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Why study fundamental physics with HE cosmic v’s?

c They have the highest energies (~PeV)
= Probe physics at new energy scales

@ They have the longest baselines (~Gpc)
— Tiny effects can accumulate and become observable

9 Neutrinos are weakly interacting
= New effects may stand out more clearly
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Why study fundamental physics with HE cosmic v’s?

c They have the highest energies (~PeV)
= Probe physics at new energy scales

@ They have the longest baselines (~Gpc)
— Tiny effects can accumulate and become observable

9 Neutrinos are weakly interacting
= New effects may stand out more clearly

e It comes for free
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The multi-messenger connection
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The multi-messenger connection

p+ 7, Br=2/3
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p ytarget { 1 + 7T+, BI' — 1/3
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TS U Yy, o>V +e+ v+,
n (escapes) > p+¢e + v,

Neutrino energy = Proton energy / 20

Gamma-ray energy = Proton energy / 10
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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

e DL P T R T T P T R s = T
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How does IceCube see neutrinos?

Two types of fundamental interactions ...

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

vi+N — 1 4+ hadrons /—\ 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)
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What has IceCube found so far (7.5 years)?
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What has IceCube found so far (7.5 years)?

103 contained events between 15 TeV — 2 PeV
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What has IceCube found so far (7.5 years)?

Arrival directions compatible with isotropy
+75°

Coincident events: 32, 55

Dropped events: 5, 6, 42, 53, 61, 63, 69, 73 Eq uatorial
| B
0.0 6.5 13.0
TS = —2AIn(£L) I. Taboada, Neutrino 2018
E <300 TeV 300 TeV < E < 1PeV 1PeV < E
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What has IceCube found so far (7.5 years)?

Flavor composition compatible with equal proportion of each flavor

HESE with ternary topology ID c
® Dbestfit: 0.35:0.45:0.2
— Sensitivity, E*? spectrum o
® 1:1:1 flavor composition

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



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

Yes.
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Fundamental physics with HE cosmic neutrinos
» Numerous new-physics effects grow as ~k, - E" - L

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

» Improvement over current limits: k, < 10 PeV, k, < 10

» Fundamental physics can be extracted from:

» Spectral shape

» Angular distribution
» Flavor information

» Timing
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Fundamental physics with HE cosmic neutrinos

n = -1: neutrino decay
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Fundamental physics with HE cosmic neutrinos

n = -1: neutrino decay

» Numerous new-physics effects grow as ~k,, - E" - L } 1 = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

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

» Fundamental physics can be extracted from:

\

Spectral sh
» Spectral shape In spite of

» Angular distribution ,
~ poor energy, angular, flavor reconstruction

» Flavor information

» Timing ) & astrophysical unknowns
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Accelerator experiments
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Accelerator experiments
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Accelerator experiments

A
\/

© o ©
= O

QN

t1.2F
© r
erecent 2 F o
ne recen Z F O
ui0-8F
measurement ~ - measurements
(COHERENT) 0.6 ... until now!
o FE
804
ot C
- C
o -
u L
> C

10 1 10 102
E, (GeV)

Particle Data Group
Mauricio Bustamante (Niels Bohr Institute)




Accelerator experiments

A
\/

31 4
=1.2F
°© r
e BT
ne recen Z F
measurement EOBE
(COHERENT) _50.6:—
Q L
0.4
@ F
00.2
u -
- F Ly NSl WAy it 1
0
107 1 10 10?
E, (GeV)
Particle Data Group

Mauricio Bustamante (Niels Bohr Institute)




N B

B O

LI LI LI rrryprria rrryrrurjpild
I I I I I I I

© oS ©

. -38
v cross section / Eé(10 cnlzf GEV)
o N 0

10

E, (GeV)

Particle Data Group

Mauricio Bustamante (Niels Bohr Institute)



Quasi-elastic

scattering: ~
v+n-or+p 214
v+p->It+n 1.2
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Extrapolating the cross section to high energies
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Extrapolating the cross section to high energies
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Extrapolating the cross section to high energies

ve(pu) ™ (pe)

u(pr)

SM

xf

Q*=10 GeV?

