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Flavor measurements:
New neutrino telescopes = more
events, better flavor measurement

Oscillation physics:
We will know the mixing parameters

better (JUNO, DUNE, Hyper-K,
IceCube Upgrade)

Test of the oscillation framework:
We will be able to do what we want
even if oscillations are non-unitary



Astrophysical sources Earth
| Up to a few Gpc |

| |
E.g,

Oscillations change the number
R e L L T L T T T
of v of each flavor, N., N, N,
Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,5y fE,S) = (N e,Sy N 1,5y N 1,5 ) / N tot

Flavor ratios at Earth (o = ¢, p, 1):
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Astrophysical sources Earth
| Up to a few Gpc |

E.g.,
Oscillations change the number // T

of v of each flavor, N., N, N,

Different production mechanisms yield different flavor ratios:
(fe,s, f 1Sy frs) = (N esy N 1,Sr N r,S)/ Not

: — + pmmmmmeoecccmee- ,
Flavor ratios at Eartm, 1): | Standard osciliations |
fao = Z Pry—va I35 i ot

new physics
B=e,u,T e



From sources to Earth: we learn what to expect when measuring f, g

Sources Earth

Oscillations
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From Earth to sources: we let the data teach us about fa.s



From sources to Earth: we learn what to expect when measuring f, g

( Sources

(fe,s) fu,s) frs)

\_

(

Oscillations

012,023, 013,0cp)

\

J

(fe.or fu@: fro)

>

Earth



Sources

6 -------------------*

(012,023,613, 6cp)

(fe,s> fu,ss frs)

.

-

Oscillations

Earth \

f€,®7fu,®afT@

From Earth to sources: we let the data teach us about fa.s



From sources to Earth: we learn what to expect when measuring f, g

Sources Earth

Oscillations

cecccccc e e

(fe.ss fu,ss frs) (012,023,013, 6cp) (fe,0r fu,o, fro)

.

From Earth to sources: we let the data teach us about fa.s



Quick aside: how to read a ternary plot

Assumes underlying unitarity —

sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (f,, f,, f.)
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One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full m decay chain
(1/3:2/3:0)s

Note: v and v are (so far) indistinguishable

in neutrino telescopes
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One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p
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How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)

v, + N—=> v + X v+ N—=[+X
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How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)
Receives (1-())E,
fr—Receives (y)E, \
ve+ N=>{v, HX ) v+ N~ X ]

Makes shower
(e.m. or hadronic) or track

Makes hadronic shower

At TeV-PeV, the average inelasticity (y) = 0.25-0.30
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New (IC 7.5 yr): First identitied high-energy astrophysical v,
Double bang: B Bt

(”Big Bi.rd") (”Double
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Measuring flavor composition: 2015-2040
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Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian
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Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source, Probability density of mixing
(fess fuss frs) parameters (0,,, 6,3, 013, dcp)
2020: Use y’ profiles from 20— ]
: i i 1.8F -
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or Esteban et al., JHEP 2020 7]
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0.6
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the new ones are Bayesian sin? 63



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations
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How knowing the mixing parameters better helps
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How knowing the mixing parameters better helps
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How knowing the mixing parameters better helps
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Theoretically palatable regions: 2020 vs. 2040
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No unitarity? No problem

Song, Li, MB, Argiielles, Vincent, 2012. XXXXX
The 3 x 3 active mixing matrix is a
non-unitary sub-matrix of a bigger one:
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No unitarity? No problem

Flavor ratios at Earth:
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Same as for standard oscillations...

... but the probability is computed

directly using the values of the |Uy;|”
(instead of the mixing angles)
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Inferring the flavor composition at the sources
(Assuming f,s = 0)
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Inferring the flavor composition at the sources
(Assuming f,s = 0)
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More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?
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Assume real value k, =1 (k, =k, = 0)
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[Adding spectrum information (not shown) will likely help]
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More than one production mechanism?

