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Plan

® Motivation

® High energy neutrino production

® Propagation (standard oscillations) effects

® Flavor detection at neutrino telescopes

® Energy-dependent new physics effects during propagation

® Summary and Outlook
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High energy astrophysical neutrinos
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Extra-terrestrial neutrino signals

stellar evolution + evidence for o
¥ 3’ new neutrino physics T
"."v ‘

m ® Solar neutrinos - Sun shines due to the nuclear fusion

2002 Noble prize reactions

M. Koshiba . .
&% ® Neutrinos from SNI987A - core collapse of massive stars

LECTURE BY G. RAFFELT

core collapse +
neutrino properties

Natural “MeV neutrinos’
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Sources of neutrinos
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Big Bang
(Today 330 v/cm?)
Indirect Evidence
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The neutrino sky

Astrophysical neutrinos
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“GZK neutrinos”

Ref: Greisen, PRLI16, 748 (1966); Zatsepin and Kuzmin, ZhETF Pisma4, | 14 (1966)
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VVhy are high energy neutrinos
special !

® Astrophysics and cosmology

®  physical processes in core of sources, probe the acceleration mechanism, effects due to
magnetic field

®  cosmological parameters such as source redshift using neutrinos
Ref:Wagner and Weiler, MPLA 12,2497 (1997) Weiler, Simmons, Pakvasa and Learned, hep-ph/9411432

® Particle Physics

®  Flavor ratios are sensitive probes of new physics effects (beyond the reach of terrestrial
experiments)

® Probe of neutrino-nucleon cross section at UHE: F.,,, = \/QmpElab

® Hints of high energy neutrinos in recent IC data - two ~PeV
cascades

TALK BY ISHIHARA@NEUTRINO 2012
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Neutrino flavor oscillations

® Neutrinos are produced and detected via weak interactions in states
of definite flavor

cose sind )( Vy )

. . . V
® Flavor states differ from the stationary (mass) eigenstates (Vj) = (—sine 00S0

® Hamiltonian is non-diagonal in flavor basis eg. for the two flavor case =~ ¢ o
w=0m*/2p

in vacuum : /

H — _|_m%+m% I[—|—1 —wcos 20  wsin 26
-\ 4p 2 \ wsin20  wcos?26

® |n the ultra-relativistic limit, 2 flavor oscillations analogous to a 2 [0, +)

state system (in the limit of equal and fixed momenta) and Hilbert
space can be mapped to the Poincare/Bloch sphere

Y

8

® The effect of oscillation is precession about mass (eigen) axis

|19=_>

Ref: Mehta, PRD79 (2009); S
see also Kim, Sze and Nussinov, PRD35 (1987); Kim, Kim and Sze, PRD37 (1988).
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Neutrino mass and new physics

Beyond the ne

. W physic
8IVes rise to n ySIcs that

. . €Utrino mass
® Neutrinos are strictly massless in the Standard Model

® Observation of neutrino flavor oscillations implies that neutrinos are massive
® However, the nature of neutrinos is unknown

® A positive signal from neutrinoless double beta decay experiment would imply
Majorana neutrino mass

® Seesaw mechanism : Elegant possibility to generate tiny Majorana neutrino masses
® But, it is hard to obtain the desired mixing pattern
® One of the several attempts :

® use hybrid seesaws to explain large mixing angles

Ref: Chakrabortty, Joshipura, Mehta and Vempati, 0909.3 116 (2009)
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New physics at very long baselines

Neutrino decay

Ref: Beacom, Bell, Hooper, Pakvasa, Weiler, PRL90, 181301 (2003), Maltoni and Winter, (2008), Bhattacharya, Choubey, Gandhi and Watanabe,
JCAP 1009 (2010) 009 and PLB 690,42 (2010), Mehta and Winter, JCAP 1103,041 (2011),

