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Neutrinos can decay

Fact: neutrinos change flavor — they oscillate

v

Therefore ...

@ Neutrinos have mass; and
® Different neutrino types have different masses

v

v

Heavier neutrinos may decay into lighter ones

v

However, expected decay rates are low

v

The effect on a neutrino beam is typically tiny ...

» ...but cumulative effects over long baselines might be detectable

What are the longest baselines we have access to? »
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High-energy astrophysical neutrinos

IceCube has reported 54 events with 30 TeV — 2 PeV in 4 years

“Bert”, 1.04 PeV “Ernie”, 1.14 PeV “Big Bird”, 2 PeV

...and 51 more events > 30 TeV
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Astrophysical neutrinos: the longest baselines

Arrival directions compatible with an isotropic distribution —

IcECUBE, PRL 111, 021103 (2013)
ICECUBE, Science 342, 1242856 (2013)
ICECUBE, PRL 113, 101101 (2014)
,,,,,,,,,,,,,,,,,,,,, . - < O. BOTNER, IPA 2015

ICECUBE PRELIMINARY

Galactic

+: shower
x: muon track

B
0 TS=2log(L/LO) 10.9

» No sources identified, but isotropy hints at extragalactic origin
» If extragalactic, estimated baselines are 10 Mpc — few Gpc

Mauricio Bustamante (CCAPP OSU) Decay of high-energy astrophysical v’s 4



What we know / don’t know

‘Whatweknow  What we don't know

» compatible with isotropy » what are the sources?
> power-law oc E~2° » what is the production
> not coincident with transient mechanism?
sources (e.g., GRBs) > is there a cut-off at 2 PeV?
» not correlated with known » what is the Galactic
sources contribution, if any?
» flavor composition: » what is the precise relation to
compatible with equal UHE cosmic rays?

roportion of ve, v, v, i i
prop e Wy » what is the precise flavor

> also: no prompt atmospheric composition of the flux?
neutrinos

7 » are neutrinos stable?

.. but we have good ideas on all
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What can high-energy astrophysical
neutrinos tell about neutrino lifetimes
now and in the near future?



What can high-energy astrophysical
neutrinos tell about neutrino lifetimes
now and in the near future?

Quite a lot, it turns out



Neutrino decay in the Standard Model

» Consider the SM minimally extended to include massive neutrinos
» We will consider three active neutrinos only:

Ve V‘]
Vi = Upuns o
Vr V3
flavor eigenstates mass eigenstates

» SM decay modes:
» One-photon radiative decay: v; — vj 4+
» Two-photon: v; = v+ v+
» Three-neutrino: v; — vj 4 vk + Uk
» Pair production: v; — vj + et + e~ (unavailable — needs too high v masses)

Let us look at one mode in some detail »

Mauricio Bustamante (CCAPP OSU) Decay of high-energy astrophysical v’s



One-photon radiative decay

» Tree-level suppressed by GIM mechanism (i.e., it has FCNCs)
» One-loop diagrams:

y Y
k > Y k Yy
w

» For v; # vj, the decay rate is dominated by / = 7 (m- > m, > me)

\_—\,
2
o (3Gr\? m,?—mj? 2 2
r_§(32w2) ( m; (1 + )

2
s« (M
> i ()
» Taking U;j ~ O (1) and m; = 1 eV > mj yields a lifetime of

I=e,u,t

7 ~ 10%6 yr > 13.8- 10° yr (age of the Universe) )
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Other SM decay modes

The situation is worse for other decay modes:
» One-photon decay (v; — vj +7):
7~ 10% (m;/eV)~° yr
» Two-photon decay (v; — v + v +7):
7~ 10% (m;/eV)™° yr
» Three-neutrino decay (v; — vj + vk + k):
7~ 10% (m;/eV)~° yr

All lifetimes > age of Universe
— therefore, it is hopeless to look for effects of SM decay channels J
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New neutrino decay modes

Models beyond the SM may introduce new decay modes:

v

I//—>l/j+¢

¢: Nambu-Goldstone boson of a broken symmetry

v

» e.g., Majoron in lepton number violation via neutrino mass
[CHIKASHIGE et al. 1980, GELMINI et al. 1982]

Bounds from 0v 33 decay and supernovae [Tomas et al. 2001], and
precision CMB measurements [HANNESTAD & RAFFELT 2005]

v

v

We work in a model-independent way
— nature of ¢ unimportant as long as invisible to neutrino detectors
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Decay fundamentals

» A neutrino source emits known numbers of v, v, 13
» En route, they decay via

Vo, V3 — /A or Vi,V — 3
N — N —
normal mass hierarchy (NH) inverted mass hierarchy (IH)

» Attime t (= baseline L), the fraction of surviving unstable v;’s is

e~ (2 ()] o0

A Forvery long L,

m;, T; are the mass and (rest-frame) lifetime of v; inis wil have redshit corrections
» Neutrinos with known L and E, are sensitive to “lifetimes” of

Kq[S} T18] g2 LIMpc]

eVl " mev]~ ' E,[TeV]
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Current lifetime limits

» Different v experiments probe different L/E, values and lifetimes

» From the tiny decay-induced modifications of oscillations:
> vl 24 10_3 seV™! (solar, seravuan etal 2014)
> ol > 7 - 10 S eV_1 (solar, BERRYMAN et al. 2014)
> 3! z 7-107" sev! (atmospheric, conziiez-Garcia & Matoni 2008)

Normal hierarchy (active only; v4 stable) Inverted hierarchy (active only; v3 stable)
e —— —— 108 ——— ,
——=—=pwensens oo == ___—— 4
o= umae PR === SN ses FIEE S ==
jceCube sens: 5 103 === == -
= B - — === T gmal®
O R [ S 1ceCHDE ¢ .
- ~ excluded by excluded by = S :
e = P o 13
S 1072 voscillations cosmology | - 10"~ excluded by excluded by |
; = 3 ; v oscillations cosmology
E o4 £ F 1
?‘;2 E v, bound (sol.) L4071k o
2 1079 2.4
:E = i r: 10 20 : -
g _ge—— tD -3|
c 107 - 3 c 107 b
1010 i 1074
-5|
102 E?,3b<>und (atm.) 107
) \110}_2 T S R \0\_1 10—6

neutrino mass my, ms [eV] neutrino mass m4, my [eV]
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Current lifetime limits

» Different v experiments probe different L/E, values and lifetimes
» From the tiny decay-induced modifications of oscillations:

>
>

vi: 2 4-107
=>7-10"

Vo.