PDEFs
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Extrapolating the cross section to high energies

ve(py) = (pe)
W (q)
SM u(pr)
d(pi)
N(pn)
. H1 and ZEUS
e Q*=10 GeV?
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Extrapolating the cross section to high energies
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Measuring the high-energy cross section

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

/TN
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Measuring the high-energy cross section

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

Tan < 1
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Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

Optical depth to vN int’s = Mean free path inside Earth

= T(EV? ez) X OvN

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
A&iL
Nv,up ~ e_Tup ~ e_o'vN

Nv,dn

20N

Mauricio Bustamante (Niels Bohr Institute)



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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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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Our result
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Our result
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Our result

Center-of-mass energy /s [GeV]
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Our result
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Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N — p + X:

Ex=vE, 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 = E, (energy of shower)

=(1+E,/E,)"
E T E.. (energy of track) } y=( t )

Hadronic shower

» New IceCube analysis: Eq,
» 5 years of starting-track data (2650 tracks)

» Machine learning separates shower from track

IceCube, PRD 2019

» Different y distributions for v and v

Mauricio Bustamante (Niels Bohr Institute)



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)* "7
0.6
» The value of y follows a distribution do/dy 05
= 0.41 |
» In a HESE starting track: = -
Ey = E, (energy of shower) y=(1+E,/E,)" 0.21 L CSMS
E, = E, (energy of track) 0.1 v CSMS
— Flux-averaged CSMS
0.05 03 4 N N6 7
» New IceCube analysis: 10 10 R 10 1

» 5 years of starting-track data (2650 tracks) IceCube. PRD 2019

» Machine learning separates shower from track
» Different y distributions for v and v

Mauricio Bustamante (Niels Bohr Institute)



New v physics

Acting during
% Production
= Propagation
@ Detection

Q) Argiielles, MB, Conrad, Kheirandish,
Palomares-Ruiz, Salvadé, Vincent, In prep.

See also:
Ahlers, Helbing, De los Heros, EPJC 2018

Note: Not an exhaustive list

Mauricio Bustamante (Niels Bohr Institute)



New physics in the spectral shape: vv interactions

— 2.00 I | I |
“Secret” neutrino interactions between e Free streaming
. . - L ---- With attenuation ]
astrophysical v (PeV) and relic v (0.1 meV): B L.75 e e
i i i
1% Vv g 1.50 M =10 MeV
__P_ > ¢=0.03
_ C 17 m,=0.1eV |
L gdbvy v 7 :
S 1.00 prmmmm i
. g s e 075 i
Cross section: ¢ = 4 5 5
M2 212
(s —M*)" +MT 050 :
x
=
M2 = 025 i
Resonance energy: Eygs = —— B i
zm"\r = 0.00 i e S R h i s DT R D T T
103 10* 10° 10° 107 108
MB, Rosenstroem, Tamborra, In prep. Neutrino energy E [GeV]

Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Mauricio Bustamante (Niels Bohr Institute) Blum, Hook, Murase, 1408.3799




New physics in the spectral shape: vv interactions
— 2.00 | | | |

""""" Free streaming

“Secret” neutrino interactions between

----  With attenuation

astrophysical v (PeV) and relic v (0.1 meV): 175 el
v v ol M =10 MeV ]
_0 | g=0.03 i
£~ gy ' m,=0.1eV
v vy Vv

1.00 pemmnre e i

,—;\\New coupling
’

v + 7 flux at Earth E2J [1078 GeV em 2 s ! sr™

. Vel s 0.75 i

Cross section: o :\Zf__/ o~y —

T ’
(s =M ) + M 0.50 -
Mediator mass
M2 0.25 .
Resonance energy: Epes = ——
o7 2m-, 0.00

i il i il 1 ful ol L I
103 104 162 100 107 108
MB, Rosenstroem, Tamborra, In prep. Neutrino energy E [GeV]
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Mauricio Bustamante (Niels Bohr Institute) Blum, Hook, Murase, 1408.3799




New physics in the spectral shape: vv interactions

L 200 I I I I

""""" Free streaming

“Secret” neutrino interactions between

----  With attenuation

astrophysical v (PeV) and relic v (0.1 meV): 175 el
v v ol M =10 MeV ]

¢ =
_____ ol g=0.03 |

_ m,=0.1eV
L~ gbvy v

Vv 100w iipe i i

,~~s.New coupling
Wal 0.75 -

' g ,' § .