Quantum Decoherence

Ref: Hooper et al, PRD72, 065009 (2005), Anchordoqui et al., PRD72,065019 (2005), Bhattacharya, Choubey, Gandhi and Watanabe, JCAP
1009 (2010) 009 and PLB 690, 42 (2010), Mehta and Winter, JCAP 1103,041 (2011)

Pseudo-Dirac nature
Ref: Beacom, Bell, Hooper, Learned, Pakvasa and Weiler, PRL92,01 1101 (2004)

Violation of Lorentz invariance and CPT invariance

Ref: Hooper, Morgan and Winstanley, PRD72, 065009 (2005), Bhattacharya, Choubey, Gandhi and Watanabe, JCAP 1009 (2010) 009 and PLB
690,42 (2010)

Unitarity violation

E-d
Ref: Bustamante, Gago and Pena Garay, JHEP 1004 (2010) 066 ependent and E-

Independent effects

Violation of Equivalence principle
Ref: Pakvasa, Simmons and Weiler, PRD39, 1761 (1989); Minakata and Smirnov, PRD54, 3698 (1996)
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Sources
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The three messengers

-.gammas ( z<1

protons E<10™ eV _
J cosmic

accelerator

s ; '
protons E>10" eV ( 10 Mpc ) /

Ref: Montaruli, talk at SSI 2010

® protons/nuclei: deflected by magnetic fields, absorbed on radiation (GZK)
®  photons: absorbed on radiation/dust; reprocessed at source

®  neutrinos: neither absorbed nor bent, straight path from source

Y 5 Voaidd V+1iogsg — 4+ X

! 1 : 10M z 1 : 6G
== ~ = —_ e = — C
T Opmp e XMy 5 x 10728em? x 400cm 3 be Y Ores Xn 5 x10731em?2 x 112em—3 b

Neutrinos : can reliably lead to the discovery of such point sources
Ipc = 3.1 x 10'3 km

12
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Terrestrial vs cosmic accelerators

e Jerrestrial :

® neutrinos in a directional beam

e At LHC-14TeV cms energy implies a
0.1 EeV proton in the lab frame

Eem = \/zmpElab
® Cosmic : Edirectional

! beam
+ 1
p,€ ‘

magnetic
. . fields
® cosmic rays, photons and neutrinos

escape with linked fluxes

Ref: Halzen, ICRC’07
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Pion p
p —

A typical cosmic accelerator

hotoproduction

-y — Ajoz0 — P -

p_

Weak

_I_

T

= 7-(-0 BR=2/3

decays

%,ujLJrVM
,u+%e++ue+

If n exits the source

n

»D+e + U

- Y — Alggg — 0+ T e

1:2:0

Vi

Ref: Halzen, ICRC’07

Hadron-hadron

interactions

> T

p+tp

+
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Caveats...

The generic composition at source (1:2:0) is due to an over-simplified treatment

and does not take into account :

other source types

decay of n (from p\gamma) n —- p+¢e¢ + 1,

E,2 ¢ (arb. units)

Production and decay of charm mesons (1:1:0)

102 10° 10* 10° 10° 10’
E, (GeV)
E dependent effects

Ref: Enberg et al., PRD79 (2009),
see also Gandhi et al., JCAP0909 (2009)

® muons loose E, cooled muons pile up at low E

® Kaon decay contribution at high E

Charged pion production is underestimated (factor ~ 2.4) in the simplistic
\delta resonance approach (no negatively charged pions)

Ref: Hummer et al., APJ721 (2010)
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Source types

® New production mechanisms
® A source can be characterized by X = ©2/%",

® Different source classes :

0.0 .30 Y — &0 /&0
Source Oo: P07 | X =0./D,
Pion beam 1:2:0 0.5
Neutron beam 1:0:0 >> |
Muon beam/prompt |:1:0 I
Muon-damped 0:1:0 0
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Our toy model and parameter space
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The HMWY Model

