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A story more than 100 years old

R96: radioa disco od (iranium. radium 011. Smlcrayschscovered
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Victor Hess
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Some atoms are not made to last

The actors: ‘

proton neutron
charge +1 no charge

Different types (isotopes) of hydrogen:
® ®

1 H deuterium fH

stable stable

electron
charge -1

tritium ?H

unstable!



Radioactivity: beta decay

A neutron in the wild will disappear after about 15 minutes

electron
®

neutron H‘ proton

S

S \Af? |
" something else!
(wait for a few slides)



Cosmic rays discovered

The state at the beginning of the 20™ century:
(1) ambient radiation was already known to exist

(2) believed to be mainly coming from the ground

ambient radiation measured
to be lower at the top ...

1 km tall mountain
(badly drawn)

... than at ground level

Problem: they had measured only up to ~1 km of altitude



Physics is a risky business
Victor Hess — 1911-1913, balloon flights up to 5.3 km

| |
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Chamber 2

iation” = cosmic rays
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So what are cosmic rays?

Low energies: from the Sun
— mostly electrons + protons

i Higher energies: from supernovae
inside the Milky Way
— protons and nuclei

Highest energies: from beyond the Milky Way
8 — protons + heavier nuclei




How are cosmic rays made?
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How are cosmic rays made?
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The cosmic ray spectrum at Earth
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Back up about 90 years

It's 1930 and (most 0f?) you haven't been born



A crisis in particle physics
Recall the beta decay of the neutron:

electron
/ O
neutron H‘ proton

s

something else!

<1930: problems with energy conservation in beta decay



The problem with beta decay

Circa 1930 — observed discrepancy in the distribution on
electrons produced in beta decay:

Expected Measured

number of electrons
number of electrons

energy of the electron energy of the electron

The neutrino was proposed to solve this discrepancy



A crisis in particle physics
Recall the beta decay of the neutron:

electron
/ O
neutron H‘ proton
~»

S

SO A |
:?n%%@ﬂling else!

(you've waited long enough)

NOztkiprolpeoposedlireiofgtconskevsdise of beta decay




The neutrino: an “undetectable” particle

bap sunt - TEF Mg of Pec 0393
/ Abschrift/15.12.86 M

Offener Brief an die Grunpe der Radioaktiven bei der
Gauvereins-Tagung zu Tibingen.

. Wolfgang Pauli:

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zirich Gloriastrasse

Liebe Radiocaktive Damen und Herren,
Wie der Ueberbringer dieser Zeilen, den ich mldvollst

st i, T e ninere cusesindarstag virdy S 1o “I have done something very bad
des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg . .

o e e . Bt S s today by proposing a particle that
welohe den g oyt heyraifotion N phosibes, syt phmy Y

S e S e cannot be detected; it is something
B Tt S e B el S no theorist should ever do.”

aisd, derart, dass die Summe der Energien von Neutron und klektron

konstant ist.

Nun handelt es sich weiter darum, welche Krifte auf die
Neutronen wirken. Dus wahracheinlichste Modell fiir das Neutron scheint
mir sus wellemmechanischen Orfinden (niheres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magnetischer Dipol von einem gewissen Moment u ist. Die Experimente
verlineen wohl, dass die ionisierende Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines pﬂ--smm und darf dsnn
A wohl nicht grosser sein als e + (10" om).

Ich traue mich vorliufig aber nicht, etwas iber diese Ides
su publisieren und wende mich erst vertrauensvoll an Euch, liebe
Radiocakt‘ve, mit der Frage, wie es um den experimentellen Nachweis
eines colchen Neutrons stinde, wenn dieses ein ebensolches oder etwa
Mmal grosseres Durchdringungsvermogen besitsen wirde, wie ein
guen-Strahl.
Ioh gebe su, das= mein Ausweg vielleicht von vornherein
hrscheinldich heinen wird, weil man die Neutronem, wemn
she existieren, wohl schon Xfngst gesehen hatte. Aber nur wer wagt,
und der Ernst der Situation beim kemtimierliche beta-Spektrum
durch einen Aussprech mcines verehrten Vorgs in Jmte,
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats
"0, daren soll man am besten gar nicht denken, sowie an die neuen
Steuern." Darum soll man jeden Weg rur Rettung ernstlich diskutieren.-
Also; liebe Radioaktive, priifet, und richtet.- Lelder kann ich nicht
personlich in Tibingen erscheinen, da sch infolge eines in der Nacht
vom 6, sum 7 Des. in Zirich stattfindenden Balles hier unabkimmlich
bin.- Mit vielen Oriissen an Euch, sowie an Herm Bask, Buer
untertanigster Diener