Can we detect the contribution of 16 2015 (measured): -
) . ) - IC (Ap] 1, 98) ® NuFit 5.0 .
multiple v production mechanisms? 2020 (projected): ]
(proj )
14+ ¥ 1C8 yr @ NuFit 5.0 -
i 2028 (projected): 1
fS — kﬁfg + kufg + k [ 5 }I:rr(%efl\?ulﬂit 5.0+JUNO) ]
— — 12+ 2040 (projected): 1
. . . i (IC 15 yr+IC-Gen2 10 y1) ® i
ndecay: pdamped: 7 dNgy: i -(NuFitYSr.-(;+]Ul\?g+DUyl{TE+HK)
(1/3’ 2/3’ 0) (O’ L, O) (1’ 0’ 10+ 2040 (projected):
" (Combined v telescopes) ®
(NuFit 5.0+JUNO+DUNE+HK)

Propagate to Earth l

fe

Probability density P (k)

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]
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Using high-energy neutrinos as magnetometers

If sources have strong magnetic fields, charged particles cool via synchrotron:

p+(p) = 7" = pt 4y,

L>DM—|—6+—|—V€

MB, Tamborra, PRD 2020
See also: Winter, PRD 2013




Using high-energy neutrinos as magnetometers

If sources have strong magnetic fields, charged particles cool via synchrotron:

Proton cooling

Induce a high-energy cut-off
in the emitted v spectrum:

— 10197 GeV .
e Ay = at st 4,

MB, Tamborra, PRD 2020
See also: Winter, PRD 2013




Using high-energy neutrinos as magnetometers

If sources have strong magnetic fields, charged particles cool via synchrotron:

Proton cooling Muon cooling
Induce a high-energy cut-off Change flavor composition:
in the emitted v spectrum: (f ; ; ) { ( % 7 % | O), if B, < E’iyl?c
/ / max 7S ,S 7S — 3 ’ n
B2 fzg' o 20w BB, e,S1 /1,50 JT (0,1,0), if B, > EYne
G
1( sync I
max . 10 OF GeV ’o-\\\ Ez/ ! 10 FB GeV
1% 4
VB'/G (pF ) =7 —>'u H v,

T—>V —|—e+—|—u6
v’

MB, Tamborra, PRD 2020
See also: Winter, PRD 2013




Using high-energy neutrinos as magnetometers

If sources have strong magnetic fields, charged particles cool via synchrotron:

Proton cooling Muon cooling
Induce a high-energy cut-off Change flavor composition:
in the emitted v spectrum: (f ; ; ) {( % 7 %, O), if B, < Eiyl?c
/ / max ,S ,S ,S — . )
o Zlg’v ~ ELQ—aye—EU/EV &P I KT (0,1,0), if E, > EYNC
v G
10 sync O
max 10*°T" GeV o~ ”-:P /-:P EI/,/J, 10 FB/ GeV
v ~ ] \ / \ / \
VB'/G (2 () =)= {p )+ v,
T—> vV, + et + Ve
Pion coolin
Steepen the v s ectri;m o T it By < BT
\Y : = . )
P F v E\v+2, if B, > B9
,, G
Sync _ 10
MB, Tamborra, PRD 2020 E;x;( ~ 10 FE GeV

See also: Winter, PRD 2013
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Energy dependence of the flavor composition?

Different neutrino production channels accessible at different energies —

0.40

TP13
0.38}

0.36
0.34}
@

& 0.32}

0.30}
0.28}
0.26}

4.0 45 50 55 6.0 6.5 7.0

Logqo(Ev/GeV)

Std. mixing 0 Vary 0j,0cp
Point TP13  °1 Best Fit
NH To

0.8>>>y— /

0.9
W 0'GeV  10°° GeV
1

0 01 02 03 04 05 06 0.7 0.8 09 1

10* GeV

fe ® MB, Beacom, Winter, PRL 2015

» TP13: py model, target photons from e'e” annihilation rimmer+, Astropart. phys. 20101
» Will be difficult to resolve (kashti, waxman, PRI 2005; Lipari, Lusignoli, Meloni, PRD 2007]



Energy dependence of flavor ratios — in IceCube-Gen2

Measured:

v, fraction at source
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Energy dependence of flavor ratios — in IceCube-Gen2

Measured:

v, fraction at source
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Energy dependence of flavor ratios — in IceCube-Gen2

Measured:

v, fraction at source
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Energy dependence of flavor ratios — in IceCube-Gen2

Measured:
(@)
‘©

v, fraction at source
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New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:




Standard expectation: Standard expectation:

Power-law energy spectrum Qeo\(\)“‘ Isotropy (for diffuse flux)
2
Q}@ /
<

A
] /
qé'? /, ;@Qts gl(n')/ﬁg Bropegqtion
g:& ,// > | S

(Acts at br‘oduc’tjl)"n‘ v,
7/ /]

