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JERE 1962: First cosmic rays with >10% eV
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Using UHECRs to find their sources is tough
» The Universe is opaque to UHECRs

» CRs lose energy by scattering on the cosmic microwave background (CMB):
P+'YCMB—>]?+€++€'

» Protons above 4 - 10° GeV do not survive more than ~100 Mpc

» Cosmic rays do not point back at their sources

» Magnetic fields: pG (Milky Way) — nG (extragalactic)

» Deflections of up to tens of degrees

» Uncertainties about how high-energy particle showers work
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Luckily, UHECR sources should be wasteful...

Man-made accelerators Astrophysical accelerators
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P downstream — upstream downstream « upstream
Acceleration In vacuum In a medium
E.m. fields Ordered Messy
Beam dumps Precisely regulated Fully unregulated

Astrophysical accelerators inevitably make high-energy secondaries
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Why study high-energy astrophysical neutrinos?

Flux of cosmic rays at Earth

They are key to answering
two major questions — s

| Ultra-high energies

What makes the most energetic
particles we detect?
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What makes high-energy astrophysical neutrinos unique?

c They have the highest energies (~PeV)

— Probe energetic non-thermal sources & physics at new energy scales

e They have the longest baselines (~Gpc)

— Tiny effects may accumulate en route to Earth and become observable
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What makes high-energy astrophysical neutrinos unique?

e Neutrinos are weakly interacting
— They bring untainted information across cosmological scales
— But they are also difficult to detect

e Neutrinos have a unique quantum number: flavor
— Powerful probe of astrophysics and neutrino physics
— But flavor is hard to reconstruct




Prediction and discovery




The multi-messenger connection: a simple picture




The multi-messenger connection: a simple picture

—~A

Proton density

Energy




The multi-messenger connection: a simple picture

> >
= =
n ) 1)
5 g
io] o]
c (o
o) @)
- e
S 2
~ ol

Energy Energy




The multi-messenger connection: a simple picture

> >
= =
n ) 1)
5 g
io] o]
c (o
o) @)
- e
S 2
~ ol

Energy Energy




The multi-messenger connection: a simple picture

+ 7 Br=2/3
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n (escapes) - p +e + v,

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 10
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The multi-messenger connection: a simple picture
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Energy at production
1+z

Energy at Earth =




Energy at production

Energy at Earth =




> Deflected by magnetic fields
» Lose energy via
“ P+, Pte +e

]
\\~-’/ Tto -y 4y
P+ Yows = TV, + U, + U,




PeV gamma-rays become GeV-TeV via >
Y+ Vs~ € T€
et 4y e+

CMB

> Deflected by magnetic fields
» Lose energy via
P+, Pte +e

T - v + 7y
PHYam 74wt 5 v, + 1, + 7,




PeV gamma-rays become GeV-TeV via
Y+ Vs~ € T€
et +y. —et+y

CMB

o oscillations: 1:1:1
for new physics

P e® . > At Earth, d
e A0 o2l » Opportung

> Deflected by magnetic fields
» Lose energy via
P+, Pte +e

T - v + 7y
P+ Yows = TV, + U, + U,




How many neutrinos? The Waxman-Bahcall bound

» Energy production rate of extragalactic cosmic-ray protons in the energy range 10°-10* eV:

1017.10% 44 -3 .1
[CR | ~ 5107 erg Mpc * yr
> So, the energy-dependent generation rate of cosmic rays is E¢y 775 = - (hramy A 10" erg Mpe™ yr™!

» Protons lose a fraction € < 1 in photohadronic production of pions in the sources

» Present-day energy density of v, +v,: Egig ie ty B2 fzg CR
C S R

Br(p+vy — m*) =0.5 x Fraction of 7t energy going to v,+v, Hubble time: t,; ~ 102 yr

» Maximum neutrino intensity is for € = 1: I, ~ 1 & ti ﬁE(QJR%SE ~ 1.5-1078%¢. GeVem 25 tsr!

> So the expected neutrino flux is 29, = £E2%w = Lef,
14

Waxman & Bahcall, PRD 1999




The need for km-scale detectors oo

» Neutrino flux at TeV-PeV: E?.® ~ 108 GeV cm? st srt

'At center—of-mass
: energy of 1 GeV: |

» Neutrino-nucleon cross section: ¢, ~10% cm? (E/GeV )" 4— 0 2107 cm?

» Number of detected neutrinos from half the sky in 1 yr:

N = (g Vae) - (270) - (Lyr) -} ©(E) - 0,,(E) dE

100 TeV

» To detect N > 10 neutrino, we needed

Vi > 1 km?
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» Neutrino flux at TeV-PeV: E?.® ~ 108 GeV cm? st srt

'At center-of-masss

, : ! energy of 1 GeV: !
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» Number of detected neutrinos from half the sky in 1 yr:

N = (1, M{Vaa} - (270) - (Lyr) -| O(E) - 0, (E) dE
. -~ / s &
Numberdensityof___ 5 om0

» To detect N > 10 neutrino, we needed

Vi > 1 km?®




IceCube — What is it?

» Km?® in-ice Cherenkov detector in Antarctica

» >5000 PMTs at 1.5-2.5 km of depth

» Sensitive to neutrino energies > 10 GeV
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103 contained events, 15 TeV-2 PeV

sin(Declination)

Astrophysical v flux detected at > 70

E2-®,,; [GeVcm™2s~1sr1]

1

0.5

1077

IceCube (8 years)

" Showers —e—
Tracks —>x—

3

N Bﬂx IceCube Preliminary

km3 in-ice
Cherenkov detector

(’ I j
‘— New events
i e
10 10°

Deposited EM-Equivalent Energy in Detector (TeV)

. Astrophysical Flux
work in progress

e Differential

mm Best-fit (E~2:87%03)

(on top of atmospheric)

B v, Best Fit (E~219%01)

Showers
(mostly from v, v,)

106
Neutrino Energy [GeV]

10°

H
il

00—

o0 Q@O e

——eo -

—o @ .... @0




103 contained events, 15 TeV-2 PeV

1

'Shc;v'vé}s r—o—i
Tracks —>x—

IceCube Preliminary
0.5 T B

sin(Declination)
o

New events
10°
Deposited EM-Equivalent Energy in Detector (TeV)

Astrophysical v flux detected at > 70

A i Astrophysical Flux
i work in progress {on'topiof atmospheric). |
m . e Differential
T el s Best-fit (E~287+03)
A BN v, Best Fit (E~219%0.1)
|
=
(9]
>
()
2
[N
i
>
1S
N-;
Wy

10°

106
Neutrino Energy [GeV]

IceCube (8 years)

km3 in-ice
Cherenkov detector

Tasg,,

Showers
(mostly from v, v,)

e ...‘040 oo
.o .’..‘ .

Arrival directions compatible with isotropy

Coincident events: 32, 55

Dropped events: 5, 6, 42, 53, 61, 63, 69, 73 Equatorial
0.0 65 130
TS = —24In(£)
E < 300TeV 300 TeV < E < 1PeV 1PeV < E




103 contained events, 15 TeV-2 PeV

1

sin(Declination)
o
o ()]

o
o

Astrophysical v flux detected at > 70

= =
o o
L |

=
o
©

EZ2.-®,,; [GeVem~2s71sr1]

R ot Showas e
"; Tracks +—X—
+ %‘ IceCube Preliminary
@

%

L

i , »&:& (’ i
P New events |_§.|
IL-v.l TAVE] T .;:)g-l 1

Deposited EM-Equivalent Energy in Detector (TeV)

work in progress

Astrophysical Flux
(on top of atmospheric)

e Differential

mm Best-fit (E~2:87%03)
B v, Best Fit (E~219%01)

10°

106

Neutrino Energy [GeV]

IceCube (8 years)

km3 in-ice
Cherenkov detector

Showers
(mostly from v, v,)

i
|

00—

Peee

. eeo @
e 00 @0 @O0 00—

e 00O

A—-owa...garu :
-0.@@...‘ S0

Arrival directions compatible with isotropy

+75°

15
it =

Work in progress * .+

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

Equatorial

00 65 130
TS = —241n(£)
E < 300 TeV 300 TeV < E < 1PeV 1PeV < E

Flavor composition

Fraction of v,



Status quo of high-energy cosmic neutrinos

What we don't know

» Isotropic distribution of sources

» Spectrum is a power law o E7

» At least some sources are gamma-
ray transients

» No correlation between directions
of cosmic rays and neutrinos

» Flavor composition: compatible
with equal number of v,, v, v,

» No evident new physics

» The sources of the diffuse v flux

» The v production mechanism

» The spectral index of the spectrum
» A spectral cut-off at a few PeV?

» Are there Galactic v sources?

» The precise flavor composition

» Is there new physics?



But we have solid theory expectations

Status quo of high-energy cosmic neutrinos .. S el srorer
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» Isotropic distribution of sources
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» The v production mechanism
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» The precise flavor composition

» Is there new physics?



Neutrino production



The Hillas criterion

» Necessary condition for a source

to accelerate cosmic rays

» Particles must stay confined:

Larmor radius < Size of acceleration region

R,=E/(ZeB) < (RT)

» Maximum energy:

B & (3 102 e\/) N 1847 <

Hillas, Ann. Rev. Astron. Astrophys. 1984

1016 e¢m

1 au 1pc 1kpc 1 Mpc
~p -
e i Outflow speed: e
\ Neutron stars/  °  -==-- £ =0.01
1011
) S Above lines:
s can accelerate to 10% eV
o
o
= 0
N
= LL GRBs/TDEs
Q1021 EEm
L Wolf-Rayet stars
.9
o=
&0
=
10744
—F |
10 Galaxy clusters
TigeLY ; - - ' ' ' '
(0720 N R e ST B S e o B
Comoving size - ' [em]
100 G)

Alves Batista, MB et al., Frontiers 2019
See also: Winter, PRD 2011




The Hillas criterion
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The Hillas criterion
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Kinematics of high-energy neutrino production (1/2)
» What are rthggroton and photon energies needed for p + v — A?
2
Four-vectors (pp —+ p,y) — pQA — p]% —+ p’27 -+ Qpp . p,y = pQA

But p* = m* for massive particles, so m]% + 2pp - Py = mQA .

Now, pp - py = EpEy — pp - Dy = EpEy — |pp| - [Py| cos Oy .

For the photon, |p,| = I . For the high-energy proton, |p,| = \/ E: —mi = E).

2 2
MA — My

2 (1 — COS Qm) '

So, pp - Py = EpEy (1 — cos By, ). Plugging this back yields E,E- =

» For a head-on collision (cos 6,, = -1):




Kinematics of high-energy neutrino production (2/2)

» What are the energies of the neutrinos produced?
» Inap + <y — 1" interaction, the average pion energy is E, = E,/5
» In each decay ¥ - v, + v, + v, + €7, the average v, + v, energy is E, = E, /4

» Therefore, each neutrino takes an average fraction of proton energy

» So: If we see v with energy... ... they were made by p with energy
PeV (= 10" eV) 20 PeV (these reach Earth)
10 EeV (= 10Y eV) 200 EeV (these do not!)




Beyond the A resonance (1/2)
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Beyond the A resonance (1/2)
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. Caldwell, et al. Phys. Rev. Lett. 40, 1978 |

o o |
I~
' ]
H resonances
| direct
l . .
l — -
I multipion
: —— total
|
05 1 | 5 10 50 100
€, (GeV) Photon energy in proton rest frame



Beyond the A resonance (1/2)

I | ' ' 2
. Bloom, et al. 4th Int. Symposium ..

i ¢ E.D
500 © D.O. Caldwell, et al. Phys. Rev. Lett. 25, 1970 -
Delta resonance: : L D. O. Caldwell, et al. Phys. Rev. Lett. 40, 1978 |
p+y—->A->Tt -3+ .. |
=) gt
X 100 i
2 I
B r """-
" S0 I .
Resonance condition: . I 1 resonances
E,x E, ~0.2 GeV2 ,' .
I direct
I ¥
| ———
| multipion
| —— total
. I = | M | N | P
191 05 1 5 10 50 100
e, (GeV) Photon energy in proton rest frame
T EN
23

Morejon et al., 1904.07999



Beyond the A resonance (2/2)

(1) A-resonance region

A(1232)
p+y——=p +7

(2) Higher resonances

AN
p+y—— AN+, AN—p+n

(3) Direct production (¢ channel)
Same as (1) and (2), but in the

v s
t channel, i.e., W

with a virtual pion -

(4) Multi-pion production

Statistical production of two or more pions

/(GeV st™! 57 em™)

Y

E2'¢v'u+

107’

10—8 L

10_9 L

10—10

E.g., neutrinos from a gamma-ray burst:

NeuCosmaA 2010

Total flux

t—channel Multi 7

WB A*—approx.