Cross section: 0 =‘e—s 7=~

v + 7 flux at Earth E2J [1078 GeV em 2 s ! sr™

0.50 - g

.~ E,., = 500 TeV
Mediator mass -
M2 025 B =
Resonance energy: EI‘ES == —2 | |
m e '
M 10° 104 10° 106 107 108
MB, Rosenstroem, Tamborra, In prep. Neutrino energy i [GeV]

Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Mauricio Bustamante (Niels Bohr Institute) Blum, Hook, Murase, 1408.3799




New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between IceCube TXS 0506 + 056 Sensitivit 13 + 5 excess evts.
astrophysical v (PeV) and relic v (0.1 meV): <

/ - ~

v V 1 > V4 g 7
> ¢ p - T/““‘JA\[,(‘N)I,I Decays
L~ gbvy NS gifs ¥
v 8P v S = |
= = l
S
) g4 R
Cross section: 0 = .
41 (s — M2)" + MPT2 107
=== (Pseudo)Scalar Mediator, viv — v ——— MFP =600 Mpc, E, =1 PeV
E==  (Axial—)Vector Mediator, vz — vz~ ——— MFP =600 Mpc, E, =1 PeV
(e : :
M? 1073 102 10-! i
Resonance energy: ErES - 2m m¢ [GGV] Kelly & Machado, JCAP 2018
'

Mauricio Bustamante (Niels Bohr Institute)



New physics in the angular distribution: v-DM interactions

Interaction between astrophysical neutrinos and the Galactic dark matter profile —

60 T T T
Egep > 60 TeV —Atm. v
dep = —— Atm. + Astro., no DM
50 - (Sy,Sy) = (1/2,1),g=1 1
— (S, S4) = (1/2,1),9 =5
w0l —(8y,8) = (0,1/2),9 = V10 |
- -
w0
3 - -
3 30 - | =I__
% T ——
20 F ' —F '——| I_| .
I | [
10F — 1 -
— O ] 1 1 1 L
21.3 logo(pprr/GeVem ™) 23 0 30 60 90 120 150 180
Argiielles et al., PRL 2017 Angle 6 from galactic centre (deg)

Expected: Fewer neutrinos coming from the Galactic Center

Observed: Isotropy

Mauricio Bustamante (Niels Bohr Institute)



New physics in the angular distribution: v-DM interactions

Interaction between astrophysical neutrinos and the Galactic dark matter profile —

S— ————ry —1
Fermionic DM

O . ] =
10 Vector mediator 0.5
0.5
0.25 0

21.3 logyo(ppar/GeVem=2) 23 10-3 102 10-! 10°
Argtielles et al., PRL 2017 m, /GeV

Expected: Fewer neutrinos coming from the Galactic Center

Observed: Isotropy

Mauricio Bustamante (Niels Bohr Institute)



New physics in the energy & angular distribution

Lorentz invariance violation — Hamiltonian: H ~ m?/(2E) + a® —E - ¢® + E*>. q® — E3. ¢©

1.4 —— T - —
- (Using atmospheric neutrinos)
cosmic rays :

atmospheric muon neutrinos

i

P vertical / P horizontal

e — =100V oo NoLv |

v “F 06H o= 10mge 4 b Dt | -
tau neutrino Venzal — 19 = 10740 Gev?
0.4 b——— '163 - e .164

Mauricio Bustamante (Niels Bohr Institute) EM(GGV) IeeCube, Nature Phys. 2018



New physics in the energy & angular distribution _,/dLore“tZ violation

Standard OSC1llat10ns/,-—‘- PPl D -
Lorentz invariance violation — Hamiltonian: H ~4m2/ (2E) AT a(3) E.0® L F2.56 _F3. 5(6)‘)
Y it

cosmic rays

atmospheric muon neutrinos

i

P vertical / P horizontal

e — =100V oo NoLv |

v “F 06H o= 10mge 4 b Dt | -
tau neutrino Venzal — 19 = 10740 Gev?
0.4 b——— '163 - e .164