Ref: Hummer, Maltoni, Winter and Yaguna, Astropart. Phy. 34, 205 (2010) | p

A self-consistent approach used to compute meson photoproduction Ref: DeYoung

® Target photon field - synchrotron radiation of co-acceleratede p+ v — 7+ p’
® Predicts charged pion ratio
® Kaon production at highE p+~v — K™ + A/%
® Losses and weak decay of secondaries 7, K, 11,
Few input astrophysical parameters
® B, R, injection index (universal for primary e, p)
No biased connection with cosmic ray and gamma fluxes

Fast enough to do parameter space scans

Saturday 23 June 12
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Model summary

YNW' ]

p interact with synchrotron radiation from co-accelerated electrons/positrons Re"Pevouns

Q.(E) |-+ N(E) }—1 Q,(E) |-+ N,(E)

4 Q,(E)

Q_(E) Q.. (E) Q;, (E)

Y u

Q,([E)] [Q.E) |Q.E) [Q(E)

M MR ML

R 1 1 o - + i 1 _
from 7* ! ! from n from K ! ! from 7

weak decays

2] 2,®] [2®)

from u* from u* from u~ from u~
Ref: Hummer et al, Astropart. Phy. 34,205 (2010)
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Astrophysical parameter space

® Hillas criterion for acceleration and r;, < R

confinement : Larmor radius size of accelerator

Ref: Hillas (1984), Boratav (2001), Hummer et al. (2010)

E < Ene =qBR

1012 Envax o~ ﬁ,'Z'B’L _.:
® constraint on Band R - ’
2] ;
- E B
& 10 Active Galactic Nuclei
o I
2 :
g | % mado
® (Call sources as “test points” in order to =4 : gala':y :
discuss E-dependent effects at source T . jets -
= ‘
\ alactic
10 __Disk “ gcluster —
i ' "L IGM,
LA g 1 1 U S S . 1\ > ‘_
tkm  10°km.,.. 1pc 1kpc'1Mpc
Size

Saturday 23 June 12



E-dependence at source

Muon beam to Muon damped Pion beam
1o T2 TP 11
10! n beam 10! n beam
2 = ¢
g g
< 10° | ubeam L = 10°} u beam f‘
8 7 beam 8 7 beam :
Ny Ny
107! u damped | 107! u damped o
1072 - : 1072
102 10° 10* 100 10° 10® 107! 10° 10' 10* 10° 10* 10° 10°
Energy [GeV] Energy [GeV]
Ref: Hummer et al, Astropart. Phy. 34,205 (2010), see Mixed
also Kashti and Waxman, PRL (2005)
102 S
- TP 12
° Smooth transition
10! n beam
° Transition energy depends on a =
particular source = 10°, [ pbeam f
8 7 beam
>m
° ' ' _
Mixes up the flavor ratios at sources 107, damped
1072
107 102 10 10* 10" 10°

Energy [GeV]

10 R
TP 13
10! n beam
.2
g
= 10° | beam
8 ' T beam
>w

Horizontal shaded region :
approximate regions for different
sources

Vertical shaded region : flux large

Pion beam to muon damped

107" u damped

10—2. “— - - |
102 10° 10> 10* 10% 108

Energy [GeV]
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Neutrino sources on the Hillas plot

® (Classification is a function of e

T T T T | T T T T T

15 - I T I
source parameters: R, B | S O O (4 A — oA
. - Mixed (undefined)
® TP I3 - pion beam to muon 0l TS
L @47 Muon damped

damped, need B and R to be — | j—
- 2 & Pion beam — muon damped

large
S

(9]
T T

® Competition between decay and

cooling .
Ref: Hummer et al., APJ721 (2010)
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Propagation effects
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Flavor flux at detector

Ref: Pakvasa, MPLA23, 1313 (2008), talk@GGI 2012

The flux at the detector is given by @

Det Z PQB(I)O

a=e,,T

Average oscillation probability in vacuum
i i-neutri Pog = Pga =) |Uail*|Usi|?
(same expression for anti-neutrinos) af = 1'Ba = ’ ozz’ | [3z|

Lose = 4nE/dm? ~ 107 Mpc (for E = PeV)

® mass states do acquire relative phases but the uncertainities in L
and E leads to a wash out

FLAVOR EQUILIBRATION at the detector (l:1:1) for the conventional
pion beam source !