10° 10* 10° 10° 107
E/GeV

Miicke et al., Comput. Phys. Comm. 2000
Himmer et al., Ap] 2010; Baerwald, Hiimmer, Winter, PRD 2011

10%
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General anatomy of particle emission from a relativistic jet

Fireball model, internal collisions:

Lorentz 0 Propagation e Collision e Radiation
factor fast shell slow shell  reverse shock forward shock merged shell v
o — = = [ ~ 100
central = b
emitter mx ms My, = M+ Ms
0 plasma shells propagate at different speeds G Is = It I
il ;
k /75\7 <kl [] n
» . e | | '
Part of the initial kinetic energy is radiated as
@) tvo shels colide v, v, and cosmic rays:
- f. : Fraction of energy in photons Uncertainl
" o a . f, : Fraction of energy in protons KNown Y
M f3: Fraction of energy in magnetic field
y ’V\/\M

e the shells merge and particles are emitted

Kobayashi & Piran, Ap] 1997; Murase & Nagataki, PRD 2006; Guetta ef al., Ap] 2011
Baerwald, Hiimmer, Winter, PRD 2011; MB et al., Nature Commun. 2015 26



Gamma rays — spectrum basics

» Gamma-ray spectrum peaks at ~MeV Slymierd, MNRASZOS
. . _ [GRBI10721A 4 e
» Typically fitted by the Band function, oz.s Sh NAL 6 O
~ 1000 | NAI 70 4
Nv) NAI 9 & A
IR o 'E NAITT A
(100 1éev> exp(—Ey/Ey) , Ey <(a—=fB)Ey 9 gl d
VFV(E’)’) X JoN B8 %
(100 léev> By 2 (e = B)Ey = 4
LTS 100 70
» The spectrum evolves in time
4
. o 2r
» Some bursts are better fitted by -2f
a broken power law 5 L oy i I

Energy [keV]

» There might be multiple components

D. Band et al., ApJL 1993




Gamma rays — spectrum basics

» Gamma-ray spectrum peaks at ~MeV S.Iyyani o al, MNRAS 2013 e ey
. . _ | GRB110721A  —4-  — [ .. |
» Typically fitted by the Band function, iz SRl NAL 6 O
() = -1 Pl N
) 7 NAITT A
B, £ i
(o0 tew OB~ B [ Eg) - By < (a—B)Ey 3 LE  x
VFV(E’)’) X JON %
(s pr=-2 - EByzl=-HE = :
LTS 100 aw 22
» The spectrum evolves in time
4
. o 2r
» Some bursts are better fitted by -2f
a broken power law ol L 1oy = 1%

Energy [keV]

» There might be multiple components

D. Band et al., ApJL 1993




Cooking up neutrinos from a flaring gamma-ray source

Energy in neutrinos o« energy in gamma rays

& All the details are in the proportionality constant

Ingredients:

» Gamma-ray luminosity (ergs-1)
» Variability time scale (s)

» Shape of photon spectrum

» Redshift

» Bulk Lorentz factor of jet

» Energy partition into e, p, magnetic field

Measured

Measured

Measured

Measured (sometimes)
Estimated

Estimated (if not guessed)




The fine print

Energy in neutrinos o« energy in gamma rays

00 S 10 MeV
/ dEyEvFy(Ey) = 3 [1 - (1 - @p%ﬂ) p;] 7/ dEy By Fy(Ey)
0 e J1 keV

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




The fine print

Energy in neutrinos o« energy in gamma rays

s

—

4 I

00 S 10 MeV
/ dEyEvFy(Ey) = 3 [1 - (1 - @p%ﬂ) p;] 7/ dEy By Fy(Ey)
0 e J1 keV

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




The fine print

Energy in neutrinos o« energy in gamma rays
— I—

4 I - I

00 - . 10 MeV
/ dEyEvFy(Ey) = 3 [1 - (1 - @p%ﬂ) m] _/ dEy By Fy(Ey)
0 fe J1 kev

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




The fine print

Energy in neutrinos o« energy in gamma rays

B ~—
4 /C/ N e j\ I
00 1 S 10 MeV
dEy, B Fy(Ey) == 11— (1— ) U = dEL By Fry(E
/ e O b N

e
Fraction of total p energy
given to pions

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




The fine print

Energy in neutrinos o« energy in gamma rays

B ~—
4 /C/ N e j\ I
00 1 S 10 MeV
dEy, B Fy(Ey) == 11— (1— ) T = dEL By Fry(E
/ (B =50 = 0 =por) ™I E [ 4B ()

e
Fraction of total p energy
given to pions

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




The fine print

Energy in neutrinos o« energy in gamma rays

/ K
e /C/ N -~ \3\ N
00 1 . 10 MeV
/ dEyEyFy(Ey) = ] [1 - (1 - @p%ﬂ) p;] | dEy By Fy(Ey)
0 N y /1 keV

hd
Fraction of total p energy

given to pions Baryonic loading

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




The fine print

Energy in neutrinos o« energy in gamma rays

/ K
yal N
a I 'z I
00 1 - 10 MeV
0 /1 keV

- J

e
Fraction of total p energy
given to pions

150 A ;
Optical depth to py: . — - QL'Y : (0-01) (@) MeV
10°%ergs™ by I €+, break

E. Waxman & J. Bahcall, PRL 1997

D. Guetta et al., Astropart. Phys. 2004

Baryonic loading




The prompt neutrino fluence from one GRB

Protons
B
z ~E?
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Energy
Photons
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Energy
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The prompt neutrino fluence from one GRB

Protons Neutrinos
102 p—————
r NeuCosmA 2011
2
2 ~E?
[«D}
s
=
£ &
é 'g
o
Q
Energy %
5]
Photons =
2
k%
c
Q
S
-
@)
-.5 n
= 10°
E, [GeV]

Energy




The prompt neutrino fluence from one GRB

Protons ) Neutrinos
LLE R sang SRR
Break from photon spectrum __g,,
> I
R ) I
= ~E . IC-FC
o
&
= o =31
é |g 10 :
>
S
Energy =
g
Photons &
NS 10—4
2
&
(o
oD}
o
(e
@)
-.5 10_5 s
m 10* 10° 10° 107 10 10°
E, [GeV]

Energy




The prompt neutrino fluence from one GRB

Protons 2 Neutrinos
10 FeaCoemazorr " Break from muon
. Break from photon spectrum __p,, «@— synchrotron copling
= o | '
= ~E . IC-FC
o
&
g 5 i |
E ; 107
>
Q
Energy %
S
Photons <
NS 10—4
B
7
(o
oD}
o
(e
@)
2 1073 '
> 10* 10° 10° 107 108 10°
E, [GeV]

Energy




Neutrino propagation



The Universe is opaque to UHECRS

Photohadronic processes:
Py +y
p+ 1

n+ Tt B
bV, +V, +V.+e

Pair production:

p+y—-op+e+e

Greisen-Zatsepin-Kuzmin (GZK) cut-oft:

N 0.16 GeV
P™0.66 meV

(Assuming only photohadronic interaction)

~ 2101 Gev

Accounting also for pair production and CMB width:

Ep~5-101 Gev

Greisen PRL 1966; Zatsepin & Kuzmin, [ETP 1966

Target photon spectra (at z = 0):
CMB: Microwave (black body, <e> ~ 0.66 meV)\

10—+

10’ — CMB

t ---- CIBI
(Franceschiniet al.)

el CIB2
(Stecker et al.)

—
<

O

eny (e, 0) [cm™]

p— [E— [ [a—y
[an] (] = L) =y
| | I iS=

G ) —_ =

1073}
1076

CIB: optical (stars) + infrared (dust remission)

n.(z) = (14z)° n (z=0) (exact only for CMB)



The Universe is opaque to UHECRS

Photohadronic processes:
Py +y
p+ 1

n+ Tt B
bV, +V, +V.+e

Pair production:

p+y—-op+e+e

Greisen-Zatsepin-Kuzmin (GZK) cut-oft:

N 0.16 GeV
P™0.66 meV

(Assuming only photohadronic interaction)

~ 2101 Gev

Accounting also for pair production and CMB width:

Ep~5-101 Gev

Greisen PRL 1966; Zatsepin & Kuzmin, [ETP 1966

Mean free path:

n, (o), )t = (413 cm? x 200 ubarn)!
v Py M

~ 10® cm

~ 4 Mpc

Energy-loss scale:

