬁi* %T
a’eT aMT aTT Ce’T’ C,LLT CTT T TT TT TT *k
a’ee Cee Ce CeT
HD o T'T % ﬁ TT
ENC= 4

Gt — | c; ELis
i e e
Sun-centered celestial equatorial frame
(1, X, Y. %) Let us first focus on aTu




LORENTZ VIOLATIONS AND CURRENT ICECUBE
RESULTS ON ASTROPHYSICAL NEUTRINO FLAVOR
COMPOSITIONS

E, is between 25 TeV and 2.8 PeV
Hsv=Am23,/2E,

Hence Hsy is between

5107 %Y GeV

and

415 b 10~ P°l GV

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

Can Lorentz violation play role in this data?




CURRENT BOUNDS ON LORENTZ VIOLATION
PARAMETERS SUPER-KAMIOKANDE
MEASUREMENTS

[.V paramcter Limit at 95% C.1.. Best fit No IV Ay° Previous limit

Re(al) 1.8 x 107 GeV 1.0 x 107 GeV
Im(a”) 1.8 x 1072 GeV 4.6 x 107 Gev
Re(c!!) 8.0 x 10727 1.0 x 10728
Im{eT) 8.0 x 107%7 1.0 % 10728

J

1.4 42 % 1072 GeV [61]

| 0.0 9.6 x 1072 161]
Re(al) 4.1 % 107 GeV 2.2 107 GeV
Im(a’) 2.8 x 1072 GeV 1.0 x 107% GeV
Re(ef™) 9.3 x 1072 1.0 % 10728

Im{c77) 1.0 x 1072 3.5 % 10735
Re(aT) 6.5 x 107 GeV 3.2 % 107 Gev
Im{a”) 5.1 % 107 GeV 1.0 % 10728 GeV
Re(c™) 4.4 %1077 1.0 x 102
Im(c!!) 42 x 10747 7§ % |O-28

T ——

7.8 x 10720 GeV [62]

1.3 % 107 [62]

Hsm< 5 x 107°° GeV
K. Abe et al. [Super-Kamiokande Collaboration], Phys. Rev. D 91, no. 5, 052003 (2015).

Significant room for Hyy to play an important role




SPECIAL STRUCTURES OF Hiy AND THE RESULTING
ASTROPHYSICAL NEUTRINO FLAVOR
COMPOSITION ON EARTH

i (CLT*

(A) only a.,(a.,;) are non-vanishing

0 0 O 0 071

For anti-neutrinos,
T
7 Large breaking of pt symmetry

W e e e Sy
(P,LLT_PT’T):—l

(feaf,wa) = (1/27 1/270)

0@ |0 T2 12 10
Hi-=-1—ed 00 i BN 2, S UV B

e
Qo




SPECIAL STRUCTURES OF Hiy AND THE RESULTING
ASTROPHYSICAL NEUTRINO FLAVOR
COMPOSITION ON EARTH

1] (CLT*

~-(a;”) are non-vanishing

(B) only a

0l 10 0172
HY, = 0-—g i = 014110
al* T/ 20 2

eT

For anti-neutrinos,

gL "
Ao =i —Uer

Large breaking of uz
(Pepp = Per) = (Pur = Brs) = —1/2 symmetry
(Pup = Pur) =1

(f€7 f,u? fT) 3 (1/67 2/37 1/6)




T'*
uT

0 O
i = MU Eie P =
0 a?;:

(C) only aZT(a ) are non-vanishing

For anti-neutrinos,

T T
CLMT = —a/”

e 2y = 2RI 21 B R .
HT symmetric case

(f€7 fw fT) &l (1/37 1/37 1/3)




SPECIAL STRUCTURES OF Hiy AND THE RESULTING
ASTROPHYSICAL NEUTRINO FLAVOR
COMPOSITION ON EARTH

(PMM_PMT):l (PM_PTT)

(f€7 f,uv fT) aF (1/37 2/37 O)




COMPARISONS OF SPECIAL CASES WITH RECENT
ICECUBE MEASUREMENT OF ASTROPHYSICAL
NEUTRINO FLAVOR COMPOSITION

Red: aeT, 7é 0

Yellow: CL’LW, 75 0

Purple: aew # 0

Black a’/m-? ,uT # O

All cases fall into 20 region as
other elements grow from zero




What happens if we consider the full Hamiltonian HSVf\Z + H’Ij\’/’;

\l

_:,4:__:,(.--- *-xx 0.20

|CL£5‘ in each scenario
is varied from O
To SK 95% C.L.
Limit

Clearly IceCube Gen2 is needed to constrain LV Hamiltonian




4. |CECUBE GEN2 AND ITS POTENTIAL OF
CONSTRAINING LORENTZ VIOLATION
HAMILTONIAN

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

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

(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.