'y
: ! \
.Heavy relics ] /
DM annihilatio ] Long-range interattionse
DM deca ///] %Crewinterae' ns

«/DM-v interaction

DE-v interact
LorentZ+CPT violation

(Acté{at%{etecﬁ\i

‘L ’
More: PoS ICRCZ046 (1907.08690)

~~--élﬁiai£ll£§,M‘K, Kheirandish, Palomares-Ruiz, Salvadé, Vincent
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/
Standapll expectation:
Equa}'ﬁumber of Ve, Vy,, Vz
'd

Standard expectation:

v and y from transients arrive
simultaneously

Note: Not an exhaustive list



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay Mixing + decay 0 No decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; MB, . D - O 50
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] eij,SCP: var. 3¢ 01 . - Y

D =0.10
NH
0% M D=0.01
0.3 (complete)
i
0.7
0.8

Oyﬁec;ubezm
NAVAVAY

0O 01 02 03 04 05 06 0.7 08 09 1

Reviews: f e,® MB, Beacom, Murase, PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:
0.0

» Neutrino decay

[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; MB,
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, 2009.01253]

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017

Unitarity O (2;8)5
bounds ® (1:2:0)s
A (120:0)5

&
&6 ®
0.8
\\\ // \\\ ,
1.0 \ / \ /
/) > 7 . 7 0.0
0.0 0.2 0.4 06 0.8 1.0

Ve fraction (fe,@) Anlers, MB, Mu, PRD 2018



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; MB,
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy
[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, 2009.01253]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015]

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017

0.0,1.0

,\,/I o 4 \’»i{.‘v :& 0.0
04 06 08 1.0

@ Argiielles, Katori, Salvadé, PRL 2015
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New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay Detection effect 0.0 @ NSls in Earth
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; MB, 1.0
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0 1 ‘ Det' NSI
0.9

» Tests of unitarity at high energy

[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, 2009.01253]

» Lorentz- and CPT-invariance violation
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions

[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

0.0
000102030405060.70.8091.0

Reviews: §e+é’® Rasmussen et al., PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay

[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; MB,
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, 2009.01253]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions

[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen ef al., PRD 2017]

» Active-sterile v mixing
[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argiielles et al., [CAP 2020; Ahlers, MB, Nortvig, 2009.01253]

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017

95% cred. int.

0.0,1.0 NH

®(1:2:0:0)
all considered : 113(1]88
exp. included ®(0:0:1:0
®(0:0:0:1

X, 0.4/ = .6 X,

0.0 0.2 0.4 0.6 0.8 1.0

X e Brdar, Kopp, Wang, JCAP 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

. 0.0
» Neutrino decay y _ log(Vey /eV)
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; MB, Std. Mg param.: 01 m_—rq
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] Varying 1¢ (IO) \
0.9 —22-21-20-19-18-17-16

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, 2009.01253]

08 O Standard mixing

0.7

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions

[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen ef al., PRD 2017]

» Active-sterile v mixing
[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argiielles et al., [CAP 2020; Ahlers, MB, Nortvig, 2009.01253]

» Long-range ev interactions
[MB & Agarwalla, PRL 2019]

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



Assorted answerable questions

Measure flavor ratios better in water-based Cherenkov v telescopes?

Neutron and muon echoes separate better showers from v, and v, [Li, MB, Beacom, PRL 2019]

Might also help distinguish e.m. vs. hadronic showers

Flavor ratios from point sources?
Need enough events, probably only doable with IceCube-Gen2 or a global v observatory (PLEvUM)

Trigger with tracks, then look for cascades in the same direction

Flavor ratios of v vs. v?
Hard: cross sections and inelasticity distributions are very similar

Glashow resonance helps — from 1 candidate: v,/v, = 1 [Lu, UHECR 2018], v/v = 0.64 + 0.23 [MB, 2004.06844]

Can we measure the flavor composition of ultra-high-energy neutrinos?