Saturday 23 June 12

24



Different source classes

® Using the neutrino mixing angles in tri-bi-maximal form 6,3 = 0,60,5 = 7/6,023 = /4

® Equal mu-tau fluxes irrespective of source !

Source ®) @2 . PV oDt plet oD
Pion beam 1:2:0 1:1:1
Neutron beam 1:0:0 3:1:1
Muon beam/prompt 1:1:0 1.3:1:1
Muon-damped 0:1:0 0.5:1:1
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0.7

0.6

0.5

0.4

0.3

Parameter dependence

. PLOT BY S. HUMMER

— bestfit 2010
bestfit 2012

1072 107!

Bestfit 2012 :
Forero et al., arXiv:1205.4018

Effect of nonzero thetal 3
depends on source type

Visible effect for muon damped
source but other source types,
the effect is tiny

Saturday 23 June 12
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http://arxiv.org/abs/1205.4018
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Can we identify flavors ?
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lceCube

Completed in Dec 2010

IceCube Lab
At south pole, antarctic ice, | cubic km =

Secondary charged particles from |
neutrino-Nucleon scattering produce ‘

|
Cherenkov radiation seen by optical | \

Seénsor arrays

1450m|

FLAVOR id possible: First flavor analysis
Ref: 1C22 Cascade detection,| 101.1692

CHARGE id (almost) impossible:

2450 m

2820 m
except at the Glashow resonance (6.3 PeV) [
- sensitive to neutrino/anti-neutrino ratio

v,+e — W~ — anything

2

M
5.~ —Y ~ 6.3PeV
2Me

E=100 GeV - EeV

IceTop

" __-/81 Stations, each with

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore

/8 strings-spacing optimized for lower energies

480 optical sensors

il Eiffel Tower

& |324m

) 86 strings

(8 Deep Core)

81 IceTop stations
5484 optical sensors

1 billion tons of ice

http://icecube.wisc.edu/

Saturday 23 June 12
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Event topologies

|0 TeV muon track

® Muon tracks due tor,, (threshold 100 GeV)

® (Cascades or showers : em or hadronic (threshold TeV)l 1

® CC interactions of Ve, Ur 375 TeV cascad

® NC interactions of all active flavors

® High energy (threshold PeV) due to v;
double bang y

® double ban
® a few PeV "
i ollipop
® Jollipop o B e
TG\ Pev ) T g
\\B

Ref: Learned and Pakvasa (1995), Beacom et. al, (2003)

http://icecube.wisc.edu/
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Flavor ratios at detector

Ref: Pakvasa, MPLA23, 1313 (2008), talk@GGI 2012

® Define flavor-dependent ratios : unknown flux normalization drops out,

detector specific

® Muon tracks to cascades D A
R (I) et
R = a

(I)eDet + (I)7l?et

® FElectromagnetic to hadronic cascades
(I)Det hard near threshold
g 2

Det
(I)T

® Resonant production of electron antineutrinos to muon tracks at 6.3 PeV

R (I)Det
T — < Glash resonance
— (I)Det OW reso
U

® Flavor is inferred from different event topologies

Saturday 23 June 12 30



Flavor flux and observable ratio

Muon tracks to cascades

® In general, two energy-dependent terms

® holds even if unitarity is violated

We will quantify new physics effects using R

Saturday 23 June 12
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New physics effects
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Neutrino Decay

Ref: Beacom et al. PRL (2003), Maltoni and Winter, JHEPO7, 064 (2008)

Neutrino decay is described by

_t tm 0
é T — @ 0F T:,YT

v=F/m

Lifetime for neutrinos is quoted as TO/m

Astrophysical neutrinos : Typically L~Mpc and E~TeV which implies that

TZ-O s L TeV 4

— < 10 s-eV

m; Mpc FE

~5 orders of
Solar neutrinos (invisible decay) : 0 magnitude m?re

7‘7: 4 1 sensistive !
— >10"" s-eV
m;

Weak model-independent bounds imply that (invisible) decay of neutrinos over
extragalactic distances is not ruled out !