Enrico Fermai:

Theory of beta decay
with neutrinos

ges. W, Pauli



Neutrinos are real!

beta decay

inverse beta decay



Back to the present

It's 2021 and we’ve been home for too long



Neutrinos are very light and very anti-social

Strongl
interac%ir}{g All particles: more strongly interacting
the higher their energies
electron ‘ @ proton
“Interactivity”
Weakly :
interacting ~-&NeUtrino 4,4 matter

Very light Mass Very heavy



Stopping something that is almost not there

High-energy v




Neutrinos from the Sun

—

More neutrmos

«— Fewer neutrinos
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Some neutrinos do leave a mark




The Sun... seen in neutrinos

Super-Kamiokande, 1998



Cosmological v

< Very abundant, not yet
Abundant and det¢
Solar v N

Supernova burst (1

Reactor
/

987A)

anti-v

Background from old supernovae

detected

cted

/
Terrestrial anti-v
Atmospheric v
. v from AGN
Astrophysical:
rare but detected B ogenic
\ v
10-° 10 1 10° 10° 16° 10" 103 1012
eV  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy



Neutrinos are everywhere: even you make them!

Some of the potassium * A P
f\ 4 in bananas is radioactive \ N Py . 4
- <
Potassium-40 has a half-life ... WK .

of ~ 1 billion years:

- IRt S

e+ K —GArt+v, .. ..
OK S 0Ar+et v,y N

K ECatetv, v

4000+ neutrinos emitted each second by a 70-kg person



Neutrinos are quintessential quantum particles

There are three types, or flavors, of neutrinos:

electron muon | | fau
neutrino [A%8 neutrino neutrino v
A neutrino is created But may be detected with a
with one definite flavor, e.g., different flavor, with some

probability

Neutrinos travel long

distances to detector pr—
or or
“flavor oscillations”

(Nobel Prize 2002, 2015)

We use quantum mechanics to compute probabilities over macroscopic distances!



Neutrinos: Quintessential quantum particles

Neutrinos are created and detected as weak interaction states —

Coefficients of a mixing matrix (fixed by Nature)
—
L 30—
__ * 0. __
- Vo = g Univi for ao=e, p, 7
s =
VF‘ V.

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

Vi

Vs
Vo I
A%

e

Their superposition changes with time —

3
vo(L) =Y Uke ™ HEy,
i—1
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“neutrino oscillations”

1.
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extragalactic

6

10

solar supernova ~ ’
reactor accelerator S -

G 100 watts
W x 1 second




What makes high-energy cosmic v exciting?
a They have the highest energies (~PeV)

Particle: Probe physics at new energy scales
Astro: Probe the highest-energy non-thermal astrophysical sources

e They have the longest baselines (~Gpc)
Particle: Tiny new-physics effects can accumulate and become observable
Astro: Bring information from high redshifts (z > 1)

Neutrinos are weakly interacting
Particle: New-physics effects may stand out more clearly
Astro: Bring untainted information from distant sources

Neutrinos have a unique quantum number: flavor
Particle: Versatile probe of flavor-sensitive new physics
Astro: Can reveal the neutrino production mechanism



The promise of high-energy astrophysical neutrinos

Fact: we see ultra-high-energy cosmic rays

Why does this imply high-energy neutrinos?

Delta resonance
(10**s)

We did not a priori if there would be enough v to detect



IceCube: high-energy astrophySiMﬁgs"detected!

BREAKTHROUGH
OF THE YEAR

IceECuUBE



How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current Charged current
Receives (1-())E,
fr—Receives (y)E, \
Vv, t+ Ne(vx ;l":X :’ V) + Ne(\l +):)\< )

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

Makes hadronic shower

At TeV-PeV, the average inelasticity (y) = 0.25-0.30







Track
(mainly from v,)

T

Shower
(mainly from v, and v,)

Time [microseconds]

Time [microseconds]

<1°

Angular resolution

~10°

Poor angular resolution



~100 contained events, 15 TeV-2 PeV
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DESY



Luckily, cosmic-ray sources should be wastetul...