Mauricio Bustamante (Niels Bohr Institute) E M(GGV) IceCube, Nature Phys. 2018



Lorentz violation

New physics in the energy & angular distribution

Standard osc1llat10ns/,—$- mae emmTTTTTTTTTTTTTTE G ~a
o o N
Lorentz invariance violation — Hamiltonian: H ~ m2 / (ZE) ST a(3) E-c®+E?.q®—-E.c9)
Best bounds come from IceCube 1.4 —————y — oo
1.00 Allowe q ; ; ‘ ‘ | (Using atmospheric neutrinos)
0.75 ------kemnnoes \
e ] e e
0.50 4------- 8 1 |
s 3 l
024 s }
= 0.001-- Excluded 3 T '
S 2
S 0254 ‘ =
£08F -
—0504 A 5
| ;
el R — | =10%GCeV? o= NoLV
o 1 | 1 ' ‘ 0.6 R |C;(fr)| — 103" GeV 2 + * Data ' T
© 1078 10736 1055 10780 10738 10752 10-31 10-%0 102 |CL67)| — 1040 ey 2
pi (GoV2) il

10° 10
Mauricio Bustamante (Niels Bohr Institute) EM(G€V> IceCube, Nature Phys. 2018



New physics in timing — TeV-PeV

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

&)
. o V. o » . 3 -
® ® ‘o, ®
. ‘vay,. * CvBorDM - ®
@ ® 0 PN @
®

scattered v

primary v _
Earth ¢ ¢ 5 ®  Transient Source
® ®
Shoemaker & Murase, 1903.08607
Characteristic time delay — Optical depth to vv: vy, =1, 6y D

At 2 1500 3 (%7(3 gpc) (O.TZV) (0-1E1?;e\/>

See also: Alcock & Hatchett, Ap] 1978

Mauricio Bustamante (Niels Bohr Institute)




New physics in timing — TeV-PeV

v-v (scalar mediator)

1 01 3 ! T
10° | B ;
= i (E,=0.1 PeV)r .
— — = = T- N
—_— i +_
5 L
c 10 E : ‘ J 3
?:l I lr/ )
(@] ! | v=-v
S sna2 L I h '4,;1 PeV) -
10 . 3
o , 3
-3 i E Shoemaker & Murase, 1903.08607
107 F : v-v E
- : (E=0.1 PeV) AT=3d —— -
L[ BBN v | ~ AT=30s
10™ 10° 10 102 10° 10*
m, [MeV]
See also: Alcock & Hatchett, Ap] 1978

Mauricio Bustamante (Niels Bohr Institute)



New physics in timing — MeV oo Preliminary

I
10! E  Notdelayed
» Secret vv interactions delay the arrival : —— D =10kpe
of the burst of supernova v — B s
= se—D —580lpe
«©
M =127 MeV ]
» Look for changes in: 2 0 il 0%5
> Start time of the v light curve (hard) & e (Eo()) = 10 MoV 7
» Shape of the v light curve (easier) =
E
» Sensitive to mediator masses of keV 2
S0 - c
= _
» Probes the same parameter as vv in Z
early Universe, but differently
(Ahlgren, Ohlsson, Zhou, PRL 2013)
o | A . RRRIEHLAFU VR
10~ 10°
Time [s]

. . . . MB, Shalkar, Tamb Il i
Mauricio Bustamante (Niels Bohr Institute) AR LRI




New physics in the flavor composition

~Initial flavor
"~ composition

Mauricio Bustamante (Niels Bohr Institute)



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)

/ 7 / /// // / 7 /// // / 7 /// / //_0
o 01 02 03 04 05 06 0.7 08 09 1

electron flavor

Mauricio Bustamante (Niels Bohr Institute)



Flavor content of neutrino mass eigenstates
Flavor content for every allowed combination of mixing parameters —

Flavor content ©
NH 0.1

1 Vary 9,-,-,6<;p
0.9 Best Fit

Known to within 2%

0.2 0.8 lo
A 0.3 0.7 W30
0.4
| an | | Uaz(eu/ 13/ 8CP) | ? ” . > 2
A |U:| sy [V

Known to within 8%

Known to within 20%
(or worse)

/ 7 7 / 7
0O 01 02 03 04 05 06 07 08 09 1
| Uei|2 MB, Beacom, Winter PRL 2015

Mauricio Bustamante (Niels Bohr Institute)



IceCube flavor composition

—— HESE with ternary PID | ©
mmmm  |ceCube APJ 2015

VelVyuiVe at source
1.0 m 0:10

) 1:2:0)
A 5070

lceCube

Preliminary

v \a © Q Q
> > > > > ~

M. Usner, ICRC 2017

Fraction of v,

Mauricio Bustamante (Niels Bohr Institute)

20
18
16

,_.
~

—2A log(Likelihood)