SseV™
SseV™

> 130 >7-107" seV™

1 (solar, BERRYMAN et al. 2014)
1 (solar, BERRYMAN et al. 2014)
1 (atmospheric, GONZALEZ-GARCIA & MALTONI 2008)

Normal hierarchy (active only; v4 stable)

Inverted hierarchy (active only; v3 stable)

= — —— 10% = —— ‘ —
10% . —__————-- 1 = —
————— " WWSNse" - Cosmology: > m; < 0.3 eV < o S
2 =7 ultimate 7 =W SN SO B =
10 \ceCube sens: b= \,4‘ i
I= S e —— ~Jimate
Z g R T 1oeCube 51 8
= ~ excluded by excluded by = =
e = P o 13
S 40-2 — v oscillations cosmology i 5 107 excluded by excluded by
; [ _ ; v oscillations cosmology
E o g 1 7
£ L ¥, bound (s0) L 101k -
o 10—6 o
E E E 10—2, |
2 10 1 2109 B
c c
107198 g 107
r -5|
1012 —— 5 bound (@tm-) 109
—T—rqyo»_z [ ‘1‘0\_1 1076
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Current lifetime limits

» Different v experiments probe different L/E, values and lifetimes

» From the tiny decay-induced modifications of oscillations:
> 14! Z 4. 10_3 S eV_1 (solar, BERRYMAN et al. 2014)
> ol Z 7 - 10_3 S eV_1 (solar, BERRYMAN et al. 2014)

> 130 >7-107" seV™

1 (atmospheric, GONZALEZ-GARCIA & MALTONI 2008)

Normal hierarchy (active only; v4 stable)

Inverted hierarchy (active only; v3 stable)

T — —— 10% = —— ‘
100 — —=_ =B
L == MW SN s€TS - Cosmology: »  m; < 0.3 eV
= ~7 uttimate -
107 \ceét\he sens. U ~
& g ENCOIE (12 S
3 ~ excluded by excluded by = -
e = P o 13
S 1072k — voscilations E=eleoy B - 10" excluded by excluded by -
; L i ; 1E v oscillations cosmology i
- = £
£ L ¥, bound (s0) L 101k
2 1079 2.4
£EE 107
3 1 8499
< Oscillations: Am,?i lower-bound masses | €10~
1079 g 107
= 1 -5
1012 :ysbound (atm.) 10
i L T S R L L -6
= = 10
1072 107"
neutrino mass my, ms [eV] neutrino mass m4, my [eV]
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Current lifetime limits

» Different v experiments probe different L/E, values and lifetimes

» From the tiny decay-induced modifications of oscillations:
> vy Z 4. 10_3 S eV_1 (solar, BERRYMAN et al. 2014)
> ol Z 7 - 10_3 S eV_1 (solar, BERRYMAN et al. 2014)
> 3 27 107" seV! (atmospheric, conzatez-Garcia & Martoni 2008)

Normal hierarchy (active only; v4 stable) Inverted hierarchy (active only; v3 stable)
ISa=aa ———— T ———ry 108 —r—r— :
Ultimate IceCube sensitivity: iy s\ se™s — Gosmology: S m < 03ev
- imate -
L=1Gpe, £, =10TeV 170 r
Z g R R T1  —
3 ~ excluded by excluded by = <<
s = P 8
S 1072 — voscilations E=eleoy B l‘; 10" excluded by excluded by -
© L i ; 1E v oscillations cosmology i
- = 1 £
2 L ¥, bound (s0) 1 210 4
g 10 £107 i
3 P
< Oscillations: Am,?i lower-bound masses : €10~ 3
107" - 1074
o — 5 bound (@m) i 107
=T T L 6l
102 1077 i
neutrino mass my, ms [eV] neutrino mass m4, my [eV]
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Decay changes flavor oscillations

» Consider ordinary two-flavor oscillations (e.g., ve — v,,)

» Probability of flavor change v, — vg:
27l /Lose

» Decay damps this exponentially: P,z — (N; (L) /Njemit) Pag, i.€.,

1 L o . o L
P.s = 5 &XP <_Ldec [Mpc]) sin© (260) sin (27r Lo [km])

» The length scales are vastly different:
Loec K E, Losc 3 4 E,
Mpc — 0.01- (s v ) \Tev)” km = (10 - 10 ) \Tev
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Flavor mixing in high-energy astrophysical neutrinos

Probability of v, — v transition (three generations):

* * . L
Puop = dap — 42 Re (Ua]UakUﬁiUﬂk) sin® <2ﬂ' Losc,kj)

k>j

* % . I—
+ 2 1M (UajUsk UsiUse) sin (27 Losc,k,->

k>j

= Lose ~ 107" Mpc < L = 10 Mpc — few Gpc

E {E,,~1 PeV

AmZ ~107* eV?
high-energy osc. length typical astrophysical baseline

» Therefore, oscillations are very rapid
» They average out after only a few oscillations lengths:

sin?(...)—=1/2, sin(...) =0

Hence, for high-energy astrophysical neutrinos:
3
(Pag) = > _|Uail?|Usi* «incoherent mixture of mass eigenstates
i—1
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HE particles from astrophysical sources

Relativistically-expanding blobs of plasma containing €’s, p’s, and ~’s
collide with each other, merge, and emit HE particles (e.g., in a GRB)

. ) | | | |
central
emitter

plasma shells propagate at different speeds

¢« ) | ] F B

@ two shells colide

T
. ) e F B

F ™M
L ons
9 the shells merge and particles are emitted
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Why do we expect high-energy neutrinos?