Man-made accelerators Astrophysical accelerators

>

»-

’

=p==po=pecpm=p=p==p=

>

P downstream — upstream downstream <« upstream
Acceleration In vacuum In a medium
E.m. fields Ordered Messy
Beam dumps Precisely regulated Fully unregulated

Cosmic accelerators inevitably make high-energy secondaries



Cosmic rays and neutrinos: a common origin?
Possible sources: cosmic particle accelerators

active galactic
nuclei

NI Delta resonance A n ----p-e - @
llght (10_24 S) e {/




A long time ago in a galaxy far,
far away....



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

1068 is also a potfential neutrino

Blazar TXS 0506+056: source candidate (1408,0593)
1C40 1C59 1079 10862 1086b 1C86¢
5 L L L '] [ -
=+ JceCube-170922A A E - 4o

Gaussian Analysis

Box-shaped Analysis i

—logig p

= 20

- 1o

2009 2010 2011 2012 2013 2014 2015 2016 2017

—— ¥

Important: y

If every blazar produced 2014-2015: 13+5 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
neufrinos as TXS 0506+05¢, 3.50 significance of correlation (post-trial) 1.40 significance of correlation
the diffuse neutrino flux would — —

T

Combined (pre-trial): 4.10

—2.140.2 B
) TeV cm ™2

be 20x higher than observed:

Hard fluence: E?Jyo = 2.17°07 (155w

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



In the face of astrophysical unknowns,
can we extract fundamental TeV-PeV v physics?

Yes.
Already today.



Neutrino pmsioisT\ .



Standard expectation:
Power-law energy spectrum

Standard expectation:
Isotropy (for|diffuse flux)

Standard expectation:

v and y from transients arrive
simultaneously

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

More: PoS ICRC2019 (1907.08490)
Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent

Note: Not an exhaustive list
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IceCube-Gen2

v Gen2-Radio

® Gen2-Optical

® IceCube

ok IceCube Upgrade
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Today
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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 are starting to find their sources ... but statistics are still low

» 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

Want more? Here is a start:
> Astro2020: Fundamental physics with high-energy cosmic neutrinos, 1903.04333
> Astro2020: Astrophysics uniquely enabled by observations of high-energy cosmic neutrinos, 1903.04334

mbustamante@nbi.ku.dk — https: //mbustamante.net



Backup slides



The Hillas criterion

1.&]“ 1Pc llfpc 1Mpc
eyt 1014-::9\ Outflow speed: =10
> Necessary COIldlthIl fOI' a source S < r‘dliiLLLJgTﬂ‘LBS ----- 5 =0.01
to accelerate cosmic rays 1071 SN
) - Above lines:
= 108 can accelerate to 10%° eV
. . a0
» Particles must stay confined: g
= LL GRBs/TDEs
Larmor radius < Size of acceleration region 2107 Wolf.Rayet stars
Electric charge of the particle *§ 10-1-
jeTo]
RL = E/( < (R r) § 104
Bulk Lorentz factor of accelerating region —
. Galaxy clusters
» Maximum energy: » '
T 00 0 100 100 102 100

Acceleration efficiency (7 = 1 for perfect efficiency)

(3 . 1020 6\7)‘7716{@ 'R

Y

B
Foo o a )=
e <1016 Cm) (100 G)

Speed v,/ c of the outflow
Hillas, Ann. Rev. Astron. Astrophys. 1984

Comoving size - ' [em]

Alves Batista, MB et al., Frontiers 2019
See also: Winter, PRD 2011
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Detected
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But we have solid theory expectations

Status quo of high-energy cosmic neutrinos . .. .ocimentsl sroges,

What we don' 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?



|

The basics (aﬁd hot news)




The multi-messenger connection: a simple picture

Proton density
Photon density

m=u +v, 20, +e +v,+ 0,

n (escapes) > p +¢e + 1,

1 PeV 20 PeV
Neutrino energy = Proton energy / 20

Gamma-ray energy = Proton energy / 10




PeV gamma-rays becom%%—é%‘é{f 13

roduction Emission . .