TALK BY S. PAKVASA
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Neutrino Decay

® The modified probability has an overall damping factor

: & L
PC“B — E ‘Uaz|2‘Uﬁ@|2Dz(E) DZ(E) — e E
1=1 0
~—1 7-7; 2 L TGV 1
. — <K ]
& m; = 10 Mpe E s-eV

® Damping term characterizes complete D; — 0 and incomplete 0 < D; < 1 decays
® Considered (invisible) decay scenarios : 8 - | (all unstable) =7

® |n general, decays can be classified into visible, invisible, complete or incomplete

Saturday 23 June 12
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Quantum decoherence

® Generic prediction emerging from quantum gravity

pure to mixed
® Modified propagation using the density matrix formalism states

p = —i[H, p| + D|p]
® Expand all operators in SU(3) Hermitian basis to write EOM in component form
Pu = (h,uu + d,w)py v =0,1,...8

® Solve the coupled set of differential equations and compute probability using
Pog(t) = Tr|py, (1)pu, (0))
/ N
pure state neutrino density matrix at t=0

mixed state neutrino density matrix at t

Saturday 23 June 12 35



Quantum decoherence

® On averaging over sin and cos terms for astrophysical neutrinos,

1
Pop = 315 (U2 —UZy) (U5, — Ujy) Dy + 6(U2 + Uy — 2Ua3)(Ugy + Uy — QUE?,ALDé

® E-dependence of the damping terpa§ depend on model

DKJ (E) :76—2/1LE”

n depends on the specific model, n=-1,0,2
® For a model, four sub-cases :

® casel Y#0,0=0 Pop(L — o0) = & + (U21+U2 _2U23)(U51+U52_2U@3)

6
® case2 ¢¥v=0,0#0 PaB(L%OO):§+—(U§1—U§2)(U§1_Ug2)
3

® case3 ¥=0,0=0 Pop(L — 00) = Z\Um! Upi|*

Lol =

® cased4 YV #0,0#0 Pag(L%OO):é
® Recall pion beam+TBM gave |:1:]1 and here also |:1:| (equally populated flavors)

® Only 2 decoherence parameters appear in probability - coherences vanish.

Ref: Mehta and Winter, JCAP 1103,041 (2011)
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Results
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Neutrino Decay

/ Invisible (complete) decay scenarios

stable: @

unstable: @

single stable mass eigenstate
> ’qu’2

R—
Ues|? + |Urfl?

h;mgmgX can
O have cleg
Identification of decayn

SCenario |

pion beam: 4 scenarios clear, 3 degenerate

muon beam/muon damped: 7 scenarios clear

0.8

%

p damped |-

T

0.0 =

7 beam |

u beam ||

n beam

1072

107!

10"

<>
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stable ©
unstable @

Neutrino Decay

pion beam to muon-damped

i . D(E): Stable
\
I \ TP 13
0.8
\
\
- \
o 06r N )A((E)
N’ L N -
- e . =
'_E X (E): Pion beam
< 04r
02r

0.0 ,D(E):. 1U) nstgble .

10° 100 102 10° 10%

Decay effective at low E - 7

decay effective

SCenarijos S€Pparate oyt

stable

1.0}
0.8
0.6

0.4

0.0k

(o SS—— 7, e

D,: aL=10° GeV

10°

E [GeV]

10" 10> 10° 10* 100 10® 10" 10®
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Decoherence

Prediction in aysymptotic limit - Complete quantum decoherence always
leads to |:1:1 (R=0.5) (blue curves) for any source but this requires both
decoherence parameters to be non-zero.