» Compare number of tracks (v,)
vs. showers (all flavors)

» Best fit: (f,: f,: f,)e = (0.49:0.51: 0),

» Compatible with standard
source compositions

» Lots of room for improvement:

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




Flavor — there and here

At the sources At Earth
Neutrino oscillations
(]Cefyfr)s =(1/3:2/3:0) 3 . (0.36:0.32:0.32),
2 2
P :Z|Uai| Usi| °
=1 :

b, e, ot 06 0107 o, oo, 5 o o 602 | b, e, ot 06 0107 o, oo, 5 o o 602 |

fe,S fe,EB

Mauricio Bustamante (Niels Bohr Institute)



Flavor — there and here
P+y—= v, +v,+,

At the W At Earth
Neutrino oscillations

(Fofifds = (1/3:2/3:0) - > (0.36:0.32:0.32),
Py = Y NUail* |Usil’ :
— .

1=

b, e, ot 06 0107 o, oo, 5 o o 602 | b, e, ot 06 0107 o, oo, 5 o o 602 |

fe,S fe,e

Mauricio Bustamante (Niels Bohr Institute)



Flavor — there and here
P+y—= v, +v,+,

At the W At Earth
Neutrino oscillations

(Fofif)s = (1/3:2/3 : 0), - > (0.36:0.32:0.32),
Py = Y NUail* |Usil’ :
— .

1=

Uncertainties in values of
mixing parameter (10, 30)

b, e, ot 06 0107 o, oo, 5 o o 602 | b, e, ot 06 0107 o, oo, 5 o o 602 |

fe,S fe,EB

Mauricio Bustamante (Niels Bohr Institute)



Flavor composition — Standard allowed region

At the sources

All possible flavor ratios

0D e b 3 A7 o 1 0N SR sl L Y 07 G i 10 8 o

fe,S

Mauricio Bustamante (Niels Bohr Institute)

At Earth

Std. miXing 1 Vaw ey,écp
NH 0.1 0.9 f.s=0 f.s#0
02y 20 505 - _BF

- 0.3y~ 26 0.7 = _ o

M 36

04y "N 0s

~ /ICBF

0.5\
@ v
0.6

0.5

f:

fu,Q

' - —-0.3
%02

*s/

0.7\

0

fo.0
MB, Beacom, Winter PRL 2015



Flavor composition — Standard allowed region

At the sources At Earth
Only 10% of parameter space |

All possible flavor ratios

Std. miXing Vaw 9/]',5CP
NH f.s=0 f.s#0
BF
0. | o
> ' M 36

0O 01 02 03 04 05 06 0.7 0.8 09 1 0 01 02 03 04 05 06 07 0.8 09 1
fG,S fe,EB

MB, Beacom, Winter PRL 2015

Mauricio Bustamante (Niels Bohr Institute)



Flavor — What is it good for?

Trusting particle physics
and learning about astrophysics

0.0

Posterior P(f,5)(x10%)

e

0.9 003 05 10 15 20

IceCube 2015

7

o mdecay: (1:2:0)g
i p-damped: (0:1:0)g
A ndecay: (1:0:0)g 0.2

f e,S MB & Ahlers, PRL 2019

Mauricio Bustamante (Niels Bohr Institute)

Trusting astrophysics
and learning about particle physics

0.0
Unitarity O (2;8)5
bounds @ (1:2:0)s
A (1:020)5

e
506
g,z? Cen
S z
A
N % C.L. =4
0-8 \‘ /
N IceCube 2015 /\ 0.2
\\ // \\. /
\ / \ /
\ Y, \\\ y /
1 .0 \\ // \\ //
/ 7 7 7 7
0.0 0.2 04 0.6 0.8 1.0

Ahlers, MB, Mu, PR 2018 Ve fraction (fes)




Two classes of new physics

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

» Each one has a different flavor content:

01
e V) o g V>
02y Xfo.s o 2>7 HJ 8
V4 X
0.3 o 03vf K¢o.7
04y o5 04)/ Kio'e
05 <
U, y/ 05 |U U 00 U
y \\0.4 06y/ %0.4
0'7Y) 03 0. 7>/ Ko's
o.s;f \\o.z ozy S 02
U-if e °9x <01
1y X
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0 NN ELVAELY/ 0
0 0102 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
|Ue? U,

» 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)