SENSITIVITIES OF ICECUBE-GEN2 ON
ASTROPHYSICAL NEUTRINO FLAVOR
COMPOSITIONS

100 TeV \7
(I)D(-E) - (I)O( 5 € )

= 2.2k ().
Bg = (5T £ 1.8) X 10~ GeV T cm] 2s™ fsr

Pion source from pp collision is assumed
Eth = 100 TeV

"% /qurént k;éc\ube AVAVAVAN 10 years of exposure

RSN

O OO QW 'DVQ S) | lo, 20, and 30 regions
e

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




Consider general LV Hamiltonian
HY, = HY + Hy

0O 0 O

HY — T T
1 0 ay, @
0 aT* CLT

HT TT

The structure of Hspin the
imitt |65z = 450, 613 =0

2 2 %
2 Ami3, Q A e _ﬁ Am3, \
/ S12 9E : 812512—2E g 8122612—2E .
QS c Amy, Lic Am31) l AmSl)
21212512 2F : 2F - T2F
\ —ﬁ812612 Ale J e Am31) c AmSl) )
2

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




Taking the example

ol =i
iy =

Relevant

The relevant part of the Hamiltonian can be written as




Set E in Hgy to be 100 TeV

0

CcoSs 2« e'P sin 2av
e P sin2a — cos2a

Wl T T
Qpp)® + 40,07

T T
= D

fy —
T T2 T ,Tx
\/(aTT ;)% +4ag an

T T
) Tl

cos 2cx =

R e TR D T 1%
\/(a'TT a’,u,u) +4a,u7'a/,m'

e

sSin 2a =

i e 7 T 471*
\/(a'TT a’,u,u) +4a,u7'a’,uﬂ'

utT symmetry limit
al=q/4

The constraint on M depends
on o




H = Hgu + HYy

9 0 0
Hiy, = — 0 cos 2 e'’ sin 2av
0 e ¥sin2a — cos2a

M— —-M,p — —p for v

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




30 exclusion

2 x 1072 GeV 48% of parameter space /

102 101
sin®2a

Constraint valid up to sin? 2o, = (.46.




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

[V paramcter Limit at 95% C.1.. Best fit No IV A/° Previous limit

Re(a’) 1.8 x 1072 GeV 1.0x 1072
Im{a”) 1.8 x 1072 GeV 4.6x 10~
Re(c!!) 8.0 x 10727 1.0 x 10728
Im{eTT) 8.0 x 107 1.0 % 1028

Re(a”) 4.1 % 1072 GeV 2.2 % 107¥ GeV
Imla ) 2.8 x 1074 GeV 1.0 % 10728 GeV
Re(e!™) 903 x 1072 1.0 % 10728
Im[¢TT) 1.0 % 10734 3.5 % 10735

Re(a”) 6.5 x 107* GeV 3.2% 107 GeVv
Im| a" 5.1 % 107 GeV 1.0 % 10728 GeV
Re(c 4.4 %1077 1.0 x 10728
Imlc” ) 42 x 10747 7.5 % 10~

1.4 42 % 1072 GeV [61]

9.6 x 107" |61

7.8 x 10720 GeV [62]

1.3 % 10717 [62]

M. G. Aartsen et al. [[ceCube Collaboration]|, arXiv:1709.03434 [hep-ex].

99% C.L. bounds
Re(al ) <-2.9/x10=% GeV. Im(a; 1) <2.9 > 10— GeV

Re(c;ff)<3.9><10 iy Im( oA )| <3O X T0T




1 — 7 symmetry limit
pl= /4

Maximal Symmetry Breaking

Qer
0
0

0 o=r-or-mw /2

0 €7 cosp e

Hj =M | e cosp 0 0

sin p

e~ sin p 0 0
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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 L
Hamiltonian.