Joint production of UHECRSs, v’s, and +’s:

power law ~ E~ P broken power law

r\j + —
p A —>A+(1232)—>{ ;:0 \ SE;;Q
nt— ,u+l/u = ’7u9+’/el/u
TI'O = YY
n (escapes) — pe” ve <

After propagation, with flavor mixing:

Ve:vy:vrp:p=1:1:1:1
(“one v, per cosmic ray”)

[ Actually, it is more complicated ...

This neutron model of CR emission is now strongly disfavored

[AHLERS et al., Astropart. Phys. 35, 87 (2011)] [ICECUBE COLL., Nature 484, 351 (2012)]

But we can do better by letting the p’s escape without interacting

[BAERWALD, MB, WINTER, ApJ 768, 186 (2013)] [BAERWALD, MB, WINTER, Astropart. Phys. 62, 66 (2015)]
[MB, BAERWALD, MURASE, WINTER, Nat. Commun. 6, 6783 (2015)] ]
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Flavor ratios — at the sources and Earth

» Neutrino production at the astrophysical source via pion decay:
py— AY(1232) > ntn  wt = uty, — etveb,y,

» Flavor ratios at the source: (fe: f, : f;)g ~ (1/3:2/3:0)

» At Earth, due to flavor mixing:

3
foe = (Paa)fas = <Z|Uai|2|uﬁi|2> fs.s

E 6 \i=t

(1/3 . 2/3 : O)S flavor mixing, NH, best-fit (

» Other compositions at the source:
(0:1:0)g — (0.26:0.36:0.38),, (“muon damped”)
(1:0:0)g — (0.55:0.26:0.19).., (“neutron decay”)
(1/2:1/2:0)g — (0.40:0.31:0.29). (“charmed decays”)

0.36:0.32:0.32),,
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Detecting the neutrinos: IceCube

IceCube: km? in-ice South Pole
Cerenkov detector

» vN interactions (N = n, p)
create particle showers

» 86 strings with 5160 digital
optical modules (DOMs)

» depths between 1450 m and
1 2450 m

324m

2agy

Eiffeltornet
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Detecting the neutrinos: lceCube

lceCube: km? in-ice South Pole
Cerenkov detector

» vN interactions (N = n, p)
create particle showers

» 86 strings with 5160 digital
optical modules (DOMs)

» depths between 1450 m and
2450 m

Mauricio Bustamante (CCAPP OSU) Decay of high-energy astrophysical v’s 18



How does IceCube see flavor?

Below E, ~ 5 PeV, there are two event topologies:
» Showers: generated by CC v or v-; or by NC vy
» Muon tracks: generated by CC v,
(Some muon tracks can be mis-reconstructed as showers)

At > 5 PeV (no events so far), all of the above, plus:

» Glashow resonance: CC ve.e — W™ interactions at 6.3 PeV
» Double bangs: CC v - 17— v,

Flavor ratios must be inferred from the number of showers and tracks J
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Astrophysical fluxes

IceCube events are fit by a power law ~ E~7:
» Using contained events + through-going muons: v = 2.5+ 0.09
» Using through-going muons only: v =2.2+0.2

10_7: TrrorrT T T T T T T rroT
F Astro. IceCube v¢+V,

1078
107°
Atm. Prompt
1 0—10; \\\ I/@ *>
E A e

—_
|

-

-

L ke v ol

E5 d®/dE, [GeV cm™? s™" sr']

—\Ve
Ve N\
—127 TR AN AT Fk\wm L
(Y 10* 10° 108 107 108
Eo [GeV]
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“Flavor triangle” or Dalitz/Mandelstam plot

Assumes underlying unitarity: sum of projections on each axis is 1
How to read it: follow the tilt of the tick marks, e.g.,

0 01 02 03 04 05 06 07 08 09 1
electron flavor
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IceCube analysis of flavor composition

Using contained events + throughgoing muons:

ViV, i v, at source o
= 0:1:0 2 100 20
: 1:2:0 . 18
16
14
12 3
L=
104
N
g |
6
4
2
0
Ve [ICECUBE COLL., ApJ 809, 98 (2015)]

> Bestfit: (fe: f, : ), = (0.49:0.51:0),
» Compatible with standard source compositions
» Bounds are weak — need more data and better flavor-tagging
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New physics: effect on the flavor composition

» New physics in the neutrino sector could affect the

» production; and/or
» propagation; and/or
» detection

» Detection: probe NP in the v interaction length via the angular
dependence Of the ﬂUX [MARFATIA, MCKAY, WEILER, 1502.06337]

» NP at production and propagation could modify the incoherent
mixture of vq, 1o, 13

» Example: neutrino decay »

[BARENBOIM, QUIGG, PRD 67, 073024 (2003)]

[BEACOM, BELL, HOOPER, PAKVASA, WEILER, PRL 90, 181301 (2003)]
[MALTONI, WINTER, JHEP 07, 064 (2008)]

[BAERWALD, MB, WINTER, JCAP 1210, 020 (2012)]

[PAGLIAROLI, PALLADINO, VISSANI, VILLANTE 1506.02624]
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Cosmological effects on decay