Using in-ice radio (RNO-G, IceCube-Gen2): promising! [Garcia-Fernandez, Nelles, Glaser, PRD 2020]

Other techniques (atmospheric radio, fluorescence, efc.): remains to be seen
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Flavor-transition probability: the quick and dirty of it

* *
. Ve 1 §k2 e3 Y1
» In matrix form: | v, U ||
YT Un " U f—<2 U/ \vs

» Pontecorvo-Maki-Nakagawa-Sakata matrix (c; = cos 0;, s; = sin 0,):
I 0 0 ci3 0 Slge_w c1o s12 0 eza1/2 0 0
U=10 c93 s93 0 1 0 —519 €19 0 0 @m2/2 0
0 —s93 €93 —813615 0 c¢13 0 01 0 0 1
\ v J . ~~ 4 A\ Vv J \ & ~ 7
Atmospheri Cross Solar Majorana CP phases
C mixing
Probability for v, = vy Prasy = dag—4 S Re(UZUsUasU%, ) s  Amd—
» Probability for v, Vg: Tug—rg = 0ag ANYaiVBiYajv g sin” m”zLE

1>

L
+221m(U;iU5i Uﬁj)sm <Am@2]2E>

Mauricio Bustamante (NBI) 1>



Flavor-transition probability: the quick and dirty of it

0, = 48°
0, = 34°
0 = 222°
cos ;, s; = sin 0;):
C12 512 0 ezoq/Q 0 0
U=10 c93 s93 0 1 0 —519 €19 0 0 @m2/2 0
0 —s93 €93 —313615 0 c¢13 0 01 0 0 1
\\ J . 7 A\ J \ 4
Y " Y ~
Atmospheri Cross Solar Majorana CP phases
C mixing

» Probability for v, = vy Pry—vy = 0ap—4 Z Re(Uq;UpiUa;Us;) sin (Am

1>

+221m(U;iU5i Uﬁj)sm <Am

Mauricio Bustamante (NBI) 1>
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. But high-energy neutrinos oscillate fast ~ **]

L
PVQ—>VB — 5045_4 Z Re(U;ZUBZUO‘J UE]> I <Am7’2] 4E>

o

W

S
T

o

[}

a1
T

Probability Pvﬁ,vﬁ

1> 020 |
L .15
2 0
+221m(U;iU5i Uﬁj)sm <AmZ]2E> |
1>] 0.05 I |
il I
Oscillation length for 1-TeV v: 211 x 2E/Am* ~ 0.1 pc " Dsance L wits]

~ 8% of the way to Proxima Centauri
< Distance to Galactic Center (8 kpc)
< Distance to Andromeda (1 Mpc)

< Cosmological distances (few Gpc)

We cannot resolve oscillations, so we use instead the average probability:
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. But high-energy neutrinos oscillate fast ~ **]

0.35

L §Lo.ao H
Pyy—svy = 0ap—4 Y Re(UsUpgiUqiU% ) sin (m@ . E) |
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il LT

Oscillation length for 1-TeV v: 211 x 2E/Am* ~ 0.1 pc Y " Disance L amits] |

~ 8% of the way to Proxima Centafiri
< Distance to Galactic Center (8 kpc)
< Distance to Andromeda (1 Mpc)
< Cosmological distances (few (5pc)

We cannot resolve oscillations, so we use instead the average probability:
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Flavor composition — a few source choices
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Ackermann, MB, et al., Astro2020 Survey (1903.04333)

Based on: MB, Beacom, Winter PRL 2015
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Ackermann, MB, et al., Astro2020 Survey (1903.04333)

Based on: MB, Beacom, Winter PRL 2015
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Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate
showers made by v, and v, -

dL/dlogq,t [arb. units]

pro

shower

—— Hadronic [
mpt LR = 1 e
muon
decay
neutron
capture 4
echo

FOF fe_e = fc,ﬂ) . 0 1
Central value 0.1
M 16, 100 sh.

00 -~ 0.2
0.9 -/ Maximal 01
std. mixing :
L 0
0 01 02 03 04 05 06 0.7 08 09 1
fe, <) Li, MB, Beacom, PRL 2019



Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate

showers made by v, and v, -

T

8
10" A —— Hadronic[]
prompt | --- E.m.
— 10’k shower )
b4
= 6
ok 107 | muon =
= decay
— neutron
2 10°F capture -
1 echo
)
= 4
:3 10
=
103 [/ A
| | | |
167 1g® i’ ie® 10° 10t o7

For fe_e = fc_e .

Central value
M 16, 100 sh.