L = (E/AE)(n,(0),,)"
~ (1/0.2) x 4 Mpc
~ 20 Mpc

A more detailed calculation yields

Lezx = 50 Mpc




The Universe is opaque to UHECR

: 107 . .
Photohadronic processes: s
Y+ 10°} i
r—— O
LT :
+ - - 10°¢ :
p T s
X +
bv,+v,+v.+e 1041
Pair production: 2.
N 2 i
p+y—-p+e+e 9. [— sy
" 102 \
. . . I e
Greisen-Zatsepin-Kuzmin (GZK) cut-off: ~ 1Y -
10 | \\\ % ”—,— """
~~~~~ L e i
p% 016 Geva-lOH Ge\/ _______ "‘i"" """""""
0.66 meV 10°} \ pyCMB
—_— =0 e
(Assuming only photohadronic interaction) 1 . ) e
I0EME e 2S00 b
Accounting also for pair production and CMB width: | 7 pidecays i8S R
10—2....lo‘f..............
Ey~5- 1019 Gev 8 9 10 11 12 13

E
Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966 log (G_V)




The Universe is also opaque to PeV gamma rays

Pair production: i 1 TeV 1 PeV 1 EeV
) N 10 Ellllllﬂ]\i‘.‘lilllllﬂ'l ||||||I1] T 111 |||||I'? |||||nT| |||||nT| |||||nT| ||||||IT| ||||||Eﬂ
VYastro + Yeosmo > € Te - \-\. Y : ]
: 103 R\ ] E
Inverse Compton scattering: : : 2
+ + - S I -
e” + Ycosmo > €7 + Y 20 B ! h
10 - X i This is why =
= 3 (] =
\ may detect
PeV gamma rays cascade down to MeV-GeV: |t Y : VGvglacti}é CIes
Q = % =
e o = T 2. 10 g “\3. i PeVatrons e
LSIE Total EGB = [ e :
Nw E E = H | —
= B s < 10 E ! [ =
o - 5 E | ] s
> - - - 0 ] &
% 41 = -1 i : " ]
g 10 = g 10 3 : ! E
Sl 5 - Distance to .
= B : = ]
S ——e—— Fermi LAT, 50 months, (FG model A) i B . " 4
T i ——&—— Fermi LAT, 50 months, (FG model B) 10'2 EE}EILELCEIS _C_ePEe_r ___________________ =
10° = —a— Fermi LAT, 50 months, (FG model C) = E : §
- | | Galactic foreground modeling uncertainty ; B : ]
: Fermi LAT, resolved sources, |b|>203 (FG model A) | 10_3 ll()l ||I||,|,| 11 |l|l|,|,| 1|2| |||l|_|] 11 |I||_|_|,| 1l4|. | IIL'I 11 ||||_|_|J ll6ll|||_|_|J 11 IIII_I_IJ 1|81 IIlII,IJ L 20
oo+l ] Do s ilon =10 10
Energy [MeV] Energy [eV]  venters, Ap] 2010

Fermi-LAT, Ap] 2015



Neutrinos — The ultimate smoking gun
Gamma rays Neutrinos UHE Cosmic rays

Point back at
sources

Size of horizon

Energy degradation

Relative ease to
detect

Note: This is a simplified view



Neutrinos — The ultimate smoking gun

Gamma rays Neutrinos UHE Cosmic rays

Point back at
sources

Size of horizon

No

Energy degradation

Relative ease to
detect

Note: This is a simplified view



Neutrinos — The ultimate smoking gun
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Point back at
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Neutrinos — The ultimate smoking gun

Gamma rays Neutrinos UHE Cosmic rays

Point back at
sources
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No
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Energy degradation Severe Severe
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Neutrinos — The ultimate smoking gun

Gamma rays Neutrinos UHE Cosmic rays

Point back at
sources

Size of horizon 10 Mpc (at EeV)

No

100 Mpc (> 40 EeV)

Severe

Energy degradation Severe _
Relative ease to Hard
detect

Note: This is a simplified view



Neutrinos — The ultimate smoking gun

Gamma rays Neutrinos UHE Cosmic rays
Point back at
sources

Size of horizon 10 Mpc (at EeV) _ 100 Mpc (> 40 EeV)

Energy degradation Severe _ Severe
Relative ease to
detect

Note: This is a simplified view

No




Neutrinos: Quintessential quantum particles

Neutrinos are created and detected as weak interaction states —

Coefficients of a mixing matrix (fixed by Nature)
—
o 35—
__ * . __
- Vo = g Univi for ao=e, p, 7
_ i
Uy V.

V,, V,, V5 have different masses, so they travel at different speeds

Vi

V,

Vo
Vv

e

Their superposition changes with time —

3
vo(L) =Y Uke "™ HEy,
=




Travel time: 1, Travel fime: L

Source of v, Neuftrino detector
(counts v, and v,)
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“neutrino oscillations”

1.



Flavor-transition probability: the quick and dirty of it

S x £

- A

» In matrix form: | v, | = (U, Up Ujs | |
* bS *

i UTl UT2 U7'3 V3

» Pontecorvo-Maki-Nakagawa-Sakata matrix (c; = cos 8, s; = sin 0;):
1 0 0 cla 0 8136_i5 c1o s12 0 ezal/Q 0. 0
U=\|0 co3 893 0 l 0 —519 €19 0 0 eto2/2
0 —s93 c23/ \ —s13€ 0 c13 0 01 0 0 1
\ y, g J J - J
Y " Y ~
Atmospheric Cross mixing Solar Majorana CP phases

L
> Probability for v, — vg: Py,—spy = 654 ) Re(Uq;UpiUa;Us;) sin (Am%g 4E>
i>j

L
+221m(U;iU5i Uﬁj)sm <Am@2]2E>

P>



Flavor-transition probability: the quick and dirty of it

0, ~ 48°
013 =~ 9°

0, ~ 34°
0 ~ 222°

» In matrix form: (

» Pontecorvo-M atrix (cy/= cos 0;, s; = sin 0,):
1 0 0 cla 0 813€_i5 c1o s12 0 62&1/2 0. 0
U=\|0 co3 893 0 l 0 —519 €19 0 0 eto2/2
0 —s93 ca3/ \ —s13¢ 0 ¢g3 0 01 0 0 1
\ J N O\ J J
Y ~" Y g
Atmospheric Cross mixing Solar Majorana CP phases

L
> Probability for v, — vg: Py,—spy = 654 ) Re(Uq;UpiUa;Us;) sin <Am22] 4E)
i>j

L
+221m(U;iU5i Uﬁj)sm <Am@2]2E>

P>



.. But high-energy neutrinos oscillate fast ~ *

L
2
PVQ—>V6 5 4% Re( @ZUﬁzUajUﬁj)sm (Ang4E>

o

W

©
I

o

[}

a1
T

Probability Pvﬁ,vﬁ

Z>] 0.20 H
L 15
2 0
+221m(U;iUﬂi Uﬁj)sm (Am132E> |
1>] 0.05 | ]
= i
Oscillation length for 1-TeV v: 27t x 2E/Am’ ~ 0.1 pc i e

~ 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:

< Va%l/ﬁ Z|Uaz| |Uﬂz|2



.. But high-energy neutrinos oscillate fast ~ *

0.35

L §Lo.ao -
PVoz_>Vﬁ 5 4ZR6 &ZUBZUOKJU5J>SID <Am§]4E> h;%0.25- I
P> ;E 0.20 fHHHH1HHATEHATEHAT AT FHA T W
L Jé 15 il

2 & 0
+221m(U;iU5i Uﬁj)sm (Am132E> ol f
1>] 0.05 | ]
= T

Oscillation length for 1-TeV v: 27t x 2E/Am’ ~ 0.1 pc i

~ 8% of the way to Proxima Centafiri
« Distance to Galactic Center (8 kpc)
« Distance to Andromeda (1 Mgc)
« Cosmological distances (few {Gpc)

We cannot resolve oscillations, so we use instead the average probability:

(P Va%%’ Z|Uaz| |Uﬂz|2



Flavor composition

Astrophysical neutrino sources Earth

‘ Up to a few Gpc

Ve Ve

Flavor mixing changes the number

of v of each flavor, N,, N, N,
V; V;

» Different processes yield different ratios of neutrinos of each flavor:
( fe,S/ f WSy f T,S) = (N esy N 1Sy JAVp ) / Niot

» Flavor ratios at Earth («x =¢, p, T):

foz,EB: Z PVB%I/O[ fB,S

B=e,u,T



Flavor composition

Astrophysical neutrino sources Earth

‘ Up to a few Gpc

Ve Ve

Flavor mixing changes the number

of v of each flavor, N,, N, N,
Ve Ve

» Different processes yield different ratios of neutrinos of each flavor:
( fe,S/ f WSy f T,S) = (N esy N 1Sy JAVp ) / Niot

» Flavor ratios at Earth (x = e, y, T): ’/ oo e ,

1 Standard oscillations !

— E ' or !
fao = Pyﬁﬁl/“ fﬁ,S | new physics !
B=e,u,T e l




Why are flavor ratios useful?
» The normalization of the flux is uncertain — but it cancels out in flavor ratios:

Flux at Earthof v, (x = ¢, u, T
n-flavor ratio at Earth (f, ,) = o ( W, T)

Sum of fluxes of all flavors

» Ratios remove systematic uncertainties common to all flavors

» Flavor ratios are useful in astrophysics and particle physics

Note: Ratios are for v + v, since neutrino telescopes cannot tell them apart



Reading 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, e.g.,

(e:p:T) = (0.30:0.45:0.25)

electron flavor




One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+7v,

Full 7t decay chain
(1/3:2/3:0)s

Note: v and v are (so far) indistinguishable

in neutrino telescopes
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Full 7t decay chain
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00 01 02 03 04 05 06 Note: v and v are (so far) indistinguishable

Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+7v,

Full 7t decay chain

(1/3:2/3:0)s
/ / / _
03 04 05 06 O _ ] : Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+7v,

Full 7t decay chain

(1/3:2/3:0)s
Muon damped
(0:1:0)s
/ / _
03 04 05 06 O : : : Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+7v,

S @

T decay Full 7t decay chain
u-damped
' A A ndecay (1/32/30)5

Muon damped
(0:1:0)s

Neutron decay

(1:0:0)s
00 01 02 03 04 05 06 07 08 09 10 Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+7v,

0.0 g =
Oscillation X 1.0 7 decay

parameters
varied
within 30

0.9 p-damped

A A ndecay
0.8

7 7 7
060 01 02 03 04 05 06

Fraction of v,

Full 7t decay chain
(1/3:2/3:0)s

Muon damped
(0:1:0)s

Neutron decay
(1:0:0)s

Note: v and v are (so far) indistinguishable

in neutrino telescopes



0.0
B Standard Model (VSM)

7 decay: (1:2:0)g
p-damped: (0:1:0)g
A ndecay: (1:0:0)g

0.1

All possible flavor
ratios at the sources

4_

Vary oscillation
parameters within 3¢

o0 01 02 03 04 05 06 07 08 09 10

Fraction of v, Note: v and v are (so far) indistinguishable

in neutrino telescopes



B Standard Model (vVSM)

New physics:

v decay-like

New physics:
Lorentz violation 03

0.1

\ /

0.0 0.1 0.2 03 04 05 0.6 0.7 08 09 1.0

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




B Standard Model (vVSM)

New physics: 0.1

v decay-like Standard oscillations:

10% of parameter space

New physics:

Lorentz violation 03

« 04

A
S
S
&
o

$
L o7

e o e,

3 0.0

0.0 0.1 02 03 04 05 06 07 08 09 1.0

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



B Standard Model (vVSM)

Neutrino decay

New physics:
30% of parameter space '

Standard oscillations:

cay-like
10% of parameter space

S, N,

o ——

00 01 02 03 04 05 06 07 08 09 10

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



B Standard Model (vVSM)

Neutrino decay
30% of parameter space

New physics:

V2, V3 = Vg or Vi, V2 = V3

Flavor ratios determined by
how many v, v,, V3 survive:

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

Standard oscillations:

10% of parameter space

3 0.0

00 01 02 03 04

0.5
Fraction of v,

0.6

1.0

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




B Standard Model (vVSM)

Neutrino decay
30% of parameter space

New physics:

V2, V3 = Vg or Vi, V2 = V3

Flavor ratios determined by
how many v, v,, V3 survive:

e ) Tt 070102 05 04 o5 06 67 65 68
2
1Ua? 1Ue

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

Standard oscillations:

10% of parameter space

Lorentz, CPT
violation, etc:

. Full parameter space

3 0.0

00 01 02 03 04

0.5
Fraction of v,

1.0

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



B Standard Model (vVSM)

Neutrino decay New physics: 0.1
30% of parameter space Pegcay-like

New physics:

0.9 Standard oscillations:
10% of parameter space

0.2

Ls tAviolati
Uy Vs — Vi OF Vi, Vy — Vs orentAviolation ( 5

Flavor ratios determined by

how many v, v,, V3 survive: N
%
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
MB, Beacom, Murase PRD 2017

Baerwald, MB, Winter JCAP 2012 Fraction of v,  Ackermann, MB et al., Astr02020 Survey (1903.04333)
Based on: MB, Beacom, Winter PRL 2015



Neutrino detection




Neutrino-nucleon deep inelastic scattering

What you see Beneath the hood
ve(py) 0= (pe) ve(py) £~ (pe)
W*(q)
W*(q) u(pr)
d(p;)
X(px)
N(pn) N(pn)

(Plus the equivalent neutral-current process (Z-exchange))

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics



High-energy neutrinos are attenuated inside Earth

Distance from Earth’s surface to IceCube

Optical depth to vN int’s = =1(E,0,) x oyN

Mean free path inside Earth
Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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Distance from Earth’s surface to IceCube

Optical depth to vN int’s = =1(E,0,) x oyN

Mean free path inside Earth
Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque




High-energy neutrinos are attenuated inside Earth

Distance from Earth’s surface to IceCube

= 1(E,0
Mean free path inside Earth T(Ev,02) oc ovn

Optical depth to vN int’s =

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque

Ty K 1




Deposited energy Egep [GeV]
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In-Earth distance to IceCube D [km]