There are two cosmological effects:
@ Distance as a function of redshift z: L = L(z)
® Adiabatic cosmological expansion:
energy at production (E) = (1 + z) - energy at detection (Ep)
Fraction of remaining v; at Earth:

10°
P " k'=10sev’ ]
s A 7
— _ ——" RN i
D(E0727K’i 1) = (a+be Cz) o Q10 E\ % el Ey=6PeV 3
N B
02\ o Eo=4PeV |
ar171,b=1-a,¢c~1.27 £ R .-
©
for ACDM with (Qm, Q) = (0.27,0.73) 20l ]
(Pag) = D (Eo, 2,57 ") (Pag) o ,
Eo =2 PeV
S— F
0<D<1 1075
5 VB W AP 1o 0 1 2 3 4 () 6
[BAERWALD, , WINTER, JCAP 1210, 020 (2012)] Redshift z
Mauricio Bustamante (CCAPP OSU) Decay of high-energy astrophysical v’s 26



Decay affects the flavor ratios

» If neutrinos are stable, we saw that
foe = Y (Psadfas= > (Z\Ua,] |Usi| )fﬁ’s
p=e,u,t B=e,u,T

» If neutrinos decay,

fraction of v; that reach Earth

foa (Eo,z,mﬂ): 3 <Zyua,| |Usi[® D(EO, ))fﬁ,s

B=e,u,T
(Note — NH: k" — 00 IH: k5 ' — )

» “Complete decay”: all unstable neutrinos decay en route —

|Ua1)?, for NH

D = 0 for unstable v; = f, ¢ = { |Ua3/?, for IH

Flavor ratios equal flavor content of the one stable eigenstate
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Flavor content of the mass eigenstates (1)

» v (F=1,2,3) contains a fraction of flavor « = e, u, 7 given by

|Uai|2 =

» From global fits [GonziLez-GaRcia et al. 2014]:

NH [« ]l

12<|H -1
5 { NH:
9! )
. <NH - BE IH:
SN W NH:
{ IH:

o] NH
| | IH >613 . NH
‘ ‘ 12015 Vs - IH:
0 10 20 30 40 50 60

0, [°]
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|Uyi (012, 023, 613, dcp) |

0.68,
0.68,

0.30,
0.30,

0.03,
0.03,

Using the best-fit values:

0.22,
0.12,

0.35,
0.32,

0.44,
0.56,

0.10
0.20

0.35
0.38

0.53
0.41



Seeing decay in the flavor fluxes

low-E: complete decay v high-E: no decay v

Diffuse v + i flux from population of generic tors) t EIH ]
v, stable

v

sources, normalized to lceCube flux

1078}
» Assuming (fos: f,s:f.5) = 111
e, , T, 3 3 3 .
1079
» Fixed lifetime of 10 s eV’
) H |
> Decay NH: Vo,V3 — I/ Vs stable 1

—_

<
o)

aas

> v,, v, depleted
> v doubled (2 x e flavor in v4 than in 1)

v

Decay IH: V{,V2 — 3

—_

<
©
T

diffuse flux E2(d,+®Pg) [GeV cm2s™ sr]

> v,, v enhanced slightly y =257
> ve greatly depleted (little e flavor in v3) 108 107 108
[MB, BEACOM, MURASE, IN PREP.] neutrino energy Eq [GeV]
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Flavor content of the mass eigenstates (ll)

Flavor content for every allowed combination of mixing parameters:

Flavor content ) 1 Vary 6;,8cp
NH 0.1 09 Best Fit
0.2 16
08
Mo
03 07

0 01 02 03 04 05 06 07 08 09
2
|Uei

1

Flavor content %) 1 Vary 6;,8cp
IH 01 09 Best Fit
0.2 16
08
M3e
03 07
04yp 06
o 05y
U 06 / V4
0.7
08
0.9

1

0 01 02 03 04 05 06 07 08 09 1
2
[Ued

[MB, BEACOM, WINTER, PRL 115, 161302 (2015)]
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Is complete decay allowed by IceCube?

Overlay the IceCube flavor-ratio contours on the flavor-content regions:

Flavor content 9.1 Vary 6;,5¢cp
NH 0.1 _ Best Fit

0 01 02 03 04 05 06 07 08 09 1

|Ue®
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Is complete decay allowed by IceCube?

Overlay the IceCube flavor-ratio contours on the flavor-content regions:

Flavor content © Vary 6;,8¢cp
NH Best Fit
10
M 36
7

n

Complete decay IH »
2 U.0 /
|Uri|
0.6/

0.7
0.8
0.9y 1ceCube 2015
1

<« Complete decay NH

B\isfoavored at > 20
0 01 02 03 04 05 06 07 08 09 1

|Ue®
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Is complete decay allowed by IceCube?

Overlay the IceCube flavor-ratio contours on the flavor-content regions:

Flavor content ©
NH

Vary 9,-,-,8cp
Best Fit

nn
0.9 < Complete decay NH
Vi B\isfoavored at > 20
0 01 02 03 04 05 06 07 08 09 1

|Ue®

Let us calculate the lifetime bounds in the NH case »
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Flavor combinations at Earth from std. mixing

But first: what flavor region is accessible without decay?

Std. mixing
NH 0.1

Vaw 91‘1',5CP
fr,5=0 fTs¢O

0.9y IceCube 2015 S W

1 0

0 01 02 03 04 05 06 07 08 09 1 [MB, BEACOM, WINTER,
foo PRL 115, 161302 (2015)]

Std. mixing can access only ~ 10% of the possible combinations J
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Flavor combinations at Earth from std. mixing

But first: what flavor region is accessible without decay?