0.1

~10 x improvement over
current measurement

/
A\ / .
~~/ Maximal
std. mixing

0 01 02 03 04 05 06 0.7 08 09 1

fo,0

Li, MB, Beacom, PRL 2019




Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate

showers made by v, and v, -

T

8
10" A —— Hadronic[]
prompt | --- E.m.
— 10’k shower )
b4
= 6
ok 107 | muon =
= decay
— neutron
2 10°F capture -
1 echo
)
= 4
:3 10
=
103 [/ A
| | | |
167 1g® i’ ie® 10° 10t o7

For fe_e = fc_e .

Central value
M 16, 100 sh.

0.1

~10 x improvement over
current measurement

/
A\ / .
~~/ Maximal
std. mixing

0 01 02 03 04 05 06 0.7 08 09 1

fo,0

Li, MB, Beacom, PRL 2019




Hadronic vs. electromagnetic showers

05 | | | |

A For 100-TeV shower — v, CC
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o |
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O 5
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% o
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o N 0.2
= ©
o £
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10° 0.0
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Shower energy [TeV] Number of muon decays [10° decays]
Li, MB, Beacom, PRL 2019



Are neutrinos forever?

» In the Standard Model (vVSM), neutrinos are essentially stable (t > 10 yr):

» One-photon decay (v, — v, +v): T > 10 (m,/eV)” yr

i Age of Uni
» Two-photon decay (v, » v, + v +v): 1> 10" (m,/eV)” yr 7 (Ngf 4(?5 Gr}};x)ferse

» Three-neutrino decay (v, > v, + v, +v,): 1> 10® (m,/eV)® yr

» BSM decays may have significantly higher rates: v, — v, + ¢

» 0: Nambu-Goldstone boson of a broken symmetry (e.g., Majoron)

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors




Flavor content of neutrino mass eigenstates
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A Ui sV © U

Known to within 8%

Known to within 20%
(or worse)

0 01 02 03 04 05 06 07 08 09 1

2
| U el | MB, Beacom, Winter PRL 2015



Neutrinos propagate as an incoherent mix of v,, v,, v; —

W,

r
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Measuring the neutrino lifetime Earth
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Measuring the neutrino lifetime Earth
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Baerwald, MB, Winter, JCAP 2012

MB, Beacom, Murase, PRD 2017
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2 .
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MB, Beacom, Murase, PRD 2017 at > 2o
Baerwald, MB, Winter, JCAP 2012




E' E > 10 i 5 NQrmaI hierarchy I(alctive c?nly; v stablle)
0 nmo nms ™~ GV 104 —_____I____
1 3 44 777~ Gal. SN
0.1 102 7 sens. /
Y09 101 %
02y a6 S g8 a3 180 / 7
0.7 e 10" . 252 ws\C stenS)-
" 20 ios
0.6 & 107 (flavor rat
/ " GE) 104
" 0.5 U..; = 10
SR 0.4| i g o v, limit (801
AN P © 10
5 / VA.d é O E 7
0.8 V=" AL\, o 10°
- Y T ava W & N 0.2 Z 40
IV ceCube 2U1lo \ , -
Vy}ﬁ@& R W AERa 10710 “
1 Y | / N\, Ny ",4' _ " 10"
0 01 02 03 04 05 06 @Z-n8-0Q__d 10712 o limit (atm.-)
U .|2 Pure v, disfavored {107 R
el 10— 10_

MB, Beacom, Murase, PRD 2017
Baerwald, MB, Winter, JCAP 2012

at > 20

Neutrino mass m,, m, [eV]




Using unitarity to constrain new physics

. 1.0 :1:
H = Hoy + Hyp Unitarity O ((1) , 8)5
bounds @ (1:2:0)s
0.2 ‘ (1:010)5

» New mixing angles unconstrained

» Use unitarity (UNPULP =1) to bound

all possible flavor ratios at Earth 9
& N7 4Cr
» Can be used as prior in A o ©
new-physics searches in IceCube 0.3 SRS\ 0
\\\ lcek;?p?\iu 1o j \ Q / \ /
w/ /NG

Ahlers, MB, Mu, PRD ‘2018 0.0 0.2 04
See also: Xu, He, Rodejohann, JCAP 2014 Ve fractlon (fe,@ )



How to fill out the flavor triangle?
Forn=0 0.0,1.0

Hiot = Hgtg + Hnp (similar for n = 1) & @(1:2:0
1 &
Hgg = 2E PMNS dlag (0 AmZIfAm?al) UpMNs
E\"
Hnp =) (/\_) U} diag (On,1, On2, On3) Un
. n