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Computing & measuring the cross section




Computing & measuring the cross section

ve(py) £ (pe)

Wt(q)

SM u(pr)




Computing & measuring the cross section

ve(py) £ (pe)

Wt(q)

SM u(pr)

xf

Q*=10 GeV?




Computing & measuring the cross section
Center-of-mass energy /s [GeV]

ve(py) £~ (pe)
Wt(q)
SM u(pr)
d(p:)
N(pn) +
L H1 and ZEUS
E Q*=10 GeV?
ozl ; HERAPDFL1.0
exp. uncert.
PDFS C’ model uncert.

- parametrization uncert.

0.6~

xg (x 0.05)

04r
xS (x 0.05)

02

SH
£ 10° i 10
2‘ 10 : A T T | i | IIII A T I:'I T IIII A T T III'I T III‘
el L LEP Tevatron : LHC 4 FCC
~ I : i e
= GZKv
9% 3 g
[Testable today] S &
g g/
10—32 L ; ;és K/ =
.' § /
o]
i o
.

—_

=
W
[68)

—_

B
[68)
=

Testable next decade =

Standard Model (perturbative)

__ IceCube tracks =
(IceCube 17) '

o IceCube showers -
(Bustamante & Connolly 17) A

il 1 il 1 il 1 | 1 {11

1 —35 S O
104 10° 10°

Neutrino-nucleon CC cross section (O'EI\(]: +

107 108 10° 1010 1qol!

Neutrino energy E, [GeV]

Ackermann, MB et al., Astro2020 Decadal Survey (1903.04333)



How does IceCube see neutrinos?

Two types of fundamental interactions ...

Charged-current (CC) Neutral-current (NC)

vi+N — 1 + hadrons /ﬁ vi+ N — v{ + hadrons
k]_/ These shower and make light \j
... create two event topologies . ..

Showers — From CC v, or v, or NC v Tracks — From CC v,, mainly

Bad angular resolution (10’s deg) Good angular resolution (< deg)




Contained vs. uncontained events

Contained events Uncontained events

V
]/l < \
T
Starting track Shower Through-going muon
Pro: Clean determination of E, Pro: Lots of events (few 10k)

Con: Few events (~100) Con: Uncertain estimates of E,




IceCube results: Energy spectrum

100+ contained events above 60 TeV (8 yr): Data is fit well by a single power law:
[ ddy 4y E N\ s 2 —1_—1
IceCube!Preliminary i Data Y e —— 107 GeVem 4s e
,_H e dE 100 TeV
E 1 »-I-,_P BN Atmo. Conv.
s 10~ :-:[_‘ Il Atmo. Muons
< : 0
=2 b o | . |
2 » 35— JceCube Preliminary _-- Sao
. '

- ” (single flavor) e *
e 10 =] E y - \\ 1
3 v ,/ 7 \ 1
= -~ 25— v 7 I I
= | ’ ’ J [

% ”.,_..: / ,/ * II ll

;3 2.0 — ,/f_ .- /\\\/ R4 //

10_1 T T 17T T T T T 1T — /l 7/ 7\ / A 'k ” - 7’
. . I 3 I ] /2 1/ }, \‘ \ Pl i
10 10 10 10 S 15 W MAE Y - -
Deposited Energy [GeV] ~ S0 M - -7 7
-g 10— '\, \-’a”..\':-:::-—-""”
N ——l
HESE (7.5y Full-sk <
m PoS(IC(RCgOll;)lgoz) L~ ! ! ! ! ' ' ' '

Cascades (4y Full-sky) 20 22 24 26 28 30 32 34

PoS(ICRC2017)968 Spectral Index 7y

Through-going Muon-Neutrinos
IceCube Collab., ICRC 2019 -=-= (9.5y Northern-hemisphere)

Schneider, ICRC 2019 This Work




IceCube results: Energy spectrum

100+ contained events above 60 TeV (8 yr): Data is fit well by a single power law:
[ ddy 4y E N\ g 2 —1_.—1
IceCube!Preliminary HH Data — =9 | — 107°GeVem™ “s “sr
"H e dE 100 TeV
i . ._I_,_l_‘ EEE Atmo. Conv.
c:? 1l § e :‘:[" | HEl Atmo. Muons
Lo fam L] . -,
2 > 357 JceCube Preliminary _-- Sso
. -

b ' (single flavor) e A
@ 10 = E / - ~a\ \
5 3 il \ |
= i) /, /7 / l'

% / ,/ * II !

(@] /7N 7/ //

= X ) e ’
10 1 T T T T T T T T F|. \' \ ’ ’
i e
104 10° 10° 107 = \k_“___ - -
Deposited Energy [GeV] ~ o~==’, _-=" .
HESE (7.5y Full-sky) % | I | | I
== PoS(ICRC2019)1004 L~

2.6 2.8 3.0 32 3.4

Cascades (4y Full-sky) S tral Ind Y
pectral Index

PoS(ICRC2017)968

Through-going Muon-Neutrinos
IceCube Collab., ICRC 2019 -=-= (9.5y Northern-hemisphere) .
Schneider, ICRC 2019 Thiz Work Spectrum looks harder for through-going v,




IceCube results: Arrival directions

Distribution of arrival directions (8 yr) is compatible with an isotropic distribution of sources:

.....

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

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

Earth
absorption

-180°

Milky Way sources?

They only contribute, at most, Galactic
a few times 10x of fhe fofal T

diffuse flux
Ackermann, MB et al., Astro2020 Decadal Survey (1903.04334)



IceCube results: Flavor composition

== HESE with ternary PID | & VelVyiVe at source > Compare number of tracks (VM>
=== |ceCube APJ 2015 1.0 m 010 20 vs. showers (al] ﬂavors)
e 1:20 18
lceCube s (o _ : :
ey 0 G » Best fit: (f,: f,: f,)e = (0.49:0.51:0),
14 O
o . .
12 = » Compatible with standard
= source compositions
g
< » Lots of room for improvement:
|

more statistics, better flavor-tagging
Li, MB, Beacom PRL 2019

RN - o
¥ 74;" 0.0
Q v e © % Q
S S > S > o

M. Usner, ICRC 2017 Fraction of Ve



IceCube results: Flavor composition

There are 2 v candidate events which change the flavor composition:

— HESE with ternary topology ID <
® Dbest fit: 0.35:0.45:0.2 1.0
—  Sensitivity, E %Y spectrum o
% o S &
1:1:1 flavor composition ot 0.8
Sl el <
WORK IN PROGRESS & o APk X
$ > 68 0.6 <
& £
P o % Cn
<& 0.4 <
2 -
o
‘@
0.2
68 % :
4 AT
J. Stachurska, ICRC 2019 e en TR wERwE R T 9 5 /°" S 0.0
S v v © o e
Q o = Q N} ~N

Fraction of v,




Looking for the sources



Three Strategies to Reveal Sources Using TeV-PeV v

Examine single No evident single steady source,
sources one transient source
Look at bright
e.m. point sources
p Stack several Ruled out gamma-ray bursts,
similar sources blazars as dominant
Clustered Placed generic limits on source
in direction number density and luminosity
Look for neutrino
multiplets
i Clustered Used to trigger follow-ups by
in direction and time other detectors

Use the diffuse Any population of candidate sources
must account for all or part of it

neutrino flux




Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars




Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
10_55 LLSLILLLLL LSS ELLLLL LSS LLL S SR LLLL SN LLL LS LLL: - ' ' ‘ T T ! ]
| B Clobal Fit (2015) South v, GRB (5 y1) |3 [ 2LAC Blazar Upper Limit = = equal weighting ]
~ 109 _ North v, (2016) —— (Cascade GRB (3 yr) | T'— 1076 1 g1 = —2.5, £, > 10 TeV """""" 3'“(“W0i‘ght'§iﬁ8§ """ E
" = Combined Analysis =—— North v, GRB (7 yr) NCS'-"—’ [ Psp=—-2.2,E,> 10 TeV | | : 1
in [ : . g : : i | - : : !
b g 1077}
™~ ,—<O ;
| | [
g 2 [
; g 107}
<) = :
" e § =
s gE 1077
Sa o ml e mmow ! i x i : : ‘ ‘
_ . . . . . m 3 - 0 - : . .
10-10 "_;'_;‘.;;@;'.‘_“.;'.;'_;‘.;'.;'_;'.;‘_;.'; _ """""" """"" 10 ! 0' BN Astrophysical Diffuse Flux | ; :
L ......i L |.||.|i " |||.||i . 1 ......i ' ......i L1 ......: o -_""'.'.".?."]I"'T"."'.'.'.'..1"'7'T"'.'.'..'.I"'.'"'T'.".'..J‘"".".'.'.'ff.fJ‘"'T'I'."'.'..'“i""""'."'.?._r
100 100 10° 106 107 108 10° 10> 102 10t 10> 10 107 10%  10?
v Energy (GeV) IceCube, ApJ 2017 Neutrino Energy [GeV]
1172 GRBs inspected, no correlation found 862 blazars inspected, no correlation found
< 1% contribution to diffuse flux < 27% contribution to diffuse flux



. ecent news:
... but we have seen one blazar neutrino flare! e o e

1068 is also a potential neufrino

Blazar TXS 0506+056: source candidate (1108,05993)
1C40 1C59 1C79 I1C86a 1C86b IC86¢c
5 L L L L 1 -
=+ IceCube-170922A A i F 4o
417 Gaussian Analysis
2 3 Box-shaped Analysis o
bD L]
L o4 .
| - 20
11 - 1o

2009 2010 2011 2012 2013 2014 2015 2016 2017

—— ¥

Important: Vo

1f every blazar produced 2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
neufrinos as TXS 0506+056, 3.50 significance of correlation (post-trial) 1.40 significance of correlation
the diffuse neutrino flux would ~— —

T

Combined (pre-trial): 4.1c

—92.140.2 B
) TeV cm 2

be 20x higher than observed:

Hard fluence: E2J]_()() — 211_82 (ﬁ

Joint modeling of the two periods is challenging; see ICRC 2019 talk by Walter Winter



Source discovery potential: today and in the future
Bl Accounts for the observed diffuse v flux (lower/upper edge: rapid/no redshift evolution)

Closest source with EQCD,,WL,;M =107 TeV em ™2 71 Closest source with E? EFy i, = 0.1 GeV em 2

10° 107
10° | 106
104 105 |
103 ¢ 104 |
102 103
L0 102

10|

o
=

- IceCube - IceCube

effective local density peg [Gpc_3]
local rate density p [Gpe >yr—]

10-21 —- 5xIceCube 01l - 5xIceCube .
------- 20 x IceCube .. 20xIceCube ko
10 N 1072+ \‘\\
107 109 1071 102 109 109 10% 10% 107 10 10% 107 10% 109 109 105" 107 105 105 10%
effective neutrino luminosity L, [erg/s] effective bolometric neutrino energy &, [erg]

Ackermann, MB et al., Astro2020 Survey (1903.04333) — See also: Silvestri & Barwick, PRD 2010; Murase & Waxman, PRD 2016



GW1 708 1 7 <NS'NS mer ger) GW170817 Neutrino limits (fluence per flavor: v, + ;)

103 + +500 sec time-window |

» Short GRB seen in Fermi-GBM, INTEGRAL vy LB Sien el ion

2L
» Neutrino search by E i H gt
IceCube, ANTARES, and Auger o Ice%j_\f—'il— _
» MeV-EeV neutrinos, 14-day window o) 10°§ o N
» Non-detection consistent with off-axis w10 ¥ gt = EE moderate |
102 Igrr/u/lra et al. ’ Ve, . Kimura et al
ERO i ° e
103} i
102 I i AeeT

i ANTARES
10 1 U

(Tr]_i
&
Q E
> i
__________ (QD) 100 [ IceCube Fang &
% g
N
53]

— GW (90% CL) Metzger
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES) [

= === IceCube horizon 1072 3

1071} Millisecond magnetar eI R
i Fang &
Metzger |

— — ANTARES horizon - | 14 day time-window 3 days
[_]Auger FoV (Earth-skimming) gl
[ Auger FoV (down-going) 10 102 103 104 10° 10° 107 10® 10° 10!0 10!t

E/GeV

ANTARES, IceCube, Pierre Auger Collab., ApJL 2017



The next frontier:

UHE neutrinos



Quo vadis?

Recall the threshold condition for py — 7@ (- v):
E, -E = 0.2 GeV?

Ttarget

Mauricio Bustamante (Niels Bohr Institute)




uo vadis?
Q E,=E,/20
Recall the threshold condition for py — 7t (_>‘/\75?\’
E,-E_ =02GeV>

Ttarget

Mauricio Bustamante (Niels Bohr Institute)




uo vadis?
Q E,=E,/20
Recall the threshold condition for py — 7t (_>‘/\75?\’
E,-E_ =02GeV>

Ttarget

Protons: 20 - 10° GeV

_____ 5 Neutrinos: 10° GeV
Photons: 10° GeV

» Inside sources: {

Mauricio Bustamante (Niels Bohr Institute)




1?7 NN
QMO vadis: Ev — EP / 20 L l‘ iy
Recall the threshold condition for py —» 7 (—>(\’v§:" M
S’ ]
E, -E = 0.2 GeV? &

Ttarget

167 168 169 1610 16“
E[GeV]
Protons: 20 - 10° GeV

» Inside sources: Neutrinos: 10° GeV
Photons: 10° GeV ==~~~ >

Mauricio Bustamante (Niels Bohr Institute)




1?7 N i
QMO vadis: E, = EP /20 e A |
Recall the threshold condition for py —» 7 (—>(\’v§:" M
S’ ]
E, -E = (0.2 GeV? &

Ttarget

167 168 169 1610 16“
E[GeV]
Protons: 20 - 10° GeV

» Inside sources: Neutrinos: 10° GeV
Photons: 10° GeV ==~~~ >

Protons: 10" GeV

Neutrinos: ~10" GeV
Photons: 10 GeV =~~~ >

» CR propagation: {

Mauricio Bustamante (Niels Bohr Institute)




Quo vadis? E —E /20 Ry
vV - p/ *¢ " “gir’IEA:E.EJl 0.91 ]

ﬂ?‘ LN . A ( )
~ \
Recall the threshold condition for py —» 7 (—>(’v§:\’ .
\ A
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Protons: 20 - 10° GeV

» Inside sources: Neutrinos: 10° GeV
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Protons: 10" GeV

Neutrinos: ~10" GeV
Photons: 10 GeV =~~~ >

» CR propagation: {

Mauricio Bustamante (Niels Bohr Institute)







Q 5?7 GG i
uo vadis: E,=E,/20 N

ﬂf h‘r TA +TALE (E x 0.91) ]

Recall the threshold condition for py —» 7 (—>(’v§:\’ .
\ / b
E,-E = 0.2 GeV? - i
P Ttarget '\\ )
: . Protons: 20 - 10° GeV )
> Inside sources: ]~ T » Neutrinos: 10° GeV
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Mauricio Bustamante (Niels Bohr Institute)
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GRAND: Science and Design (adapted from Fang & Murase 2017)
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GRAND: Science and Design (adapted from Fang & Murase 2017)
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UHE V ﬂuX — h()W 1OW? Higher cosmogenic v flux
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UHE neutrinos — where do we stand?