Std. mixing
NH

Vaw 91‘1',5CP
fr,5=0 fTs¢O

07 1o
B N
fie
0.7
0.8 AN
0.9y 7=5Cube 2015 Ve o
1 5 0
0 01 02 03 04 05 06 07 08 09 1 (B Beacom, WINTER,
foo PRL 115, 161302 (2015)]

Std. mixing can access only ~ 10% of the possible combinations J
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Flavor combinations at Earth from std. mixing

But first: what flavor region is accessible without decay?

Std. mixing
NH

Vaw 91‘1',5CP
fr,5=0 fTs¢O

experiment: e-7deg N0

0 01 02 03 04 05 06 07 08 09 1 [MB, BEACOM, WINTER,
foo PRL 115, 161302 (2015)]

Std. mixing can access only ~ 10% of the possible combinations J
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NH: lifetime limits with current IceCube data (1)

Find the value of D so that decay is complete, i.e., f, o = |Ua1 ]2, for
» Any value of mixing parameters; and
» Any flavor ratios at the sources

Assume equal lifetimes of v, 3

Mixing + decay ° No decay
0;,8¢p: var. 3¢ 01 MD=075
NH 05 BMD=050
€ MD=0.10
03 o7l D=0.01

06 (complete)

0 01 02 03 04 05 06 07 08 09 1

foo
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NH: lifetime limits with current IceCube data (1)

Find the value of D so that decay is complete, i.e., f, o = |Ua1 ]2, for
» Any value of mixing parameters; and
» Any flavor ratios at the sources

Assume equal lifetimes of v, 3

Mixing + decay ° No decay
0;,8¢p: var. 3¢ 01 MD=075
NH BD=050
WD=0.10
o7l D=0.01
06 (complete)
fe
0.7

" «fag = |Uyy|? when D < 0.01

Vi 0.1
0

0 01 02 03 04 05 06 07 08 09 1

foo
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NH: lifetime limits with current IceCube data (Il)

Mixing + decay
eg,SCp: var. 3¢ 01
NH

0 01 02 03 04 05 06 07 08 09 1

feo

10°§ T y
" No decay 107" ’
WD=075 102k 3
WD=05 Q .5 —2z=05 }
MDp=0.10 o
o7MD=001 ‘a 1074 ---z=1.0 3
(complete) g 1056 ]
I - B s z=15 3
> 1076t 3
we 8 £ E
810
107° 4
02 10_9; Ey =2 PeV ]
0.1 10—10E o i e ]

0 10° 10° 10° 10° 104

Neutrino lifetime k™' [s eV™"]

[MB, BEACOM, MURASE, IN PREP.]

D < 0.01 implies a bound of ,} > 10s eV at > 20
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NH: lifetime limits with current IceCube data (lI)

Mixing + dec
eg,SCp: var. 3¢
NH

0 01 02 02

neutrino lifetime 15, 13 [s]

Mauricio Bustamante (CCAPP OSU)

Normal hierarchy (active only; v, stable)

——=—=pwoNsens LLoon =
——=—="" jitmate
\ceCube sens

1C bound W/
= ratios
— excluded by flavor

v-oscillations

excluded by |
cosmology _|

— v, bound (atm.)

S |

107"
neutrino mass my, m; [eV]

Decay of high-energy astrophysical v’s

T T
—z=05
SEERASEIN0
""" z=15

Eo=2PeV

Ll o o

102 10° 10*

Imex"[sev

JEACOM, MURASE, IN PREP.]

at > 20




Caveats and improvements

» Current IceCube flavor-ratio contours use all recorded data from
astrophysical searches:

» 1 TeV and above
» all arrival directions

» A more robust lifetime bound should use a curated data set:

© Only events with arrival directions off the Galactic Plane
® Only events > 100 TeV, to avoid atmospheric contamination

» This would result in a truly extragalactic sample of neutrinos
— where decay can act on cosmological scales
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What will higher-energy events do for us?

Above 5 PeV, IceCube might see flavor-specific signatures:

0 01 02 03 04 05 06 07 08 09 1

|Uel?
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What will higher-energy events do for us?

Above 5 PeV, IceCube might see flavor-specific signatures:

If Glashow resonance events are seen
= small fe,¢, are discarded
= discards complete decay IH

01 02 03 04 05 06 07 08 09 1

|Uel?
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What will higher-energy events do for us?

Above 5 PeV, IceCube might see flavor-specific signatures:

If Glashow resonance events are seen
= small fe,¢, are discarded
= discards complete decay IH

If double bangs are seen
= small f; 4 are discarded
= constrains complete decay NH

|Uel?
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IH: lifetime limits with near-future lceCube data

» Around 6.3 PeV, the Glashow resonance is accessible:

Ue + € — W — hadronic shower (BR = 67%)
» Three scenarios:
» Neutrinos are stable: we see the GR as a bump in the cascade rate

» Neutrinos decay in the NH: the bump is larger (|Uq|? is large)

» Neutrinos decay in the IH: no or almost no cascades (|Ues|? is tiny)

N w S (6] (2]
P
-
’

EcascdN/AE 4 [counts]