Energy,at Earth =
Prt

+ +
e +yCMB*e + y

Pagation

Detection

IceCube Lab

“» Deflected by magnetic fields
» Lose energy via

\ P+v¥oeg o Pte +e
™y 4y
— o
P+ Yous T2V, + 0, + 0,




Neutrinos — The ultimate smoking gun of cosmic accelerators

Gamma rays Neutrinos UHE Cosmic rays

Point back at sources _ _ No
Size of horizon 10 Mpc (at EeV) _ 100 Mpc (> 40 EeV)
Energy degradation Severe _ Severe

Note: This is a simplified view




New (IC 7.5 yr): Neutrino energy spectrum

100+ contained events above 60 TeV: Data is fit well by a single power law:
: W Data —Yastro
! stro. d@G E
4 =i, Con -~ = —_— 10718 GeV t em ™2 57 sr!
% 101_5 %:—}‘-} N Atmo. Muons dEV astro 100 TeV
p 15.0 7
2 10° ] = IceCube HESE 7.5yt (This Work)
°§ ] 4 = IceCube Inelasticity Syr
H 12.5 ] = IceCube Cascades Gyr
1 = IceCube Northern Sky Tracks 9.5yr
107" T T 4 77N
104 10° 10° 107 10.07
Deposited Energy [GeV] 8 ]
v attenuated by Earth Atm. v and p vetoed % 7.5
z JEum -—T— Upgoing .
= J mmm Atmo. Conv. COSYz = 1 5.0
% E EEl Atmo. Muons :
@ 1073 o S e T N A E
L g 2.5
2 10 -
g 0.0 . I
2107 2 3
= cos0, = +1 Yastro IceCube, 2011.03545

Downgoing

Iat . T 10 Spectrum looks harder for through-going v,



New (IC 7.5 yr): Distribution of arrival directions

Distribution of arrival directions (7.5 yr) shows no significant excess:

+75°

. Largest TS
Post-trial

p-value: 0.092

Galactic Cente

Milky Way sources?

They only confribute, at 0.0 10.5 21.0
most, a few fimes 10 TS = —2A ln(ﬁ)
of the total diffuse flux IceCube, 2011.03545

See also: Ackermann, MB et al., Astro2020 Decadal Survey (1903.04334) 19




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



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.)

00 01 02 03 04 05 06 07 08 09 10
Fraction of v,




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



One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7}l

S @

:j::ze 4 _—"Full i decay chain
' 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



Theoretically palatable regions: today (2020)

NO, upper >3 octant, 0.0
NuFit 5.0

T 68%CR.
BN N 9% CR.
HHE N %.7%CR

© mdecay: (1:2:0)g
09 [ p-damped: (0:1:0)g
A ndecay: (1:0:0)q

0.3
@ % .
X8 2, Varying over all
\ < ossible flavor
S 2 Pt
“ 55 2 ratios at the source

Note: : ' ‘ ' : :

All plots shown are for normal 1.0 == IceCube 8 yr (68%), 95%,99.7% C.R.)

neutrino mass ordering (NO); / 7 7 7 ~ vi ~ ~ ~ ~ 0.0
inverted ordering looks similar g9 01 02 03 04 05 06 07 08 09 10

| | | Fraction of v,, fe
Song, Li, MB, Argiielles, Vincent, 2012.X.




11.

Astrophysics with high-energy
cosmic neutrinos




Three strategies to reveal sources of TeV-PeV v

Examine single No evident single steady source,
sources one transient source

Look at bright

e.m. point sources
e 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 .
Clustered Used to trigger follow-ups by other
in direction and time detectors

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




PeV neutrino sources in the Milky Way?