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UHE neutrinos — where do we stand?
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UHE neutrinos — where do we stand?
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UHE neutrinos — where do we stand?

Flux
redictions
(Kotera 2010) »
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The proton fraction is the driver

Ahlers & Halzen, PRD 2012
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The proton fraction is the driver

» Cosmogenic v production is mainly
due to UHECR protons _
= 1078 |
» Consider a mixed mass composition Tw
~ 1079
E
» Proton fraction: 2
% 10710
E \ ) <.
=1— 114+ == ~
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» Nuclei fraction: f4=1-f},

Ahlers & Halzen, PRD 2012
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Updated cosmogenic v fluxes

Plot from GRAND Collab., Sci. China Phys. Mech. Astron. 2020
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» Predictions from fits to 2017 Auger
UHECR spectrum & composition

[Pierre Auger Collab., JCAP 2017]

» Simultaneously vary (CRPropa):
» Spectral index 7y (i.e., E")
» Source evolution m (i.e., (14+z)™)
» Maximum rigidity R_, (i.e., e*/et)

: Cosmogenic v
e 90% €. L.
107F mmm95% CL.

» Best-fit values: 99% C.L.

rY — 1/ m = '1°5/ 10g10<Rcut/V) — 1869
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» The v fluxes are ~10 x lower, mainly
due to low R, and negative m

GRAND200k integrated (10 yr) |
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Updated Cosmogenic V ﬂuxes Plot from GRAND Collab., Sci. China Phys. Mech. Astron. 2020
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» Predictions from fits to 2017 Auger
UHECR spectrum & composition

[Pierre Auger Collab., JCAP 2017]

» Simultaneously vary (CRPropa):
» Spectral index 7y (i.e., E")
» Source evolution m (i.e., (14+z)™)
» Maximum rigidity R_, (i.e., e*/et)
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» Best-fit values: 9 99% C L

rY — 1/ m = '1°5/ 10g10<Rcut/V) — 1869

T W T T 1T

All-flavor (v + 7) E2®, (E,) [GeV cm ™2 s~ 1sr1]

10—101
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How to detect UHE neutrinos

Today

» In-ice Cherenkov: IceCube

» Horizontal showers: Auger

» In-ice radio: ARA, ARTANNA
» [ce & air radio: ANITA

» Fluorescence: MAGIC, Ashra

Next decade

» In-ice Cherenkov: IceCube-Gen2

» In-water Cherenkov: KM3NeT, Baikal-GVD

» Horizontal showers: AugerPrime
» Fluorescence: POEMMA?, Trinity?
» In-ice radio: RNO?

» Atmospheric radio: TAROGE?, BEACON?,

GRAND?
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Giant Radio Array for Neutrino Detection

Cosmic ray
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,; Radio emission
| ‘% * Antenna optimized for horizontal showers
A » Bow-tie design, 3 perpendicular arms
* Frequency range: 50-200 MHz " %-_____\_\_\;
« Inter-antenna spacing: Tkm I Ve

More information about GRAND: grand.énrs.fr



What are you taking home?

» Cosmic TeV-PeV neutrinos are firmly detected:
Powerful probes of the non-thermal Universe and high-energy particle physics

» We have detected one source — but it is challenging to explain it

» Still unknown, but getting there:
» Where do most neutrinos come from?
» What are, precisely, their spectrum, arrival directions, flavor composition?

» Exciting prospects: larger statistics, better reconstruction, higher energies

More?

> Astro2020: Fundamental physics with high-energy cosmic neutrinos, 1903.04333
> Astro2020: Astrophysics uniquely enabled by observations of high-energy cosmic neutrinos, 1903.04334
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Fundamental physics with HE cosmic neutrinos

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

» So we can probe k, ~ 4 - 10% (E/PeV)™ (L/Gpc)™* PeV'™
» Improvement over current limits: x, < 10 PeV, x, < 107

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing



Fundamental physics with HE cosmic neutrinos

n = -1: neutrino decay

» Numerous new-physics effects grow as ~ x,, - E" - L = 0: CPTrodd Lorentz violation
n = +1: CPT-even Lorentz violation

» So we can probe k, ~ 4 - 10% (E/PeV)™ (L/Gpc)™* PeV'™
» Improvement over current limits: x, < 10 PeV, x, < 107

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing



Fundamental physics with HE cosmic neutrinos

n = -1: neutrino decay

» Numerous new-physics effects grow as ~ x,, - E" - L = 0: CPTrodd Lorentz violation
n = +1: CPT-even Lorentz violation

» So we can probe «, ~ 4 - 10% (E/PeV)™ (L/Gpc)* PeV!™"
» Improvement over current limits: x, < 10 PeV, x, < 107

» 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



Note: Not an exhaustive list

« DM-v interaction

DE-v interaction
,Lorentz+CPT violation

Neutrino d
Heavy relics eutrino decay,

DM annihilation, Long-range interactionse

Secret vv.interactions
DM decay. Ve Supersymmetry.

« Sterile v Effective operators,

Boosted DM. Leptoquarks
NSI Extra dimensions,

Superluminal v
Monopoles



Note: Not an exhaustive list

« DM-v interaction

(Acts at production)

DE-v interaction
,Lorentz+CPT violation

Neutrino deca
Heavy relics L

DM annihilation, Long-range interactionse

Secret vv.interactions
DM decay, Ve Supersymmetry.

« Sterile v Effective operators,

Boosted DM. = Leptoquarks
NSI Extra dimensions,

Superluminal v
Monopoles



(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list



(Acts during propagation)

(Acts at production)

.Monopoles

(Acts at detection)

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum

Isotropy (for diffuse flux)

y o : :
y (Acts during propagation)
(s

(Acts at production)

Heavy relics
" DM annihilation,

~ DM decay.

Monopoles

(Acts at detection)

Standard expectation:
v and 7y from transients arrive
simultaneously

Standard expectation:
Equal number of v, vy, v«

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum g8 xg\

Isotropy (for diffuse flux)
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Monopoles

(Acts at detection)

Standard expectation:
v and 7y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, v«

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum g

Isotropy (for diffuse flux)

b DM annihilaﬂnn,‘ /

~ DMdecay/ |

Monopoles

(Acts at detection)

Standard expectation:
v and 7y from transients arrive
simultaneously

Standard expectation:
Equal number of v, vy, v«

Note: Not an exhaustive list



Standard expectation:

Power-law energy spectrum g4 o Isotropy (for diffuse flux)

Standard expectation: P |

S < N
Se & IR,
k.S \

z/‘i T .

: i It . \\\\\ N " \
~ (Acts at production)

- .Heavy relics

' - DM annihilation, ‘
DM decay,

Standard expectation:
v and 7y from transients arrive
simultaneously

Standard expectation:
Equal number of v, vy, v«

Note: Not an exhaustive list



Standard expectation:

i et Standard expectation:
Power-law energy spectrum &“‘m

Isotropy (for diffuse flux)

|

" ’ M opoles
(Acté(at &eteéﬁ

=y,

More: 1907.08690
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvadé, Vincent

Standard expectation:
v and 7y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, v«

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum

_ Isotropy (for diffuse flux)

Standard expectation:
v and 7y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, v«

More: 1907.08690
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvadé, Vincent

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum

Isotropy (for] diffuse flux)

Standard expectation:
v and vy from transients arrive
simultaneously

Standard expectation:
Equal number of v, vy, v+

More: 1907.08690
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvadé, Vincent

Note: Not an exhaustive list



Constraints from the gamma-ray background

» Production via pp: v and gamma-ray Murase, Ahlers, Lacki, PRD 2013

spectra follow the CR spectrum E*

HH  HESE (3yr)
arXiv:1410.1749
HE HH  Fermi IGRB (2014)

» Gamma-ray interactions on the CMB

make them pile up at GeV P
= 10
» Fermi gamma-ray background is not E
exceeded only if ' < 2.2 S s
%

» But IceCube found I' = 2.5-2.7

inss pp scenario
SFR evolution

» Therefore, production via pp is disfavored | |
between 10-100 TeV I




Neutrino-UHECR angular correlation?

e: |C through-going track R +: TA UHECR
e: IC starting shower o | % Auger UHECR
¢: IC starting track

Galactic
=90 IcCECUBE, JCAP 2015[1511.09408]

No significant correlation with UHECRs (<3.30)



A null neutrino-UHECR correlation makes sense

» UHECRs trace sources within A, =~ 100 Mpc

» Neutrinos come from anywhere inside the Hubble horizon Dy; = 4 Gpc

» So the maximum possible correlation is ABZK = 2.5‘%%

H
» Current number of IceCube high-energy starting tracks (HESE): ~25
» . Expected UHECR correlation with only ~1 neutrino

» Signal weakened by magnetic deflection, angular resolution, efc.



Grand-unified v-UHECR-gamma-ray model

» Black-hole jets in galaxy clusters
accelerate cosmic rays

» UHECRs make v and -y in the
magnetized cluster medium

» UHECRs above 0.1 EeV escape

» Consistent w/ observed UHECR
spectrum, composition, isotropy

» Explains IceCube neutrinos

» Explains non-blazar Fermi EGB

E2d[GeVcm2s7lsr 1]

B0

10—6 .

-+~ Fermi EGB

mm FermiEGBnon — blazar
== Associated yray — total
=— Associated yray — source

~ lceCube (HESE 4yr)
== ) — allflavor |
Murase — Beacom 2010 \‘?' : A

KASCADE - all

& KASCADE - light

Auger x 1.07
TA + TALE

CR — medium/heavy
CR - light

108

106
E[GeV]

Fang & Murase, Nat. Phys. 2017




PeV neutrino sources in the Milky Way?

Candidates for full or partial contribution:

» Diffuse Galactic gamma-ray emission HESE 3yr with Egep > 60 TeV. nior = 20, fyo = 0.81, 4 = 0.74
» Unidentified gamma-ray sources e

» Fermi bubbles gt ST - -
» Supernova remnants /X Y YY) RN
> PUIS&I‘S oot i . B 2
» Microquasars
» Sagitarius A* ST TPRES . i
» Galactic halo ) - SRR e

» Heavy dark matter decay e

s Galactic
Ahlers, Bai, Barger, PRD 2016

IceCube, Ap] 2017



A feel for the in-Earth attenuation

Earth matter density Neutrino-nucleon cross section

(Preliminary Reference Earth Model)
Center-of-mass energy +/s [GeV]
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A feel for the in-Earth attenuation
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Accelerator experiments
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Accelerator experiments
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One recent

measurement
(COHERENT)

cross section/E. (1022 cm?/ Ge
vergse gelg /10 e/ 2Y)
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Particle Data Group



Accelerator experiments

A
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- >
One recent No
measurement measurements
(COHERENT) ... until recently!
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Accelerator experiments
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One recent

measurement
(COHERENT)
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Quasi-elastic
scattering:
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Quasi-elastic
scattering:
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Quasi-elastic
scattering:

vtn-r+p <

vi+p—-It4+mn

o
E

50.

§0_ ™ Deep inelastic
o scattering:
EO' ljl S N — l_ + X
o v+ N->IT+ X
>

1 10 10°
Resonant scattering: v, + N - '+ N* > [+ m+ N’ E, (GeV)

Particle Data Group



2Rg 104 10310210 1.5

p—
=
(o))

Deposited energy Egep [GeV]
ok
)

In-Earth distance to IceCube D [km]

6 years

’T0 =05 00 05 10

Neutrino zenith angle cos 0,

{ { o e o o =
o @ = O &9
Attenuation in Earth e~ &N

I
—

0.0
MB & Connolly, PRL 2019