Mauricio Bustamante (Niels Bohr Institute)
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0. w Xo 9
0. 2y X\g 8 3
O'y 07
o.zyy %o.e
Ui U
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09y ‘HJ 1
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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:

r " ) r . ) r . )
01y oo 0.1 ;/yg . o1y o
ozvyy R\ﬁo_g V 1 0.2;/ RE:OFQO‘S VZ 02 %_90_8 3
O'y) XEOJ O}v‘} Xfw 03y e 07
0.4y 06 04y Xio'e 0_4% Ko.e
2 oAsf Y\&o.s _I— z l ’ o 05 ) o, 2 —I— i l , 2 05 / 05 2
w1 |U1:,I| 0_6}‘/’ \\ |U | 2 |U1:,i| 06 y}/ ECSOAHJLUI 3 |U’|:,I| O.GV\;’}/\) X\;O‘4|Up,,l|
07y o.7>/\/ %_3 07y’ 0.3
o.Byy \ 0_2 03}/ 02 o,syyy 02
U-iy)y \;1 0.9 KR\O 1 09y Xo 1
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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)

Mauricio Bustamante (Niels Bohr Institute)




Flavor ratios accessible with decay-like physics

New physics  ° B New physics
0;,6cp: BF,15,3¢ 01 0.9 Stg. mixing t

V; Tlavor cont.
NH 0.2 0.8

Region of all linear 0.3

combinations - Only 25% of parameter space

Of V1, Vo, V3

----------

Tl
-----

What lies outside?

ey
-
------

1

//////./ T //..// 777 /./' ////./ /././ /.//.// /./ 7 0
0O 01 02 03 04 05 06 0.7 08 09 1

f e,® MB, Beacom, Winter PRL 2015

Mauricio Bustamante (Niels Bohr Institute)



Flavor ratios accessible with decay-like physics

New physics  ° B New physics
0;,8cp: BF, 16,30 01 0.9 Stﬁ- mixing t

V; Tlavor cont.
NH 02 0.8

Region of all linear
combinations
Of V1, Vo, \)3

0.7

- Only 25% of parameter space

Mauricio Bustamante (Niels Bohr Institute)
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f e.® MB, Beacom, Winter PRL 2015
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Measuring the neutrino lifetime

\)2, \)3 — \)1

\ J
Y

Sources v, lightest and stable

0 01 02 03 04 05 06 07 08 09 1

If all unstable |Us 2

neutrinos decay

0.1 09 V
02 0.8 3
0 01 02 03 04 05 06 07 08 09 1 03 0.7 U D)
fos 04 06 f — | |
ad® — a3
ViV, 7V, IUr,flzoeo'sa;»/ G
N 0.4
N J o
Y 08 0.2
v;lightest and stable 09 o

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

|Ue ®

Mauricio Bustamante (Niels Bohr Institute)



Measuring the neutrino lifetime

A
N y
%
Sources v, lightest and stable
f ADecay rate depends on expl[- £ / ( 'y'c) = exp|- (L/E) - (m;/=))]

= TEMTITOS aecdy”

0.8 0.2
0.1 0.9
0.9 0.1 3

0.7

= |Ua1|2

1 0.2 08
0 01 02 03 04 05 06 07 08 09 1 03 0.7 U D)
fos 0.4 06 f —
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MB, Beacom, Murase, PRD 2017
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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, Pefia-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]

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

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

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

il

Toho Company Ltd.
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New physics — High-energy effects

Hiot = Hs’[d ‘|“HNP Forn=0 0010 &
1 (similar for n = 1) 4 :() ())
Hstg = o -Upns diag (0, Am3,, A, ) Upuns 0.2/ \0.8 @(0:1:0)
EN' v " @(0:0:1)

HNP — Z (A_n) UJ; diag (On}l, On’2, On’:),) UH @(\ 0.4\;‘; Q
n y < ®

This can populate all of the triangle —

» Use current atmospheric bounds on O, ;: "
O, <102 GeV, O,/A; < 107 GeV

Y. VAV
LY

VEXEL

o 00 02 04 06 038 1.0
» Sample the unknown new mixing angles . icies, katon satvads, rt 2015 -

See also: Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015; MB, Gago, Pefia-Garay JCAP 2010; Ol e
Bazo, MB, Gago, Miranda IJMPA 2009; + many others
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New physics — High-energy effects