Candidates for full or partial contribution:

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

» Fermi bubbles AT . -
» Supernova remnants =/ N SO ) N
» Pulsars P TR, < SN
» Microquasars
» Sagitarius A* TL . QTP . e
» Galactic halo ) S iyt

» Heavy dark matter decay it

P Galactic
Ahlers, Bai, Barger, PRD 2016

IceCube, ApJ 2017




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)




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays

/ K
ydal DN
a I 'z I
00 1 - 10 MeV
0 8 /1 keV

- J

) Y
Fraction of total p energy
given to pions

150 A ;
Optical depth to py: 7, — - QL g : (0-01) (@) MeV
10°%ergs™ by I €+, break

E. Waxman & J. Bahcall, PRL 1997

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

Baryonic loading




‘GRB fireball model - ey
. : : Jet collides with
' _ ambient medium
Meszaros, Stecker, Piran, Waxman et al., 1990s ' ' . (external shock wave)
Ty e_> 'WHigh-energy
~1000 km |
14

gamma rays
o Slower
i Faster shell

Low-energy shell
gamma rays

Colliding shells emit
low-energy gamma rays
(infernal shock wave)

X-rays

Visible light

Radio

Black hole
engine

Promieil

emission 100s of seconds

Up to a few seconds

NASA / Swift Af’rerglow-




Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars

10_5: LY | T T T 1Ty L
H B G lobal Fit (2015

TTTTT] T T71

] T T T TTTIT

South v, GR

I T T
B (5yr

v Energy (GeV) IceCube, Ap] 2017

862 blazars fnsected, no correlation found

1172 GRBs inspected, no correlation found
< 1% contribution to diffuse flux < 27% contribution to diffuse flux




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

CA B, ~50% of the debris bound to the SMBH,
s areates a flare (occasionally a jet)

NASA



An apparent TDE neutrino source

Radio-emitting TDE AT2019dsg coincident with neutrino event IC191001A:

AT2019dsg: Apr9,2019 / z =0.051 (230 Mpc) / My =3 X 10" M,

VF, [erg cm™2 s71]

=

9
=
N

Fx [erg cm™2 s71]

10—14 i

10—11 ]

10—12 J

UVW2 (193 nm)

10—13 4

Days since discovery

IC191001A, ~200 TeV

Stein et al., 2005.05340 — See also: Winter & Lunardini, 2005.06097; Murase et al., 2005.08937

U (346 nm)
. +  UVM2 (225 nm) 1 g (464 nm)
";:ﬁ"'i #  UVWI1 (260 nm) 4 r(658nm)
I [ - :
9 ii :
+ 0+ &::"
vo o atr vy 18
¢ 0 $++ N :
. "o, o
Optical (ZTF) + UV (Swift- UVOT’) Het
0 50 100 150 200
TN X-ray (Swift-@XRT + EXMM-Newton)
’ !
+*+ .
$ + .03 %
$  0.3-10 keV (XRT)
% 0.3-10 keV (XMM)
0 50 100 150 * 200

_1044

11043

.1042

_1043

_1041

vL, [erg s ]

Ly [erg s71]

Radius [cm]

Multi-zone model:

\
From radio:
mildly relativistic expansion

(v/c ~ 0.2) + acceleration \
Radio
p and e accelerated here

(B=0.07 G, E, < 160 PeV)
‘ . . . J

1el6 .
2 |

L]

Synchrotron
Zone

E~2-10%3erg s7!

A\

L
-

1015 4

Ultra-Violet
Photosphere

Schwarzschild
Radius
200

175

75 100
Time since detection [d]

125 150

p+ v (Orp) —v

Vin




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 EQCID,,WL,;M =107 TeV em 2 s~ ! Closest source with £2 Fy i, = 0.1 GeV cm 2
10° 107

. 10° } 100 F

cvla -

g 10%t L 105t

Q. =~

) '

5 10°) g 104}

> )

2102t < 103t

e >

9] b=

S 10t 2 10%}

e 3

— 1t L 10t

:

E 0.1 --- IceCube . § 1r .. IceCube 1

< 10-2| —- 5xIceCube ‘ - 01l -- 5xIceCube N,

....... 20 xIceCube - 20x IceCube . 8
10—3 . \,\ 10_2 B \'\‘\
107 10% 109 102 109 109 10% 10% 107 10 10% 107 10% 10 10 105" 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



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 ; ; ) { ( % ’ %, O), if B, < Eiyl?c
/ / max ,S ,S ,S — . )
B2 Zg/u  F2-0w o~ FLIE &S Jp,Ss Jr (0,1,0), if B, > B0
v sync 9 G
max 1010F GeV -~ o= - EVQ’/I’ =10 F? ey
L, R 7N 7 IN /’ N
VB'/G (pF () =T )=’ )+ v,