Deposited energy Egep [GeV]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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Deposited energy Egep [GeV]

In-Earth distance to IceCube D [km]
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» Fold in astrophysical unknowns
(spectral index, normalization)

» Compatible with SM predictions
» Still room for new physics

» Today, using IceCube:
» Extracted from ~60 showers in 6 yr

» Limited by statistics ~ “~—

» Future, using IceCube-Gen2:
» x 5 volume = 300 showers in 6 yr
» Reduce statistical error by 40%

Cross sections from:
MB & Connolly PRL 2019
IceCube, Nature 2017

Center-of-mass energy /s [GeV]
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Center-of-mass energy /s [GeV]

UHE uncertainties can be smaller: —
Cooper-Sarkar, Mertsch, Sarkar et al., JHEP 2011 = 103 104 10°
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See also: IceCube, Nature 2017
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Extending the PDa

cross—section plot
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The fine print

» High-energy v’s: astrophysical (isotropic) + atmospheric (anisotropic)
— We take into account the shape of the atmospheric contribution

» The shape of the astrophysical v energy spectrum is still uncertain
— We take a E" spectrum in narrow energy bins

» NC showers are sub-dominant to CC showers, but they are indistinguishable
— Following Standard-Model predictions, we take 0 = 0-/3

» IceCube does not distinguish v from v, and their cross-sections are different
— We assume equal fluxes, expected from production via pp collisions
— We assume the avg. ratio <o /0 > in each bin known, from SM predictions

» The flavor composition of astrophysical neutrinos is still uncertain
— We assume equal flux of each flavor, compatible with theory and observations



Tidal disruption events
Solar-mass star disrupted by SMBH (>10° M,,)

~50% of the debris bound to the SMBH

T T T T T T T T T T T

X-ray Brightness

Wavelength o
ILLUSTRATION



Tidal disruption events

» Mid-to-heavy star chemical composition
might explain Auger composition

» Particles produced in internal collisions
in jet (only 2 jetted TDEs seen so far)

» Inject N and model nuclear cascades in jet

» TDESs follow the redshift evolutiod of SMBHs

» Fit to Auger UHECR spectrum + composition

~(142)?

See also: Lunardini & Winter, PRD 2017; Dai & Fang, MNRAS 2017; Guépin et al., 1711.11274;
Zhang, Murase, Oikonomou, Li, PRD 2017; Senno, Murase, Meszaros, ApJ 2017

Biehl, Boncioli, Lunardini, Winter, 1711.03555



Tldal disruption events Baryonic loading
Local rate of jetted TDEs

» Mid-to-heavy star chemical composition
might explain Auger composition

» Particles produced in internal collisions
in jet (only 2 jetted TDEs seen so far)

» Inject N and model nuclear cascades in jet

» TDESs follow the redshift evolutiod of SMBHs

» Fit to Auger UHECR spectrum + composition

~(142)?

See also: Lunardini & Winter, PRD 2017; Dai & Fang, MNRAS 2017; Guépin et al., 1711.11274;
Zhang, Murase, Oikonomou, Li, PRD 2017; Senno, Murase, Meszaros, ApJ 2017
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Tidal disruption events

» Mid-to-heavy star chemical composition
might explain Auger composition

» Particles produced in internal collisions
in jet (only 2 jetted TDEs seen so far)

» Inject N and model nuclear cascades in jet

» TDESs follow the redshift evolutiod of SMBHs

» Fit to Auger UHECR spectrum + composition

~(142)?

See also: Lunardini & Winter, PRD 2017; Dai & Fang, MNRAS 2017; Guépin et al., 1711.11274;
Zhang, Murase, Oikonomou, Li, PRD 2017; Senno, Murase, Meszaros, ApJ 2017
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Diffuse flux of neutrinos from GRBs

» How do we estimate it?

» Compute the expected v fluence from
a sample of N observed GRBs

» Stack the fluences to obtain the total F,

» Quasi diffuse flux:

@V(EV) — FI/(EI/)
(Nobs = 117 in the plot)

1 1 667 bursts
4w N, obs yI

S. Himmer, P. Baerwald, & W. Winter, PRL 2012

NeuCosmA 2012 NFC prediction 7100
1C40 — GRB, all
g T ---- GRB, z known + 50
/,f’ stat. error
/ astrophysical
f IC40+59 uncertainties | 20
r N PP
fel
_____________ il
/ \\
/ 1C86, 10y (extrapolated)\,
10° 10° 10 10° 10°

E, [GeV]



Are GRBs still good UHECR source candidates?

» High-luminosity bursts: Not so much
» Low-luminosity bursts: Yes!

Luminosity 19 4
(erg s1) >10 < 10
Rate . 300
(Gpedyr) (predicted)
Survival of heavy _ _

nuclei in jet? Unlikely Likely
Can explain

IceCube v? No Yes

D. Boncioli, D. Biehl, & W. Winter, Ap] 2019; B.T. Zhang et al., PRD 2018



Are GRBs still good UHECR source candidates?

"‘:' | — Galactic ¢ Auger, ICRC2015 = total
. . . - extragal. KG, H+He, ICRC2017
» High-luminosity bursts: Not so much Sl Eaee e
» Low-luminosity bursts: Yes! "
E 1037§—
=
O
--- ﬁ 10%
Lumu_llo ity > 1049 < 1049 17518 185 19 105 20
(erg s1) e ‘ log. (E/eV)
D. Boncioli, D. Biehl, & W. Winter, Ap] 2019 ~10
Rate ) 300 =9
3 v-1 i O 850
(Gpc3 yr1) (predicted) 2
5 I . 800
urvival of heavy : : S
nuclei in jet? Unlikely Likely > 750
700
Can explain 650
IceCube v? No xYes
600~7g~ 485 19 195 20 205

D. Boncioli, D. Biehl, & W. Winter, Ap] 2019; B.T. Zhang et al., PRD 2018
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Are GRBs still good UHECR source candidates?

» High-luminosity bursts: Not so much 2
» Low-luminosity bursts: Yes! 1012 p—r—rrrrrgy

UHECR fit

10"

Luminosity - 109 e -
(erg s7) T o

o«
Rate . 300
(Gpc3yrl) (predicted) =
Survival of heavy _ _ :
nuclei in jet? Unlikely Likely

1Q8L : :
. 046 1047 1048 10 49
ICan explain No Vee 4 |
ceCube v? e

D. Boncioli, D. Biehl, & W. Winter, Ap] 2019; B.T. Zhang et al., PRD 2018
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Neutrino zenith angle distribution

101 i Some neutrinos
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Radio emission: geomagnetic and Askaryan

Geomagnetic

' Shower Axis

B
N
X . -
5 — - —
./3( B g

Shower Front

» Time-varying transverse current
» Linearly polarized parallel to Lorentz force

» Dominant in air showers

Askaryan

< !
£ ® shower Axi
§ :, Shower Axis N
Q 'f’

$ o
B

]
& e

&
-~ .

@/ Shower Front

S
» Time-varying negative-charge ~20% excess
» Linearly polarized towards axis

» Sub-dominant in air showers

Figures by H. Schoorlemmer and K. D. de Vries



Radio emission: geomagnetic and Askaryan



Radio-detection of UHE neutrinos in ice

» Radio attenuation length in ice: few km
(vs. 100 m for light)

» Larger monitored volume than IceCube
» ARA, ARTANNA: antennas buried in ice

» ANITA: antennas mounted on a balloon

No v detected yet

(But UHECRs detected regularly!)

E Firn (50 m) IH
|
200 m .

Amundsen-Scott
South Pole Station

ARA station

Interaction Vertex

ARA Instrumentation \ \

Central Station
Electronics

smallAadd

it destructively
\

\
large A |3Jdd
coherently

Calibration ]
antennas " ‘ ro
E transmitter
Antenna a
clusters “ H Hpol
| Vpol
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Astrophysical UHE neutrinos

» Diffuse flux of astrophysical UHE v
may exceed the cosmogenic flux

—
—

» First UHE v seen may be astrophysicalﬁ'sa

» A few possibilities:

» Galaxy clusters with central sources °©

Murase, Inoue, Nagataki, ApJ 2008
Fang & Murase, Nat. Phys. 2017

» Fast-spinning newborn pulsars
Fang, Kotera, Murase, Olinto, PRD 2014

» Active galactic nuclei
Murase, Neutrino astronomy, 1511.01590

» GRB afterglows
Murase, PRD 2007

All-flavor E*®, [GeV cm

Plot by Ke Fang from GRAND: Science and Design
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The Cosmogenic Neutrino Floor

» In a nucleus A of energy E, each
nucleon has energy E/A

» Minimal cosmogenic v flux comes
from maximizing nuclei survival

» Le., from minimizing p production

from photo-disintegration

» v fluxes from UHECR nuclei (> 4 EeV) N:

are presently beyond reach

Ahlers & Halzen, PRD 2012

1077 |
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..........
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No source evolution

Star formation rate
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Identitying UHE v Point Sources

Number of Events

ns =107 Mpc 3 uniform

500

100
ARA IceCube
108 ! 158

10°
Angular Resolution [deg]
GRAND: Science and Design

10°

Significance in standard deviations

» Look for event-count excesses within

the point-spread-function
[Fang et al., JCAP 2016]

» Density n, of equal-luminosity sources
with uniform distribution (til 2 Gpc)

» E point-source v spectrum at EeV

» All-sky EeV point-source flux
normalized to ~10® GeV cm™? s sr!

» Event rate between 1-10 EeV



Magnetic fields in GRBs

» Assuming gamma rays come from
electron synchrotron:

B~ 10° G in internal shocks (108_—1010 km)
TU1G  inafterglow (101 =101 km)

A.M. Hillas, Ann. Rev. Astron. Astrophys. 1984; S. Hiimmer et al., Astropart. Phys. 2010
J. Granot et al., Space Sci. Rev. 2015



Magnetic fields in GRBs

» Assuming gamma rays come from Simplified scaling: B ~ 1/R
electron synchrotron:

B~ 10° G in internal shocks (108—1010 km)
T 11G  in afterglow (101 =101 km)

m/G)

log,o(B

6 7 8 9 10 11 12
logo(Rc/km)

A.M. Hillas, Ann. Rev. Astron. Astrophys. 1984; S. Hiimmer et al., Astropart. Phys. 2010
J. Granot et al., Space Sci. Rev. 2015



Magnetic fields in GRBs

15
» Assuming gamma rays come from
electron synchrotron:
B~ 10° G in internal shocks (105—101Y km)
TU1G  inafterglow (101 =101 km) 3 s
S
» Hillas criterion: E
0
Larmor radius < Acceleration region
» To accelerate protons to 1011 GeV: s

15 [ km
B>3-10"% =

AM. Hillas, Ann. Rev. Astron. Astrophys. 1984; S. Himmer et al., Astropart. Phys. 2010
J. Granot et al., Space Sci. Rev. 2015

S. Himmer et al., Astropart. Phys. 2010

T J J T I T T L L [ T T T T I
1 Neutron stars
2 White dwarfs
Active galaxies:
3 nuclei
4 jets
5 hot—spots
6 lobes
7 Colliding galaxies
8 Clusters
9 Galactic disk
10 Galactic halo
11 SNRs
. G GRBs

10 < ™

| e 7T T T T
/| el

; I': bulk Lorentz factor

- Lines: n=1, protons at 10% eV Q>

: NeuCosmA 2010
! | ! I | I

10
Log R [km]

R
km

5

g) GeV

| I | 1 | | | I LN N “"Ii



Magnetic fields in GRBs

» Assuming gamma rays come from
electron synchrotron:
B~ 10° G in internal shocks (105—101Y km)
TU1G  inafterglow (101 =101 km) 3 s
o]
» Hillas criterion: E
0
Larmor radius < Acceleration region
» To accelerate protons to 1011 GeV: s

15 [ km
B>3-10"% =

AM. Hillas, Ann. Rev. Astron. Astrophys. 1984; S. Himmer et al., Astropart. Phys. 2010
J. Granot et al., Space Sci. Rev. 2015

15

10 < ™

S. Himmer et al., Astropart. Phys. 2010
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What are the engines of GRBs?

Two requirements:
» High variability (~ms)
» Abundant available energy (> 10°1 erg)

C. Fryer et al., 1904.10008



What are the engines of GRBs?

Two requirements:

» High variability (~ms) Powered by compact objects
> Abundant available energy (> 105! erg)  with high angular momentum

C. Fryer et al., 1904.10008



What are the engines of GRBs?

Two requirements:

» High variability (~ms) Powered by compact objects
> Abundant available energy (> 105! erg)  with high angular momentum

Example 1: Magnetars
Rotational energy:

C. Fryer et al., 1904.10008



What are the engines of GRBs?

Two requirements:

» High variability (~ms) Powered by compact objects
> Abundant available energy (> 105! erg)  with high angular momentum

Example 1: Magnetars
Rotational energy:

W 2
Erot =5-10% (1 kHz) er%

Example 2: Accreting NS or BH
Potential energy released by accreting matter:

Eace = 3.7+ 107 ( Macc ) erg

C. Fryer et al., 1904.10008



What are the engines of GRBs?

Two requirements:

» High variability (~ms) Powered by compact objects
> Abundant available energy (> 105! erg)  with high angular momentum

Example 1: Magnetars
Rotational energy:

Bro; =5-10% (1 IC:HZ)Z ef%‘x

Example 2: Accreting NS or BH Cc?nyert a fraction of
Potential energy released by accreting matter: this into jet energy

Epee = 3.7 1071 ( Mace ) ergAJ

0.01Mg

C. Fryer et al., 1904.10008



Multi-wavelength emission

Unified model from optical to gamma-ray emission —
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6
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Multi-wavelength emission

Unified model from optical to gamma-ray emission —
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Multi-wavelength emission

Unified model from optical to gamma-ray emission —

counts/s/keV
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Multi-wavelength emission

Unified model from optical to gamma-ray emission —
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Multi-wavelength emission

Unified model from optical to gamma-ray emission —

vF, or E2.N(E) (erg/s/keV/cm?)
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Multi-component model of astrophysical neutrinos

» Four diffuse components:

» Residual atmospheric (0.2-0.5 PeV):
Conv. (E*7) & prompt (E*”) v + muons

> pp with disc gas (E*°),
confined to |b|< 5°, [l|< 45°

» Extragalactic v from pp, Ap:
d la starbursts (E?)

» Extragalactic v from p7y, A7y:
d la TDE (peaked around a few PeV)

» Simultaneous fit to HESE showers,
tracks, through-going muons (TGM)

Palladino & Winter, 1801.07277
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Multi-component model of astrophysical neutrinos

HESE showers

: Describes astrophysical ,
> FOUI‘ dlffuse CompOnentsg v better at low energies ﬁ ----- Atmos.pheric (showers)
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Multi-component model of astrophysical neutrinos

» Four diffuse components:

» Residual atmospheric (0.2-0.5 PeV):
Conv. (E*7) & prompt (E*”) v + muons

» Galactic v (< PeV): pp with disc gas (E2*),
confined to |b|< 5°, [l|< 45°

» Extragalactic v from pp, Ap:
d la starbursts (E?)

» Extragalactic v from p7y, A7y:
d la TDE (peaked around a few PeV)

» Simultaneous fit to HESE showers,
tracks, through-going muons (TGM)

Palladino & Winter, 1801.07277



Multi-component model of astrophysical neutrinos
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What lies beyond? Take your pick

» High-energy effective field theories
» Violation of Lorentz and CPT invariance
[Barenboim & Quigg, PRD 2003; MB, Gago, Pena-Garay, JHEP 2010; Kostelecky & Mewes 2004 |
» Violation of equivalence principle
[Gasperini, PRD 1989; Glashow et al., PRD 1997

» Coupling to a gravitational torsion field
[De Sabbata & Gasperini, Nuovo Cim. 1981]

» Renormalization-group-running of mixing parameters
[MB, Gago, Jones, JHEP 2011]

» General non-unitary propagation
[Ahlers, MB, Mu, PRD 2018]

» Active-sterile mixing
[Aeikens et al., JCAP 2015; Brdar, JCAP 2017

» Flavor-violating physics
» New neutrino-electron interactions
[MB & Agarwalla, PRL 2019]

» New vv interactions
[Ng & Beacom, PRD 2014; Cherry, Friedland, Shoemaker, 1411.1071; Blum, Hook, Murase, 1408.3799 ]

> ...



Flavor — What is it good for?

Trusting particle physics
and learning about astrophysics

0.0
1.0 Posterior P(fy5)(x10%)
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0.8 IceCube 2015

0.7

0.1
1.0

- 0.0
00 01 02 03 04 05 06 07 08 09 10

fes MB & Ahlers, PRL 2019

Trusting astrophysics
and learning about particle physics

0.0
.. 1.0 0:1:0
Unitarity O 5516 B
bounds @ (1:2:0)s
A (1 :0: 0)5

0.0 0.2 0.4 0.6 0.8 1.0
Ahlers, MB, Mu, PRD 2018V fraction (fe o)



IceCube flavor composition

Today
IceCube

® 7t decay: (1:2:0)g
p-damped: (0:1:0)g
A ndecay: (1:0:0)g 0.2

00 01 02 03 04 05 06 07 08 09 10

» Best fit:
(fe:fuifi)e = (0.49:0.51:0)
» Compatible with standard
source compositions
» Hints of one v. (not shown)

Near future (2022)
IceCube upgrade

In 10 years (2030s)
IceCube-Gen2

0.0 0.0

—2AInLg —2AInLg

® mdecay: (1:2:0)g
u-damped: (0:1:0)g
A ndecay: (1:0:0)g 0.2

© 7 decay: (1:2:0)g
u-damped: (0:1:0)g
A ndecay: (1:0:0)g 0.2

0 5101520 2530 35 0.9 0 5 10 15 20 25

0g lceCube upgrade proj. 0g lceCube-Gen2 proj.

0.1 0.1
1.0
0.0 0.0
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 1.0
fe,@ fe@
\ )
—

Assuming production by the full pion decay chain

Plus possibly better flavor-tagging, e.g., muon and neutron echoes
[Li, MB, Beacom PRL 2019 ]



New physics — High-energy effects
Forn=0 0.0,1.0

H’[Ot - HStd —|— HNP (Simﬂar for n = 1) 7 ‘ O( -9
1 ,,,,,
Hgg = 2E PMNS dlag (0 AmZIfAm?al) UPMNS
E n
Hnp =) (/\_) U} diag (On,1, On2, On3) Un
n
n < ®

This can populate all of the triangle —

» Use current atmospheric bounds on O, ;:
O0 <10% GeV/ Ol/ A1 < 10% GeV

» Sample the unknown new mixing angles

See also: 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, Salvads, PRL 2015



New physics — High-energy effects
Forn=0 0.0,1.0

Hiot = Hstg + HNp (similar for n = 1) R ®(1:2:
U Ry
Hgq = 2E PMNS dlag (0 Ale,Am3l) UpMNS
E\"
Hnp = ) (/\_) Ul diag (On,1, On2, On3) Uy
n
n - ®

» Use current atmospheric s v
O, <102 GeV, O,/A; < \§% GeV
» Sample the unknown new mixing angles " |l ¥
0i0: 02 104 06 08l 10
a®

See also: 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, Salvads, PRL 2015



Using unitarity to constrain new physics

Htot — Hstd + HNP Unitarity Lo O ((1) ; 0)s
bounds @ (1:2:0)s
0.2 ‘ (1 = ). ¢ O)S

» New mixing angles unconstrained

» Use unitarity (UNPUJf\Ip = 1) to boun

all possible flavor ratios at Earth S
» Can be used as prior in A i = Bl
new-physics searches in IceCube 0.8\ kecu%é'zu'ls " \, [_:/ \ 0.2

Ahlers, MB, Mu, PRD ‘2018 0.0 0.2 04
See also: Xu, He, Rodejohann, JCAP 2014 Ve fract10n (fe,@ )



Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N - p + X:
Ex=yE, and E,=(1-y)E, = y=(1+E,/Ey)"

» The value of y follows a distribution do/dy MuonEtrack
t

T

» In a HESE starting track:

Ey = Eg, (energy of shower) y=(1+E./E,)"
E, = E, (energy of track)

Hadronic shower

» New IceCube analysis: Eg,
» 5 years of starting-track data (2650 tracks)
» Machine learning separates shower from track IceCube, PRD 2019
» Different y distributions for v and v



Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N - p + X:
Ex=yE, and E,=(1-y)E, = y=(1+E,/Ey)

0.7
0.6
» The value of y follows a distribution do/dy |
0.5 —
== 0.4 o
» In a HESE starting track: T
Ey = Eg, (energy of shower) y = (1+ E,/Eg)" ]
E, = E, (energy of track) 0.21 v CSMS
01 7 CSMS
' —— Flux-averaged CSMS
» New IceCube analysis: Lthe e o "G "G T
» 5 years of starting-track data (2650 tracks) E, (GeV)
» Machine learning separates shower from track lceCube, PRD 2019

» Different y distributions for v and v



New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between

astrophysical v (PeV) and relic v (0.1 meV):

Cross section: S -1 A)

I
o
o

td

|

6]
I

’.—\

a1

(>}
I

)

MZ

Resonance energy: Ees =
2m
Y

 4m (s — sz + M2T2

-~
-~

| | | |
"""" Free streaming

---- With attenuation
—— With attenuation + regeneration

M =10 MeV
g =0.03
m,=0.1eV

\
/
\
1 1% (III

MB, Rosenstroem, Tamborra, Inn prep.
Ng & Beacom, PRD 2014

Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799
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New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between <10
astrophysical v (PeV) and relic v (0.1 meV): il
1.50 -

T T T T
Free streaming

---- With attenuation
—— With attenuation + regeneration

M =10 MeV
¢ =0.03

)
7
i
N
)
5
> —
& 1.25 m,=0.1¢eV i
i
1% . E 1.00 g T iy | ol
_.. New coupling = :
25N
1 40 a% i
Cross section: 5 _\§ | / S 5 0.75
A 7 a2 <
(s —M2Y + MT? = 050 3
~-“Mediator mass g
E —
M2 & 0.25
Resonance energy: Bl = i L
2m = DPOLaiesl o e (g SR T
N 10 10 105 106 107

MB, Rosenstroem, Tamborra, Inn prep.

Ng & Beacom, PRD 2014

Cherry, Friedland, Shoemaker, 1411.1071

Blum, Hook, Murase, 1408.3799

Neutrino energy E [GeV]



New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between

astrophysical v (PeV) and relic v (0.1 meV):

\
Cross section: . _\8 / >

]
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I
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I
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o)
Ul
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et
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MZ

Resonance energy: Ees =
2m
Y

47 (s _;:142‘}2 4+ M2T2
*~-“Mediator mass

0.50 Fr

0.25

v + 7 flux at Earth E2J [10 8 GeVem 25 1sr!

. =500 TeV

T T T
"""" Free streaming

---- With attenuation

—— With attenuation + regeneration

M =10 MeV -
g =0.03
m,=0.1eV |

0.00

MB, Rosenstroem, Tamborra, Inn prep.
Ng & Beacom, PRD 2014

Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799
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New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between
astrophysical v (PeV) and relicv (0.1 meV): 1

‘;b T“,/“s,\[(w n Decays
- 10" g~ i
Vv L~ g d)‘v”v' 8 ~ > ~> |

IceCube TXS 0506 + 056 Sensitivit 135 excess evts.

N
% o
2 ]
S
i 4 ¢
Cross section: — 8 A
ATt (s — M2)* + M2T2 107
=== (Pseudo)Scalar Mediator, v — vi ——= MFP =600 Mpc, E, =1 PeV
E==  (Axial—)Vector Mediator, vz — v~ ——— MFP =600 Mpc, E, =1 PeV
iy l l
M? 10-3 10-2 10-! 1

Resonance energy: Ees = — mg [GeV] Kelly & Machado, JCAP 2018

2m.,



New physics in the angular distribution: v-DM interactions

Interaction between astrophysical neutrinos and the Galactic dark matter profile —

60 ; T T
Eiep > 60 TeV i it
dep > —— Atm. + Astro., no DM
50 F (SX7S¢) =(1/2,1),9 =1 i
— (8, Sp) = (1/2,1),g = V5
40} —— (8> 54) = (0,1/2),9 § V10 |
i i
wn
3 o .
= 30— iy Mk
% [ S
20l | —— | - ;
I | !
| R e e e
10 F IZH 1 B
=9 O : I I I I
21.3 logyo(ppar/GeVem ™) 23 0 30 60 90 120 150 180

Angle 6 from galactic centre (deg)
Expected: Fewer neutrinos coming from the Galactic Center

Argiielles, Kheirandish, Vincent, PRL 2017 Observed: ISOtrOpy



New physics in the angular distribution: v-DM interactions

Interaction between astrophysical neutrinos and the Galactic dark matter profile —

— 1

Fermionic DM ]
100 Vector mediator |

1076
21.3 logyo(ppar/GeVem=2) 23 10-3 10-2 10! 10°

m, /GeV
Expected: Fewer neutrinos coming from the Galactic Center

Observed: Isotropy

Argiielles, Kheirandish, Vincent, PRL 2017



New physics in the energy & angular distribution

Lorentz invariance violation — Hamiltonian: H ~ m?/(2E) + a®® —E - ¢® 4+ E2. g® — E®. ¢©

L (Using atmospheric neutrinos)
o ‘\»\ .
\ cosmic rays

atmospheric muon neutrinos =
=4 §
i
" 2
\ A,
\ T
E

\\ g .

= a7 5

. IceCube ,#‘ |C/(,56;-)| e 10—35 Ge\/—2 = No LV

horizontal 0.6 |- _—— |Cl(i67')| = 10—37 GeV—2 * * Data =

’ (6) 40 2

tau neutrino v . S |CMT| = 10~ QeV

0.4 oot : TR R A TSR B |

103 10°

E L (GGV) IceCube, Nature Phys. 2018



New physics in the energy ‘)‘% ular distribution __-eeneyiolton

Standard oscillations TTUSSG. eemmmmT TR e
Lorentz invariance violation — Hamiltonian: H ~ Jn /(2E),+ a® —E.¢W 4 2. q® _E%. 2O

S -
-y - =
e accaammmomomooo="

1.4

cosmic rays

atmospheric muon neutrinos

A

i vertical / 5 horizontal

W eowe — | =10%Gev?  --- NoLV|
horizontal 0.6 - —_— |C£L672| = 10737 GeV 2 + * Data =

|9<

tau neutrino - p —_— |ch67)| = 10_40 e - 5

103 10

E L (GGV) IceCube, Nature Phys. 2018




Lorentz violation

New physics in the energy & apgular distribution ’/.d

Standard osc111at1ons S

---- - e =
T as e er an e a» @ o @ @ =

Best bounds come from IceCube

1.4 A SR T a0 i & T I T R T
1.00 ‘ (Using atmospheric neutrinos)
AIIowed |
1 e .
050 17 |
=
. 02514 S
g g £ R blat