Hiot = Hsig + HNp Forn=0 OO 1'0 O(1:2:0)
] (similar for n = 1) o 0 0)
Hgtg = EUE’MNS diag (0, Am3;, Am3,) Upyins 0.2/ \0.8 @(0:1:0)
E\" /8 " @(0:0:1)
Hnp = Z — | U diag (On,1, On2, On3) Uy ® 0.4 ," RN\
P 0/\ X, R
n /il “'» < &

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

Y. VAV
Y

y ?! A

A . 00 02 04 06 038 1.0
» Sample the unknown new mixing angles . icies, katon satvads, rt 2015 -

See also: Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015; MB, Gago, Pefia-Garay JCAP 2010; Ol e
Bazo, MB, Gago, Miranda IJMPA 2009; + many others
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Using unitarity to constrain new physics

— Unitarit
Htot - Hstd + HNP y

]
bounds @ (1:2:0)s
/ . . A U

» New mixing angles unconstrained

» Use unitarity (UxpUnr = 1) to bound
all possible flavor ratios at Earth

» Can be used as prior in
new-physics searches in IceCube

Ahlers, MB, Mu, PRD 2018 0.0 0.2 04 ' 0.6 0.8 1.0
See also: Xu, He, Rodejohann, JCAP 2014 Ve fraction (fe,EB )
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Ultra-long-range flavorful interactions

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

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

» Affects oscillations

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

X.-G. He, G.C. Joshi, H. Lew, R. R. Volkas, PRD 1991 / R. Foot, X.-G. He, H. Lew, R. R. Volkas, PRD 1994
A. Joshipura, S. Mohanty, PLB 2004 / J. Grifols & E. Mass6, PLB 2004 / A. Bandyopadhyay, A. Dighe, A. Joshipura, PRD 2007
M.C. Gonzélez-Garcia, P..C. de Holanda, E. Mass6, R. Zukanovich Funchal, JCAP 2007 / A. Samanta, JCAP 2011

Mauricio Bustamante (Niels Bohr Institute) S.-S. Chatterjee, A. Dasgupta, S. Agarwalla, JHEP 2015



The new potential sourced by an electron

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

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

Mauricio Bustamante (Niels Bohr Institute)



The new potential sourced by an electron

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

Z’ Coupling —A !2 Z, mass
.4
Vo~ ef3 . m, g
TV\

Distance to neutrino

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

Mauricio Bustamante (Niels Bohr Institute)



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

Htot — Hvae
—

Standard oscillations:
Neutrinos change flavor
because this is non-diagonal
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Electron-neutrino interactions can kill oscillations

Htot — Hvae
—

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

l

PVQ—H{S (Q’ij: 5CP)

Mauricio Bustamante (Niels Bohr Institute)




Electron-neutrino interactions can kill oscillations

— dl@g(‘/ﬁjﬂq - E?,U-: U)
Htot = Hvac + veﬁ
H_/

New neutrino-electron interaction:
This is diagonal

Mauricio Bustamante (Niels Bohr Institute)




Electron-neutrino interactions can kill oscillations

—_ dlag(VEHj _Vglu,! 0)
Hiot = Hvac + V€5
-

New neutrino-electron interaction:
This is diagonal

Z’ parameters

A
4 N

2 / /
PL@%L{S (Q’ija 6CPJ Amijz Vs gep.:' mep)
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Electron-neutrino interactions can kill oscillations

— dl@g(‘/ﬁjﬂq - E?,U-: U)
Htot = Hvac + veﬁ
H_/

New neutrino-electron interaction:
This is diagonal

Z’ parameters

4 N

\ 2 / /
Pb’&-—ﬂfﬁ (93]* OCP; Am%], Ey, 9ep> meﬁ.)

o
<
Q.
o
=
-
QD
f—k
™
0p)
)
Y%
\b—\
§\
A
=
o
0]
o,
QO
=
o
-
0p)
f—k
c
=
-
o
R
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Electron-neutrino interactions can kill oscillations

Htot — Hvae =+ veﬁ
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Electron-neutrino interactions can kill oscillations

- D o, ’--‘
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Electron-neutrino interactions can kill oscillations

Htot ={Hvac R Vep
' ~1/E : ' Energy-independent !
i .. We can use high-energy astrophysical neutrinos

Mauricio Bustamante (Niels Bohr Institute)