\\_'/ N\ -’
T—> vV, + et + Ve

Pion cooling

it B EPYae
Steepen the v spectrum: ¢, = { 7 v < Byin

v+2, if B, > B

o G
Esyn(/ ~ 1010F— GG‘V

v, B’
MB, 1. Tamborra, 2009.01306 (to appear in PRD)




-4+ IceCube HESE 6 years

T IceCube MESE 2 years -
b—q} 4

T .
192]

T 107°F ;
& - )
U - -

2 [ Z
v \

<
S| Vet —— - ! f .
& 1079 ° ¢ \ %\, 31— Proton cooling
~ Vy + Uy —— = . AN
= TR U i
ik ] _ Pion coolihg,
[Vt Tz NN
1 1 1 111 11 I 1 1 1 | T I | I 1 1 1 \\I I\I 11
F T T T T T /I’___I__I__I_I_I_I_I —— T T T T 11 |_
§ 0.4 :_ ‘—’”,/' / _:
o B ]
~ 03 .
= e 4
o Ta \ :
0'2 1 1 Lol \I\__I__I__I_I_I_I_I — 1 I T T |_
10* 10° 10° 107

MB, I. Tamborra, 2009.01306 (to appear in PRD)

Neutrino energy E, [GeV]




Galaxy clusters

-~ 8
v sources with - 3 NN :
strong B’ are likel 3 b% 6 N
& . Y S 5 \ HL GRBs
not dominant | = , N
rE \
"E Neutron-star &
s 2 magnetar winds
o TDEs
R 1
8 0 BL Lacs
< FR-1
o —1F ' knots
FSRQs
Average B’ must be < s,
< 101(G—10 MG k= Starbursts

T —3 FR-II lobes
= 4 . HESE 6 yr
_‘:, - N\ (95% C.L.)
= _
Q MESE 2 yr
go —6 A (95% C.I.)
> -7

—
e

1 2 3
Lorentz factor, log,, T’

MB, I. Tamborra, 2009.01306 (to appear in PRD)



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



Inferring the flavor composition at the sources

Ingredient #1:
Flavor ratios measured at Earth,

fe.w fue, I1,
(fe.os fuer fre) P (fo )

0.0 - N

T

0.9 0 5 10 15 20 25 30 35

® mdecay: (1:2:0)g 1.0

W p-damped: (0:1:0)g

Sssdecagee (il O)y 1.2 0. lceCube upgrade proj.

0.3

E.g,

Ingredient #2:
Probability density of mixing

parameters (0,,, 05, 015, dcp)

|| —

T
|

1.6

1.2

C

1.0F

(5(:13/7'[

0.81 A

0.6

T
|

0.4F 1
0.2 DUNE i

L T S S SN S S S
0.40 0.45 0.50 0.55 0.60 0.65
Sil‘l2 923

Song, Li, MB, Argiielles, Vincent, 2012. XXXXX
MB & Ahlers, PRL 2019 [IRSLY




Inferring the flavor composition at the sources

Ingredient #1: Ingredient #2:
Flavor ratios measured at Earth, Probability density of mixing
(fews fuos fro) parameters (6,,, 0,3, 013, Ocp)

Posterior probability of f, s (MB & Anlers, PRL 20197

foo = D Pssalss

B=e,u,T

~

P(f,) = / L) Posp(f o (f5.9))

-

Y g

Oscillation experiments Neutrino telescopes

Song, Li, MB, Argiielles, Vincent, 2012. XXXXX
MB & Ahlers, PRL 2019 [IRSLY



Inferring the flavor composition at the sources
(Assuming f,s = 0)

0.0 27 LI T X EEL I A I T :l 8 T TT | L B i ] | T ¢ R | T E I I riit I T3 |1
2015: IC, cont.+thr. 1.0 : 2015 ( d) L
J 3 & B measureq): _
7] 2020 (proj.): IC 8 yr 01 ®; rrdceay: ({1 £ 230)s o l IC (Ap] 1,98) & NuFit 5.0 ]
Il 2028:1C 15 yr 0.9 ] y-damped: (0 21 O)S = E - 2020 (projected): j
B 2040:1C 15 yr + Gen2 10 yr() 2 A ndecay: (1:0:0)qg § : 1€ 8 yr @ NuFit 5.0 ]
2040: ALl v tel 0.8 21 I 2028 (projected): -
viElescopen “a AN B 1C 15yr © (NuFit 5.04JUNO) 3