-

\ Astro. IceCube best-fit {
5 years
pp sources

full decay |H

~~~~~

Mauricio Bustamante (CCAPP OSU)
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%20
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IH: lifetime limits with near-future lceCube data

» Around 6.3 PeV, the Glashow resonance is accessible:

Ve + € = W — hadronic shower (BR = 67%)
» Three scenarios:
» Neutrinos are stable: we see the GR as a bump in the cascade rate
» Neutrinos decay in the NH: the bump is larger (|Uq|? is large)
» Neutrinos decay in the IH: no or almost no cascades (|Ues|? is tiny)

7 : o —~ [T
Astro. lceCube best-fit :'\\ 2 3.0 5 years =
\ 1 . [se]

6} 5 years 1) a pp sources s
N\ pp sources Iy o o}

20 I =25 o
S5 N\ . | ] ! decay NH o}
o \\(/// I || N 2
%4 \ % [ » 2.0 :
& NS ] \ o no decay NH g
W | i 8 1.5 E
o3 s \ 7 >
3 ! L 8 no decay IH 24
2 / \ « 1.0 _
82 Y \ 1 1 3
w — — T
; k' Z21seV 2
o

L _ful decay I . 209 B

Q06 BT Y 10°1072107" 10° 10" 10% 10° 10*
Ecasc [GeV] lifetime k™" [s eV™"]
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IH: lifetime limits with near-future lceCube data

» Around 6.3 PeV, the Glashow resonance is accessible:
Ue + € — W — hadronic shower (BR = 67%)

» Three scenarios:

» Neutrinos are stable: we see the GR as a bump in the cascade rate

» Neutrinos decay in the NH: the bump is larger (|Uq|? is large)
» Neutrinos decay in the IH: no or almost no cascades (|Ues|? is tiny)

7 T T — T — L L e e L e A s
 Astro. IceCube best-fit 'r'\\ 2 3.0 5 years
6l \ 5 years ] o pp sources
. \ pp sources [ =)
g 5 \\ ,‘: l‘\ ! . decay NH
3 . Py T,
34 PRELIMINARY (only CC ve + e contribution)
33 NG 1 o
2 % \‘ S 10
) e, N \ w 1.
&2 Ly, i B 1
0% _ _
; ecay,H k2 1seV
L___full decay 1y I 2, 05
905 BT Y 10°102107" 10° 10" 10?2 10° 10*
Ecase [GeV] lifetime k™" [s eV™"]
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IH: lifetime limits with near-future lceCube data

> Around 6 3 DA\/ thAa RlachAwn racAnanAA in nnr\r\nn“r)le-

i Inverted hierarchy (active only; v stable) .
L 105 - T T T T 11717 T T T '7%)
> Threescer 10 o o
; . I TS SRS RS
» Neutrin TToy : — 1 he cascade rate
. = == gltim@ 2.
» Neutrin & qp2e oo cowbe 5™ | % is large)
. ~ — - . 2. ..
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g v oscillations cosmology
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stro. = ears | =
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st N\, &' 8
§4 o2 =
8 A =
4,
g2 > z
w 0, -6 | I L L L cay IH )
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Decay: seeing the energy dependence?

» The effect of decay shows up at low energies
> e.g., for a model of AGN cores [HUMMER et al., Astropart. Phys. 34, 205 (2010)],
» Would require high statistics + exquisite energy resolution

07 Std. mixing 0 Vary 6;,5cp
’ TP3, decay NH + decay Best Fit
0.6 Point TP3 1o
NH
0.5
e
®
S 0.4
7}
0.3
T
0.2
10°GeV. 107 GeV 10°GeV 10* GeV <0
0

0'1.0 45 50 55 6.0 65 7.0 0 01 02 03 04 05 06 07 08 09 1
Log,(Ey/GeV) foo

[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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Decay: complete vs. incomplete

» Complete decay: only vq (v3) reach Earth assuming NH (IH)

X ud
Y 03
08y 02
09y o1
1

0 0102 03 04 05 06 07 08 08 1
2

U1

A VY MY Vi S S ¥ )
0 07702 03 04 05 05 07 08 09 1
2

1Ue |

» Incomplete decay: incoherent mixture of v4, 15, 13 reaches Earth

!
wSe V)
02 08
Y o7
Y 08
08 (U
o1
03
02
o
o OO oA a1 ok 08 o O O oA o g a o 0s
0. U 1.4

Mauricio Bustamante (CCAPP OSU) Decay of high-energy astrophysical v’s 39



Region of flavor ratios accessible with decay

Region of all linear combinations of v4, vs, v3:

New physics ~ ° B New physics
8;,9¢p: BF,106,3c 01 Std. mixing
NH v; flavor cont.

0.9y TceCube’ 2015
1

0 01 02 03 04 05 06 07 08 09 1
fe ® [MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]

Decay can access only ~ 25% of the possible combinations J
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Region of flavor ratios accessible with decay

Region of all linear combinations of vy, 1o, v3:

New physics ~ ° B New physics
8;,9¢p: BF,106,3c 01 Std. mixing
NH 0.2 v; flavor cont.

What kind of NP lives outside?
0.7 Lorentz, equiv. principle violation

0.9y TceCube 2015
]

0 01 02 03 04 05 06 07 08 09 1
fe ® [MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]

Decay can access only ~ 25% of the possible combinations J
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Conclusions

» Decay may imprint on flux of high-energy astrophysical neutrinos
» Probing power due to huge baselines: 10 Mpc — few Gpc

» NH: current flavor ratios improve limits to > 10 s eV~ for v, 13
— improvement factor of 104, 107

» |H: future > 4 PeV showers improve limits to > 1 s eV~ for vy, 15
— improvement factor of 102, 103

IceCube is not only an astrophysics instrument,
but also an instrument for fundamental particle physics J
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Backup slides
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Flavor combinations from std. flavor mixing: NH vs. |H