This can populate all of the triangle —

» Use current atmospheric bounds on O, ;:
0, <102 GeV, O,/A, <10% GeV

» Sample the unknown new mixing angles

See also: Ahlers, MB, Mu, PRD 2018; Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015;
MB, Gago, Pefia-Garay JCAP 2010; Bazo, MB, Gago, Miranda IJMPA 2009; + many others Argiielles, Katori, Salvado, PRL 2015



How to fill out the flavor triangle?
Forn=0

Hiot = Hstq + Hnp (similar for n = 1)
1
Hgg = 2E PMNS dlag (0 AmZIfAm?al) UpMNs
E\"
Hnp =) (/\_) U} diag (On,1, On2, On3) Un
. n

» Use current atmospheric
0,<10%2 GeV, O,/A, <

0.0,1.0

See also: Ahlers, MB, Mu, PRD 2018; Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015;
MB, Gago, Pefia-Garay JCAP 2010; Bazo, MB, Gago, Miranda IJMPA 2009; + many others

Argiielles, Katori, Salvado, PRL 2015



New (IC 7.5 yr): Updated cross section measurement

» Uses 7.5 years of IceCube data

» Uses starting showers + tracks

» Vs. starting showers only in
Bustamante & Connolly 2017
» Vs. throughoing muons in IceCube 2017

» Extends measurement to 10 PeV

» Still compatible with Standard

—-34 |
Model predictions — 10 = Aungiiclies & wl. (@)
= == (Cooper-Sarkar et al.
. . . / <= Bustamante and Connolly
» Higher energies? Work in progress - {  This work
by Valera & Bustamante 108 06 07
E, |GeV]

IceCube, 2011.03560



Astrophysical neutrino sources Earth
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Astrophysical neutrino sources Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance |

Standard case: v free-stream
»@ R
(And oscillate)

Non-standard case: high-energy v scatter of CvB
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Fundamental physics with HE cosmic neutrinos

» Numerous new-physics etfects grow as ~x,, - E" - L

» So we can probe x, ~ 4 - 10% (E/PeV)" (L/Gpc)™* PeV'"

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing
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Fundamental physics with HE cosmic neutrinos

n = -1: neutrino decay

» Numerous new-physics etfects grow as ~x,, - E" - L } B CIReEle) sz el iiion

n = +1: CPT-even Lorentz violation
» So we can probe x, ~ 4 - 10% (E/PeV)" (L/Gpc)™* PeV'"

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing

In spite of
poor energy, angular, flavor reconstruction
& astrophysical unknowns




Using the Glashow resonance to test decay

» At 6.3 PeV, the Glashow resonance 1.4 c ' — T
_ . . v = Complete decay (0.1seV™") I
(v, + e > W) should trigger showers in IceCube 2 ~—- No decay I
+ 1.2~ [ =
s |
» ... unless v;, v, decay to v, en route to Earth ,Lg 1ok 'l' :l |
(the surviving v, have little electron content) ;a Lo @
I |
= 08F A R
» IceCube has seen 1 shower in the 4-8 PeV 3 '.' E E
range, so v;, v, must make it to Earth & 06r g g- 7
i i
|
92} — -
» So we set lower limits on their lifetimes 5 b ," I'|
(in the inverted mass ordering) g H !
g 02 r /II \\ -
= ~—— \
» Translated into upper limits on coupling 2 0.0 ““----—-,’;:., ool
106 107

Deposited energy Egep [GeV]

MB, 2004.06844
See also: MB, Beacom, Murase, PRD 2017
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_ . . v = Complete decay (0.1seV™") I
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Using the Glashow resonance to test decay > 291 10° s oV (90% C.L)
T,/m,>1.26 x10%seV' (90% C.L.)