o] I
w2 < B 2040 (projected): L
E 18 N B (IC 15 yr+IC-Gen2 10 yr) ® .
< (NUFit 5.0+JUNO+DUNE+HK)
...z\‘ = : 2040 (projected): 1
n 15 £ (Combined v telescopes) ® ¥
S 2 [ (NuFit 5.04]JUNO+DUNE+HK)
- < E i 1
- >, 12 2 :
= b= g s :
e P o, >, [Nt >
,Q;:r = e 9L& g : 51
@ Q e < N 5 1
8 2 R =
0.2 a® : 4
il s
VARV VAR 0.1 . ]
1.0 All regions at 99.7% C.L. or C.R. \:'\ :
/ 7 7 7 7 7 7 7 7 7 7—0.0 : :

1

00 01 02 03 04 05 06 07 08 09 10

0.0 01 02 03 04 05 06 0.7 08 09 10

Fraction of v
er f e,o Average Ve fraction at sources, fe,s

Song, Li, MB, Argitielles, Vincent, 2012.XXXXX
MB & Ahlers, PRL 2019 30
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Particle physics with high-energy
cosmic neutrinos




Example 1:

Measuring leV-PeV v cross sections



Quasi-elastic
scattering:

Accelerator experiments

vi+n=I+p S

vi+p=Il"+n

(4]

< 3

One recent =

measurement u.fo

(COHERENT) ~
a0
1 bt
©
30' :‘c
/)] .
o
&

Resonant scattering: v, + N=I + N*=>[ + 1+ N’

E, (GeV)

Particle Data Group

IR M
p inelastie
scattering:
v+ N—=I+X
v+ N—=I"+X




Center-of-mass energy /s [GeV]

UHE uncertainties are actually smaller: —
Cooper-Sarkar, Mertsch, Sarkar ef al., [HEP 2011 = Y 103 104 10°
=107 TR
» Fold in astrophysical unknowns < p—
: b Oz f o
(spectral index, normalization) OF Teswbletoday) /§ £,
U—l_z 10732 1 § co\‘: E
» Compatible with SM predictions & : i£ '
= / g
: . s i
» Still room for new physics 5
2 10383 [Testable next decade] -
i 2 -
» Today, using IceCube: S —p-
» Extracted from ~60 showers in 6 yr [ / .
AR o O - /*_ Standard Model (perturbative)
» Limited by statistics N— e o34l —F e |
§ 10 8 ~ (IceCube 17)
» Future, using IceCube-Gen2: 2 L x JCubeshowere ]
. N I ustamante onno y
» x 5 volume = 300 showers in 6 yr £ '
» Reduce statistical error by 40% £ 10°% s L
Y 2 104 100 10° 107 108 10° 1010 10!
z Neutrino energy E, [GeV]

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

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



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



Example 2:

Secret neutrino interactions




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

l/ \
»@ < \\\ /// M —Pp
(o
“Secret” v | Astrov v | Can change:
1ntera_ct1ons | i » Energy spectrum
= o T | » Flavor composition
.B%M Vts'elf- | L~ gbvy | » Direction
mteractions | Relicvy V | » Arrival times




Secret interactions of high-energy astrophysical neutrinos

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

Astrov
>L ~ gpvv

Relic vy

Looking for evidence of vSI :
4 IceCube HESE 6 year E

9]

\
DS in 6 years of

C (-;\ ESE%i_I__I_ ;
_ \ \ -
10 380 eve 15$ 18 Te{ 12 DoV 3

Il ||

Per-flavor v, flux, Earth E2 J5 [GeV cm ™2 s~1sr 1]

’_\New couphng 10~ % :Assum avor-diggonal ang y
4N E . d :
l s : =
Cross section: g = 4g e universali gq,, = § Qi
T 2 272 10— 11 L . . . i
(s _'\‘H ) + M A » Bayesie ,' anglysis Varying., :
Mediator mass 'M, g, shape 8féitted flux (y)
MZ 10712 1 .
Resonance energy: Eios = —— > Account for atmospheric v,
2m 10-13 Un-Earthipropagation, detector . . ...
10tincertalfities 106 107 108
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 \\ Neutrino energy EV [GeV] /