! Vary ;,0cp Std. mixing 1 Vary 6;,5c
fs=0 f;s#0 . ! £.6=0 f.5#0

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

feyq; fe,e

[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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Selected source compositions: NH vs. |H

Std. mixing 0 (foifif)s Std. mixing 0 (foifif)s
0,,5¢p: BF, 15,36 01 0.9 [ all free 0;,5¢cp: BF,16,36 01 all free
NH . _ M (1:2:0) IH M (1:2:0)
M (0:1:0) 03 M (0:1:0)

0.7 I (1:0:0) ) 0.7 I (1:0:0)

0.6 (1:1:0) - 0.6 (1:1:0)

0
0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
fe,ﬂ) fe,e

[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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0 (fff)s
09 all free

M (1:2:0)

Std. mixing
3cp: BF, 26,36 1
6; fixed at BF 0.2
NH

0O 01 02 03 04 05 06 07 08 09 1
fe,ﬂ)

[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]

Perfect knowledge of mixing angles: NH vs. IH

0 (ffiF)s
0.9 all free

Std. mixing
8cp: BF, 26, 3¢ 01

0; fixed at BF 0.2 =(1:2:0)
IH : (0:1:0)
- 07 [ (1:0:0)

0.6 (1:1:0)

0 01 02 03 04 05 06 07 08 09 1
fe,e
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New physics: NH vs. |H

M New physics New physics 1 M New physics
Std. mixing 0;,5¢p: BF, 16,30 0-1 Std. mixing
v; flavor cont. IH v; flavor cont.

New physics
9,7,8cp: BF,1G,36 0.1

0 0
0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
fe,ﬂ) fe,e

[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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New physics: decay in the |H

06 Std. mixing 0 Vary 6;,5ce
TP3, decay |H + decay Best Fit
0.5 Point TP3 1o
IH
0.4
®
S03
0.2
0.1 09 9

e

0'2.0 45 50 55 6.0 65 7.0 0 01 02 03 04 05 06 07 08 09 1 0
Log,o(E,/GeV) foo

[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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The need for km-scale neutrino telescopes

Expected v flux from cosmological accelerators (Waxman & Bahcall 1997—1998):

, é[1o‘°,1012]
E%¢, ~ 1078 = CR 5 GeVem 257! sr!
0.2 | 1044 erg Mpc ™ yr—1
Integrated flux above 1 PeV:
© 108

®, (> 1PeV) ~/ gz 9E~ 107® cm2 s gr!
1 PeV

Number of events from half of the sky (27):
N, ~27-®,(>1PeV)-1yr Ay~ (2.4 x 107'% cm™2) Ag

where Ag is the effective area of the detector
To detect N, > 1 events per year, we need an area of

Agit > 0.4 km?

Therefore, we need km-scale detectors, like lceCube J
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Flavor combinations at Earth from std. mixing

Assume unconstrained flavor composition at source (with and w/o v;):

Std. mixing
NH

Vary 9,’,‘,6(;p
fr,s=0 ﬂg?ﬁo

0.9y 1ceCube 2015 il 01
1 g
77— 0
0 0.1 02 03 04 05 06 07 08 09 1
foo [MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]

Std. mixing can access only ~ 10% of the possible combinations )
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Flavor combinations at Earth from std. mixing

Assume unconstrained flavor composition at source (with and w/o v;):

Std. mixing Vary 6,3¢cp
NH fis=0 f.s#0
BF
1c
W36
fro
0.7
0.8
0.9y 1ceCube’2015 : ~a'~~, 0.1
1 g
=0
0 01 02 03 04 05 06 07 08 09 1
fo.o [MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]

Std. mixing can access only ~ 10% of the possible combinations )
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Flavor combinations at Earth from std. mixing

Assume unconstrained flavor composition at source (with and w/o v;):

Std. mixing Vary 6j,8¢cp
NH fr,s=0 ﬂg?ﬁo
BF
1c
W36

0.9 be 2015 A rac

: [ - &

loeCube ¥ periment: -7 degene S

1
o 30

0 01 02 03 04 05 06 07 08 09 1

fe,e [MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]

Std. mixing can access only ~ 10% of the possible combinations )
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Selected source compositions

We can look at results for particular choices of ratios at the source:

Std. mixing 0 (fo:fif)s
8;,8¢p: BF,16,3c 01 all free
NH 02 08 M (1:2:0)

0.8

0.9 lceCube 2015
1

0 01 02 03 04 05 06 07 08 09 1
feo
[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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Selected source compositions

We can look at results for particular choices of ratios at the source:

Std. mixing 0 (fofif)s

8;,8¢p: BF,16,3c 01 all free

NH M (1:2:0)

0.3 o = (0:1:0)

. (1:0:0)
challenging to tell them apart ¢4 0.6l (1:1:0)

N
___________

0.8 !
0.9 lceCube 2015
1

0 01 02 03 04 05 06 07 08 09 1
feo
[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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Selected source compositions

We can look at results for particular choices of ratios at the source:

Std. mixing 0 (fofif)s

8;,8¢p: BF,16,3c 01 all free

NH M (1:2:0)

0.3 o = (0:1:0)

. : (1:0:0)
challenging to tell them apart ¢4 0.6l (1:1:0)

0.8
0.9 lceCube 2015
1

0 01 02 03 04 05 06 07 08 09 1
feo
[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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Perfect knowledge of mixing angles

In a few years, we might know all the mixing parameters except dcp:

Std. mixing 0 (Foifif)s
8cp: BF, 26, 3¢ 0 0.9 all free

9; fixed at BF 0.2 0s [ (1:2:0)