100 RIS e

» At 6.3 PeV, the Glashow resonance g 11, Np, = 1 (IC today) s, N = 1 (IC today) A2
(v, + e — W) should trigger showers in IceCube R ) g
RN 11, SOIATNNNUDDNUONUNNNY s 1y, solar 4

107 e Z

> ... unless v;, v, decay to v, en route to Earth Nmmmnng- -7 ]
(the surviving v, have little electron content) o2 Al Mascisctioadid /)
N by cosmology 3

» IceCube has seen 1 shower in the 4-8 PeV
range, so v;, v, must make it to Earth

10-3 MasexdtdedN\\X | T el
0 £ by v oscillations E

Neutrino lifetime 17, T [s]

» So we set lower limits on their lifetimes 10-4

(in the inverted mass ordering) :

» Translated into upper limits on coupling 107 &
1072

Neutrino mass mq, my [eV]

MB, 2004.06844
See also: MB, Beacom, Murase, PRD 2017




Using the Glashow resonance to test decay

-3

» At 6.3 PeV, the Glashow resonance LL NN wosolar vy, solar ]
., . . <- \ v1, Nobs = 1 (IC today) 12, Nops = 1 (IC today) ~
(v, + e — W) should trigger showers in IceCube 3 S NN 7,

» ... unless v;, v, decay to v, en route to Earth
(the surviving v, have little electron content)

Mass excluded
by v oscillations

» IceCube has seen 1 shower in the 4-8 PeV
range, so v;, v, must make it to Earth

L. L . N Mass excluded
» So we set lower limits on their lifetimes o by cosmology
(in the inverted mass ordering) /
» Translated into upper limits on coupling 108 | ZZ Y
L = g;jvivi¢ + hiviysvi¢ + hae. 102 1071
MB, 2004.06844 Neutrino mass my, ms [eV]

See also: MB, Beacom, Murase, PRD 2017




Ultra-long-range flavorful interactions

» Simple extension of the SM: Promote the global lepton-number symmetries
L-L, L-L tolocal symmetries

» They introduce new interaction between electrons and v, and v, or v,
mediated by a new neutral vector boson (Z’):

» Affects oscillations
» If the Z’ is very light, many electrons can contribute

X.-G. He, G.C. Joshi, H. Lew, R. R. Volkas, PRD 1991 / R. Foot, X.-G. He, H. Lew, R. R. Volkas, PRD 1994

A. Joshipura, S. Mohanty, PLB 2004 / J. Grifols & E. Mass6, PLB 2004 / A. Bandyopadhyay, A. Dighe, A. Joshipura, PRD 2007
M.C. Gonzélez-Garcia, P..C. de Holanda, E. Massd, R. Zukanovich Funchal, [CAP 2007 / A. Samanta, JCAP 2011

S.-S. Chatterjee, A. Dasgupta, S. Agarwalla, JHEP 2015



The new potential sourced by an electron

Under the L-L, or L-L. symmetry, an electron sources a Yukawa potential —

A neutrino “feels” all the electrons within the interaction range ~(1/m1”)



The new potential sourced by an electron

Under the L-L, or L-L. symmetry, an electron sources a Yukawa potential —

Z’ coupling —a /9 Z’ mass
geﬁ —m/ 31
V ~ —¢
?ak Distance to neutrino

A neutrino “feels” all the electrons within the interaction range ~(1/m1”)



Electron-neutrino interactions can kill oscillations
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Electron-neutrino interactions can kill oscillations

Htot — Hvac
—

Standard oscillations:
Neutrinos change flavor
because this is non-diagonal

l

Pyy—us (035, 0cp)



Electron-neutrino interactions can kill oscillations

— diag(ve;u.a _Vem 0)
Htot — Hvac + veﬁ
-

New neutrino-electron interaction:
This is diagonal



Electron-neutrino interactions can kill oscillations

— diag(ve;u.a —Veu, 0)
Htot — HV&C + Veﬁ
-

New neutrino-electron interaction:
This is diagonal

Z’ parameters
AL
'd N\

2 / /
PV{];_>'L""5 (Q‘ijn 6(3133 Amijn Vs geﬁ.:‘ me,u)




Electron-neutrino interactions can kill oscillations

— diag(ve;u.a _Vem 0)
Htot — Hvac + veﬁ
-

New neutrino-electron interaction:
This is diagonal

Z’ parameters
AL
'd N\

\ 2 / /
Pp@-—ﬂfﬁ (9?,]~ OCP; Amw, Ey, Gepu me,u)




Electron-neutrino interactions can kill oscillations

Hiot = Hvac + veﬁ
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The total potential
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The total potential
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The total potential
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The total potential
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The total potential
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The total potential
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe

Interaction range 1/ m; 8 [kpc]
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe

Interaction range 1/m, g [kpc]
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe
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