See also: Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799




No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢

: = ¢ I T T IIEEEEE] I T T T3 TETT I T T T17 O
l% === This work: vSI (best fit+68%CL) 1 L abesr B W <
= 10_7 BN IceCube: power-law fit (68% C.L.) 3~ EEEEEEEE
Ncn 4 IceCube: differential fit (68% C.L.) _1 ST S
| 3 — Shalgar et al. Shalgar et al.
-8 L S
£ 10 E
= 1077 F <
. z
o = = IceCube HESE
- — 40 g" —3 « 6uyeears
_..J:(_, 10 = o) ) (this work)
= O (90% C.L.)
L:‘ g 4L :
3 1071k 5
; E
= =
=
o —12 L 5 -
S 10 5
<
0 BBN (AN = 1)
v _13 | 11 T | 1 O W
~ 10 _g Lo
10* 10° 10° 107 108 B A - D 0 1 2 3 4 5
Neutrino energy E; Mediatet“mass log,,(M/MeV)

' V4
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 The 300 TeV 1P€V gap
See also: Shalgar, MB, Tamborra, 1912.09115 degrades the limit at ~10 MeV 54



IV.

The future




— CvB core-collapse SNe — avg. atmo. vy + 7y — avg. Galactic diffuse — cosmogenic (proton)

solar/ (4r) — SN 1987A/(47)/(3s) — avg. atmo. ve + 7 — IceCube vy, + 7 (8yr) HH IceCube HESE (7yr)

E24)y+17 [GeVem 251 sr 1]

106}

10%

102}
109

T T T T T T T

non-anthropogenic neutrino fluxes

R (v + 7 per flavour) Abundant Today: Next decade: |
and TeV-PeV PeV-EeV
Abundant, detected |
not yet
- detected 1
1 103 10° 10° 10" 100 108
Ey, [eV]

Figure courtesy of Markus Ahlers
Also in: Van Elewyck et al., PoS(ICRC2019), 1023



Cosmogenic v flux: how low?

e e
i s
—_— ] ~ N e ®
T { B Gen2-Radio (10 years) bkl &A’/’ .
6], .y =11 - /
b= 10 { veivuive=1:1:1 .\QQ’/,/
- &9 <
' /’ % =
n / X. ol T
f?' 107 ,/' E % 8 =
IceCube /’ £l = @)
E v B @) A
9 . A ¢
L o < B= =
> 1081 ¥ 4 P T These are all 5 K1 EE
D < uncertainly ™ B B B K
9 = @ e @ Q
— known S M E
L - —
(@] 109 E —- % O
> = - S Q
(] w o 2l 2.
A o) ) - =g
= 2 B N E
— (@)
-10 | -
LR § 77N // —— FromAGN 3
& J o ---- From UHECR, best fit -
e - From UHECR, allowed region p
LLI 10—11 4 . : . = — Sao L “3
10° 108 107 100 10° 100 108 =OWep P 3
Neutrino energy [GeV] el :

IceCube-Gen2, 2008.04323




Next decade: a host of planned neutrino detectors

— CE— CE— e

Logio(Traveled distance/m)
—_
Q1

—-—
- T~
-~ ~
g A
keV MeV GeV TeV/ 7 PeV EeV Ze
[ T T I T T I T T I T . T l T T I i T : T \
- Observable Universe  OUpernova / High-energy Ultra-high-en¢rgy \
25 EGZKhorizon Gpc \

S B8 0OB Mpc \
I 000 NN o kpe |
:_ °°°°°°"v":”‘"~"‘"f"‘" I CCC\LLZE POEMMA /:/;1 p C ,
¥ E ‘BI%%?/TD BEACON /
n Solar ESEsases Nnnnt 7 PUED ) -

- - N\ GNO | iQ AU
Geoneutrings 13?;1{11%4 ? — R@ /

;s: 4

. ) IceCube-Gen?2 - -

[ I:i PASE;& N 1 I 1 I 1 I 1

~ ”~
3 5 7 9 11 13 = \15\ 17 19_.— 21
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— - L J
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Synergies with lower energies

MB et al., Snowmass 20201 Letter of interest

Increase TeV-PeV Discover > EeV v

v statistics
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