NH B (0:1: 0)
fre
0.7
0.8

N
o

0.9y 1ceCube 2015
1

0 01 02 03 04 05 06 07 08 09 1
foo
[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
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Energy dependence of the composition at the source

Different v production channels are accessible at different eneraies

Std. mixing 051 Vary 0;,8¢p
. i 0.1 Best Fit
0.40 13 T Point TP13 0 est Fi
0.38 NH
0.36
u
0.34
®
5 0.32
0.30
0.28 0o
0.26 e 1' 10°° GeV  10° GeV 0.1
4.0 45 5055 6.065 7.0 0 01 02 03 04 05 06 07 08 09 1 0
Log,o(E,/GeV) foo

[MB, BEACOM, WINTER, PRL 115, 1611302 (2015)]
» TP13: py model, target photons from co-accelerated electrons

[HUMMER et al., Astropart. Phys. 34, 205 (2010)]
» Equivalent to different sources types contributing to the diffuse flux

» Will be difficult to resolve
[KASHTI, WAXMAN, PRL 95, 181101 (2005)] [LIPARI, LUSIGNOLI, MELONI, PRD 75, 123005 (2007)]
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New physics — of the truly exotic kind

What kind of NP lives outside the blue region?

» NP that changes the values of the mixing parameters, e.g.,
» violation of Lorentz and CPT invariance
[BARENBOIM, QUIGG, PRD 67, 073024 (2003)] [MB, GAGO, PENA-GARAY, JHEP 1004, 005 (2010)]
» violation of equivalence principle
[GASPERINI, PRD 39, 3606 (1989)] [GLASHOW et al., PRD 56, 2433 (1997)]
» coupling to a torsion field
[DE SABBATA, GASPERINI, Nuovo. Cim. A65, 479 (1981)]
» renormalization-group running of mixing parameters
[MB, GAGO, JONES, JHEP 1105, 133 (2011)]
» active-sterile mixing (aeikens et al, 1410.0408]
» flavor-violating physics

» v—u mixing (if v, 7 flavor ratios are considered separately)
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New physics — of the truly exotic kind

What kind of NP lives outside the blue region?

» NP that changes the values of the mixing parameters, e.g.,

» violation of Lorentz and CPT invariance
[BARENBOIM, QUIGG, PRD 67, 073024 (2003)] [MB, GAGO, PENA-GARAY, JHEP 100
» violation of equivalence principle
[GASPERINI, PRD 39, 3606 (1989)] [GLASHOW et al., PRD 56, 2433 (1997)]
» coupling to a torsion field
[DE SABBATA, GASPERINI, Nuovo. Cim. A65, 479 (1981)]
» renormalization-group running of mixing parameters
[MB, GAGO, JONES, JHEP 1105, 133 (2011)]

» active-sterile mixing (aciens etal, 1410.0408)
» flavor-violating physics
» v—u mixing (if v, 7 flavor ratios are considered separately)
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New physics — active-sterile mixing

Mixing with a sterile neutrino (3+1) changes the flavor ratios:

» standard parameters: 012, 023, 013, 013
» sterile parameters: 014, 024, 934, 004, (534

Mixing 3+1 0 (1:2:0:0)s

Vary all 9;,8; 01 09 M3+0 NH
Bounds from:

all f,.s ::Z:§4+Vu—>vr Bounds from
0.3 tVi—Ve
free NH 0.7 4+vﬁ—>vs T2K, SK,
0.6 W Ufoatvy—ve

+v,—v, Daya Bay

0.8

0.9y {ceCube 2015
]

0 01 02 03 04 05 06 07 08 09 1
;: [MB, COLOMA]
X
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New physics — active-sterile mixing

Mixing with a sterile neutrino (3+1) changes the flavor ratios:

» standard parameters: 012, 023, 013, 013
» sterile parameters: 014, 024, 934, 004, (534

Mixing 3+1 0 (1:2:0:0)s

Vary all 9;,8; 01 09 M3+0 NH
Bounds from:

all f,.s ::Z:§4+Vu—>vr Bounds from
0.3 tVi—Ve
free NH 0.7 “+V:j_,\,s T2K, SK,
0.6 W Uea+vi—ve

+v,—v, Daya Bay

fio :
""""""" = 0. Bounds are too
07y T R
strong for large
0.8 A ———— deviations
0.9y 1ceCube 2015 01
1
0 01 02 03 04 05 06 07 08 09 1
T [MB, CoLOMA]

foo
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New physics — active-sterile mixing

Mixing with a sterile neutrino (3+1) changes the flavor ratios:

» standard parameters: 012, 023, 013, 013
» sterile parameters: 014, 024, 934, 004, (534

Mixing 3+1 (1:2:0:0)s
Vary all 6;,9; M3+0 NH
Bounds from:
all f,.s W|Ul+vi—v: Bounds from
free NH | Ulitviove

+vi—ve  T2K, SK,

w—Vs

PRELIMINARY -~ oaatay
f’e bat Vi IH ®
06 < : B = 0.4 Bounds are too

0.7

A strong for large
. 27 o
08 T —— deviations
0.9y 1ceCube 2015 o1
]
0 01 02 03 04 05 06 07 08 09 1
r [MB, CoLOMA]
foo
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New physics — high-energy effects (I)

Add a new-physics term to the standard oscillation Hamiltonian:
Frot = Hsig + Hnp

Hetg = 2EU§>MNS diag (0 Am21,Am31) Upmns

E .
Hyp = Z (A > U} diag (On1,On2,0n3) Un
n n

n=2~0 n=1
» coupling to a torsion field » equivalence principle violation
» CPT-odd Lorentz violation » CPT-even Lorentz violation

Experimental upper bounds from atmospheric v’s:
Oy <1072 GeV Oy /N < 10727 GeV

[MB, GAGO, PENA-GARAY, JHEP 1004, 005 (2010)]
[ARGUELLES, KATORI, SALVADO, PRL 115, 161303 (2015)]
[IcECUBE CoOLL., PRD 82, 112003 (2010)]

[SuPER-K CoOLL., PRD 91, 052003 (2015)]
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New physics — high-energy effects (ll)

Truly exotic new physics is indeed able to populate the white region:
» use current bounds on O, ; [ARGUELLES, KATORI, SALVADO
» sample the unknown NP mixing angles 77115 161303 (2015)]

n=20
(similar for n = 1)
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