Electrons in the local and distant Universe

Potential:

1 /
—1m._aTr
Veg X —e el
r
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Electrons in the local and distant Universe

Potential:
1 72
Vg ox —e el
T
1

Interaction range: —
Megs
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Electrons in the local and distant Universe

Interaction range 1/m., 8 [kpc]

10° 10% 101 10~° 10— 11 10-16
= ! ! ' ! : Potential:
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T
1

Interaction range: —
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Electrons in the local and distant Universe

Interaction range 1/, g [kpc]

10° 10 10°! O (U (U
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; Causal horizon Distance to GC 1AU. Ra ; POtent]-al-
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Interaction range: —
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Electrons in the local and distant Universe

Interaction range 1/, g [kpc]

10° 10* 10 100 1o = 10"
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i Light mediators i




Electrons in the local and distant Universe

Interaction range 1/, g [kpc]

10° 10* 10 100 1o = 10"
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Electrons in the local and distant Universe

Interaction range 1/m, 5 [kpc]
10° 10* IGEEE1 0
SR by ] s ] S LSS Y (S e N
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All the electrons in the Earth

Milky Way (10 ¢)

Not to scale
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Electrons in the local and distant Universe

Interaction range 1/m, 5 [kpc]
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Electrons in the local and distant Universe

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

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

Interaction range 1/m, g [kpc]
10° 10* 0 G 0 B RO=
——

Cosmological electrons ( 10”¢)

Sun (107 ¢) .

All the electrons in the Sun
All the electrons in the Moon
All the electrons in the Earth

Milky Way (10% )

All the electrons in the Milky Way

9]
97]
=
0]
i
S
D)
F]
=
©
>
-
9]
n
Q
@}
=
N
S
o
—
-+
O
)
L
«F]
)
<
-
=

Not to scale

10—35 10—30 10I—2I5 i 1I0I—26 10—15 10—1O>
Mediator mass m;ﬁ(ﬁ =u,7) [eV]




12 —m'. Interaction range 1/ méﬁ [kpc]
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Interaction range 1/m, g [kpc]
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Interaction range 1/m, 8 [kpc]
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Interaction range 1/m, 8 [kpc]
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Std. mixing param.: 10

Varying 1o (NO) 01
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0g O Standard mixing

1.0
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MB & Agarwalla, PRL 2019 0.0 01 02 03 04 05 06 07 08 09 1.0
fe.m (This plot for fixed E, = 100 TeV)
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Interaction range 1/my,, [kpc]
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Quo vadis? Ultra-high-energy neutrinos

- Cosmological v

Solar v
R Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

10 } Terrestrial anti-v

10-12} Atmosphericv

107 v from AGN

‘l 0—20 -

Cosmogenic

10 \ v
1028 <
10°¢ 10+ 1 10° 10°¢ 10° 1692 10" 108
pev  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy
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Quo vadis? Ultra-high-energy neutrinos

]
]
Present i
]

| ARA/ARIANNA/ANITA/GRAND/ i
Future! POEMMA /BEACON /etc.: :
|

| K, ~4-10% (E/EeV)” (L/Gpe)™ EeV'™ !
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Quo vadis? Ultra-high-energy neutrinos

]
]
Present i
]

{ ARA/ARIANNA/ANITA/GRAND/ | Giant Radio Array for

|

|

' ° °
Future| POEMMA /BEACON/ etc.: y  Neutrino Detection

|

|

|

{ K, ~4-10% (E/EeV)" (L/Gpc)! EeV | White paper: 1810.09994
Web: grand.cnrs.fr
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Cosmic ray

P % * Antenna optimized for horizontal showers -

* Bow-tie design, 3 perpendicular arms

* Frequency range: 50-200 MHz " é@%‘%\
« Inter-antenna spacing: Tkm T Ve

[

More information about GRAND: grand.cnrs.fr



What are you taking home?

» Cosmic neutrinos are the only feasible way to probe TeV-PeV physics
» We can extract TeV-PeV v physics now, in spite of astrophysical unknowns
» New physics is possibly sub-dominant — so we need to be thorough

» Forthcoming improvements: statistics, better reconstruction, higher energies

More information in our Astro2020 white papers:
» Fundamental physics with high-energy cosmic neutrinos, 1903.04333
» Astrophysics uniquely enabled by observations of high-energy cosmic neutrinos, 1903.04334
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