Sil’l2 (923 = 0.9

0.8 —
: 3 g & g
S, SR S
I g S O ¥
07; 3 & X = i
RS 3
0.6+ ]
@ 05" @O
i ©
04+ .
: 0O
03F .
I 0,
02 - - - -
1072 107! 10° 10" 102
X

SiIl2 923 =04

0.8 ,

- = £ E g

=9 S o S

g S O Na)
07" S s 2 ]

) 3
0.6 ]
@ 05 @O -
0.4 of
0O
03 ]
025 ‘ ‘ ‘ ‘
1072 107! 10° 10! 10?
X

Pion beam + TBM angles : all the 4 decoherence

cases are degenerate

breaks degeneracy

Pion beam + non-maximal atmospheric mixing :
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Decoherence

coherent @

decoherent (M

A

X(E), D(E)

pion beam to muon-damped

1.0 F

0.8

0.6

04

0.2

0.0

]

. D(E): Standard

\
\ A
\ X(E)
\

\

\
AN

~ =

X (E): Pion beam

TP 13

' D(E): Decoherence

10° 10" 10> 10° 10* 10° 10® 10" 10%
E [GeV]

Decoherence (n=
effective at high E - 4
SCenarijos S€parate oyt

0.70

0.40
10°

0.65
0.60
0.55
0.50

045 |

Dc: kL=10"1? GeV

E [GeV]
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Log B [Gauss]

15

10

Useful sources

Decay, A=10%

&L = 10% GeV

0

Decay, A=30%

S B~ 10% — 10" Gauss

Log B [Gauss]

5 10 15
Log R [km]

Useful sources : TP 2, 12, |3

5 10 15

Log R [km]

Useful sources : TP 2
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Log B [Gauss]

Useful sources

n=2 case n=-1 case, like decay

L = 10712 Gey 2 kL = 10% GeV

| Depoheyenpe | (b)

| ll)elcohell‘eqcel (a)

151

0 : : 0 :
- - ]

Log B [Gauss]

Log R [km]

Log R [km]

Useful sources : TP 2,3, |3 Useful sources :TP 1,2,3,12, 13
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Summary

Flavor degree of freedom of neutrinos plays an indispensible role
in revealing interesting particle physics effects and also can give
some information on the astrophysics of source.

Flavor is not directly measured at telescopes but can be indirectly
inferred, for instance at lceCube. Need identification of distinct
event topologies at UHE detectors.

Neutrino observatories have reached the precision to constrain
multi-messenger signals - gamma rays, cosmic rays and neutrinos.
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log [Flux/( —cm 257" sr™")]

Multi-messenger connection

Energy (¢V) —

............

log(E/eV)

121 | | | | | [ '/ LA SN BRI LA SN B
i A

;f\/ * / =
o m ﬂ.‘\ f “-'\, h
8 2 @ / 3
T : “ U ST! / _
; of- ad = *.\ f TeV sources!
= - S v e cosmic
B - f \° rays -
- 0” . ]
-8[— g} /\ cooo"’/ _:
n E / ?’?. 0 —
12}~ . / ?'?' "0, -

- - / ; ?:b°o
-ls-E > / 0 ]
o ff / - %o ]
PO i ST HAPEN BTN AU AP BRSBTS RN A P
a 0 -4 -8 -12 -6 -20 ~-24

k log(A\/cm)

Gamma astronomy

< 100 TeV

Neutrino astronomy

> |0 EeV

Proton astronomy
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Outlook

® High energy extra-galactic neutrino astronomy will lead us
to an understanding of the acceleration processes in the
Universe.

® The next decade should be very exciting

® if high energy neutrinos are detected - will answer a lot of
open questions such as clues towards identifying UHECR
sources with neutrinos, understanding astrophysics of
such sources, particle physics effects, nature and
properties of neutrinos.

® hints of high energy neutrino events in recent IC data...
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