= 0.004-- Excluded < -
S =
-0257 ! <
—0.50 1---—— E
| R 5 -
] RN = ol e T
N ...t 060 — |2 =10"%Gev2 } # Data g
10737 10736 1073 10-34 10783 10-3 1031 10-3 102 ‘626‘7)‘ — 10740 ey 2
s (Gev2) o e,

10° 10*
E M(GGV) IceCube, Nature Phys. 2018



New physics in timing — TeV-PeV

Multiple secret vv scatterings may delay the arrival of neutrinos from a transient

®
o o V. o i . 5 -
® ® o, ®
. ® 'vuy,, %, CvBor DM ” e
' . 0 "-..0 ®
®

scattered v

@ primary v

Earth ¢ v - ®  Transient Source

® 8
Shoemaker & Murase, 1903.08607

Optical depth to vv: T, = n, 0, D

_/

At ~ 1500 (%7 (3 gpc) (ng\/) (0-1Elzev)

See also: Alcock & Hatchett, Ap] 1978

Characteristic time delay —




New physics in timing — TeV-PeV

v-v (scalar mediator)

1 01 m T
; b
‘ | ea #
100 £ | XN .
- {(E=~0.1 PeV)(
P ':_ N
B g | \ 4
c 10 F i | ) | -
3 i rd
: 1
o ! | v=v
2 2 L i o \431 PeV) il
10 ! E
o i :
3 E Shoemaker & Murase, 1903.08607
1 0 E : v-y =
: (E=0.1 PeV) AT=3d ——-
BBN' L AT=30s
10'4 |||||| 1 ||||||| 1 1 |||||||

107 10° 10" 10° 10° 10%
m, [MeV]

See also: Alcock & Hatchett, Ap] 1978



Neutrino zenith angle distribution

101 i Some neutrinos

> _E astrophysical v —— s
ﬁ i in the Earth
< i
& i
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2 g Figure by
= . Jakob Van Santen

10— ICRC 2017
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Using through-going muons instead

0.9 |

» Use ~10* through-going muons :
0.8

=== Neutrino

» Measured: dEPl /dx
» Inferred: E, ~ dE”/ dx

o
N
s

o
o

= -
Sen
~
.~

-4 Antineutrino
1 —Weighted combination

—This result

» From simulations (uncertain):

o
o

most likely E, given E,

o
N
11 ELE Ll

» Fit the ratio 0, ./ 0,

1.30 272 stat. )E0 (syst.)

o.,/E, (1038 cm2/GeV)
o
w

=
N

i

» All events grouped in a single
energy bin 6-980 TeV

o
—

- Accelerator

o
o

N
(€

2.5

3.5 4.5 5.5 6.5

log,o(E, [GeV])
IceCube, Nature 2017



Flavor composition — a few source choices



Flavor composition — a few source choices

Std. mixing O 1 (fofuf)s  Std. mixing 0 (fo:ffe)s
Prdce: BF,16,30 0.1 allfree  8p8ce: BF,10,30 0.1y all free
(NH¥ 0.2 o (1:2:0) (||-| ) 0.2 W (1:2:0)
\__” 0:1:0) “~.__/ 03 M (0:1:0)

1:0:0) ' 0.7 ¥ (1:0:0)
0.6 (1:1:0) 0.6 (1:1:0)
fc,@ fu,@ f:tEB fu,eB
oo 0.4
0.7 e, 0.3 ' ""'_ :
0.8})>>" 9 _ 0.8)))" - _
Ojﬁe(:ube 2015 ) 0.1 Oy*EeCube 2015 0.1
)T T T T T T T T T rrrryrrrryrrrr)— 0 )T T T T T T T T Ty rrrr 7y~ 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

fo,0

f e,oe MB, Beacom, Winter PRL 2015



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]

prompt

Hadronic []
E.m.

shower

neutron
capture 4
echo

FOF fe_e = fc,ﬂ) . 0 1
0.1

Central value
M 16, 100 sh.

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

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
)
o |
JE.:_ E\ 0.4
O 5
5 s
2 o 0.3
% o
; E
o N 0.2
= ©
o £
@ o
'E = 0.1
=
=

10° 0.0

ok 10! 107 10° 0 2 4 6 8 10 12

Shower energy [TeV] Number of muon decays [10° decays]
Li, MB, Beacom, PRL 2019



Energy dependence of the flavor composition?
Different neutrino production channels accessible at different energies —
0.40

TP13 Std. mixing 0 Vary 6;,8cp
0.38} Point TP13 01 ?est Fit
0.36 N > o
0.34}
©
5 0.32} ;
T,® u,e
0.30¢
0.7
0.28} 08/~ .
0.26¢ ] O;y" ; 4 ) 0.1
i : : e ; 10" GeV 10”° GeV 10" GeV :
40 45 5.0 55 6.0 65 7.0 10 Sl e e e 0
LOg 1 O(EV /G eV) . . - . f(.-:',GB - . . MB, Beacom, Winter PRL 2015

» TP13: py model, target photons from electron-positron annihilation [tammer+, Astropart. Phys. 2010]
» Will be difficult to resolve [kasht, Waxman, PRL 2005; Lipari, Lusignoli, Meloni, PRD 2007]



... Observable in IceCube-Gen2?

11 : == G e =R : =l i N —=rh

1.0
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|
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0.6

I
Il

v, fraction at source

Borrowed from M. Kowalski
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Flavor content of neutrino mass eigenstates

Flavor content for every allowed combination of mixing parameters —

Flavor content 0y 1 Vary 0;,5¢cp

Known to within 2% NH 0.1 0.9 Best Fit
16
0.3 07 W30
2 __ 2 0.4
|U0d| _ani(elzl 237 e13/ CP>| 0.6
|U:|? 05 U2
0.6/ V- B

Known to within 8%

Known to within 20%
(or worse)

/ [ 7 / 4
0O 01 02 03 04 05 06 0.7 08 09 1
U 2 MB, Beacom, Winter PRL 2015

| eil

Mauricio Bustamante (Niels Bohr Institute)



Measuring the neutrino lifetime
Vy Vs V)

\ J
Y
Sources v lightest and stable

If all unstable
neutrinos decay

0 01 02 03 04 05 06 07 08 09 1

fe,S '\j

v;lightest and stable

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

|Ue,i|2
051
0 0.9 V3
0.2 038
ibe 07
0'4/ 06
05
U A 05 U
0.6\ =
S 0.4
0.7 -
0.8 e
0.9 0.1

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

|Ue,i|2



Measuring the neutrino lifetime Earth

1/2,1/3—>1/1 A V

0.2 = 1
0.8 2
N N J 040-3 07 fl’(,@ — |U0(1|
Sources v lightest and stable P 05. . U
0.4 //X7 TC 11 P 0 01 02 03 04 05 06 07 08 09 1 .
ts,c7 1 Decay rate depends on exp t/ (YT, )] =exp[- (L/E) - (m,;/T,)]
0.90.8 Kﬁ” \ 0.20'1 0_90.8 V3
0 01 02 03 04 0.5 06 07 08 09 1 e 07 2
U U = 06 f 0 — |Uoc3|
e 4 2 0.5{:/ 0.5 |Uu,i|2
0.7 '/ -
Y -
Vs hghtest and stable 09 e

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

IUe,i|2




Measuring the neutrino lifetime

Mixing + decay ° No decay

Find the value of D so that decay is 0;,8cp: var. 3¢ 01
complete, i.e., f, o = U,|%, for NH

» Any value of mixing parameters; and
» Any flavor ratios at the sources

(Assume equal lifetimes of v, v,)

0 -;cheCube 2015
MB, Beacom, Murase, PRD 2017 1

Baerwald, MB, Winter, JCAP 2012 /
0O 01 02 03 04 05 06 0.7 08 09 1

fe,0




Measuring the neutrino lifetime
Fraction of v , v, remaining at Earth

y Mixing + decay °

Find the value of D so that decay is 0;,8cp: var. 3¢ 01
complete, i.e., f, o = U,|%, for NH

No decay

» Any value of mixing parameters; and
» Any flavor ratios at the sources

(Assume equal lifetimes of v, v,)

0 -;cheCube 2015
MB, Beacom, Murase, PRD 2017 1

Baerwald, MB, Winter, JCAP 2012 /
0O 01 02 03 04 05 06 0.7 08 09 1

fe,0




Measuring the neutrino lifetime

Fraction of v, v, remaining at Earth

y Mixing + decay °): No decay
, | i 0.1 D=0.75
Find the value of D so that decay is 0;,0cp: var. 3o | 09 18
complete, i.e., f, o = U, for NH 02y 96 5 0.8
0327 36~ 5
» Any value of mixing parameters; anc 04y _
» Any flavor ratios at the sources 0 o
f B
,© : ,
(Assume equal lifetimes of v , v ) “06 ;
07 = 0.3
0.8

0 j}yTCe(;ubeZOlFD 3
MB, Beacom, Murase, PRD 2017 1 i / i Ve \/

Baerwald, MB, Winter, JCAP 2012 V4 / 7 7 Y 7—0

i iy
O 01 02 03 04 05 06 0.7 08 0. 1

fo.0




Measuring the neutrino lifetime

Fraction of v, v, remaining at Earth

y Mixing + decay °): No decay
- S 0.1 D=0.75
Find the value of D so that decay is 0;,0cp: var. 36 | 0 E
, ; NH L D =0.50
complete, i.e., f, o = Uy, for ' 36 0.8
0.3 20 0.7
» Any value of mixing parameters; anc 04y A~ /r6 =5
» Any flavor ratios at the sources 0.5 / L
e (—¥:05 f
ft,EB , -
(Assume equal lifetimes of v , V3> 0.6 o _

0.7\
0.8

O;QYTceCubeZOB [ N NS
MB, Beacom, Murase, PRD 2017 1 gL ' \ k ‘ ) 1 0

Baerwald, MB, Winter, JCAP 2012 / / / /

i 7 REERE,
O 01 02 03 04 05 06 0.7 08 0. 1

fo.0




Measuring the neutrino lifetime

Fraction of v, v, remaining at Earth

y Mixing + decay °): No decay
, , - S 0.1 D=0.75
Find the value of D so that decay is 0;,0cp: var. 36 | 0 E
, ; NH 029 \os M D =050
complete, i.e., f, , = Uyl for | 2208 mD=010
0.3 20 0.7
» Any value of mixing parameters; anc 04y A~ /r6 =5
» Any flavor ratios at the sources 0.5 / L
i (—¥:05 f
ft,EB , | -
(Assume equal lifetimes of v, v.) 0.6 SRR S04
0.7y |
% k. B 03
0.8 e
O;yﬁe(;ubezom AN <0
MB, Beacom, Murase, PRD 2017 1 : ' \ ‘ \ \ ;

' 7 | e el e e ) )
O 01 02 03 04 05 06 0.7 08 0. 1

fo.0

Baerwald, MB, Winter, JCAP 2012



Measuring the neutrino lifetime

Fraction of v , v, remaining at Earth

y Mixing + decay °): No decay
> . 0.1 D=0.75
Find the value of D so that decay is 0,0ce: var. 36 N = D =050
) . ) NH 0.2 %G i
complete, i.e., f, o = |Uyl*, for 08 W D=0.10
. 03 22—x07MD=0.01
» Any value of mixing parameters; anc 0.4 G 0 (complete)
» Any flavor ratios at the sources 0.5 / |
: , ~ 05  f
fﬁe -
(Assume equal lifetimes of v, v.) 0.6 - %54
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Measuring the neutrino lifetime

Fraction of v , v, remaining at Earth

y Mixing + decay °): No decay
) . > - 0.1 D=0.75
Find the value of D so that decay is 0,0ce: var. 36 e =D =050
) . ) NH 0.2 %G i
complete, i.e., f, o = |Uyl*, for 08 W D=0.10
. 0 22—=07MD=0.01
» Any value of mixing parameters; anc 0.4 A6 0 (complete)
» Any flavor ratios at the sources 0.5 / |
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Two classes of new physics
» Neutrinos propagate as an incoherent mix of v;, v,, v,

» Each one has a different flavor content:
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» Flavor ratios at Earth are the result of their combination

» New physics may:

» Only reweigh the proportion of each v, reaching Earth (e.g., v decay)
» Redefine the propagation states (e.g., Lorentz-invariance violation)
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Two classes of new physics
» Neutrinos propagate as an incoherent mix of v,, v,, v,

» Each one has a different flavor content:
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» Flavor ratios at Earth are the result of their combination

» New physics may:
» Only reweigh the proportion of each v, reaching Earth (e.g., v decay)
» Redefine the propagation states (e.g., Lorentz-invariance violation)
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Mystery ANITA events — First UHE v detected?

» Two upgoing, unflipped-polarity showers:
» ANITA-1 (2006): 20°40.3° dec., 0.60+0.4 EeV
» ANITA-3 (2014): 38°4+0.3° dec., 0.56+0.2 EeV

» Estimated background rate: < 10 events

» Were these showers due to v..? Unlikely

» Optical depth to VN interactions at EeV:
Chord inside Earth _ 7000 km 1#
Interaction length in Earth 390 km

» Flux is suppressed by ¢'® = 10

ANITA Collab., PRL 2016 + 1803.05088



Mystery ANITA events — First UHE v detected?

> Two upgoing, unflipped-polarity showers:  tProblems with diffuse-flux interp. |
» ANITA-1 (2006): 20°4+0.3° dec., 0.60+0.4 EeV leccccccccceccecmeceee..—-—-- '
> ANITA-3 (2014): 38°+0.3° dec., 0.56+0.2 EeV '» Flux needs to be 10° times larger

"» No events seen closer to horizon
|

» Estimated background rate: < 10 events

» Were these showers due to v..? Unlikely

» Optical depth to VN interactions at EeV:
Chord inside Earth _ 7000 km 1#
Interaction length in Earth 390 km

» Flux is suppressed by ¢'® = 10
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Mystery ANITA events — First UHE v detected?

> Two upgoing, unflipped-polarity showers:  tProblems with diffuse-flux interp. |
» ANITA-1 (2006): 20°4+0.3° dec., 0.60+0.4 EeV leccccccccceccecmeceee..—-—-- '
> ANITA-3 (2014): 38°+0.3° dec., 0.56+0.2 EeV '» Flux needs to be 108 times larger 1

"» No events seen closer to horizon
|

» Estimated background rate: < 10 events

» Were these showers due to v.? Unlikely - -’I"r-a-n -sie-n-t-a-s;r-o-p -h-y -s i-c-a i ; ;fél;t-?- -
» Optical depth to UN interactions at EeV: E;Xl\-lf’l: A-l- e;\;e-n-t:-r-lc-)r;e; e-ls-s-o-ci- a-te- ci .
Chord inside Earth _ 7000 km ; "» ANITA-3 event:
Interaction length in Earth 390 km E{ > Type-la SN2014dz (z = 0.017)

1
1
. » Within 1.9°, 5 hours before event
1 o1
: 18 _ 108 » Probability of chance SN: 3 x 103
» Flux is suppressed by ¢'® = 10 : y
:
1

» v luminosity must exceed bolometric
luminosity of 4 x 10 erg s™

ANITA Collab., PRL 2016 + 1803.05088
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