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Looking at it
from our point of view
here in the northern hemisphere:
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SouUTis POLE NEUTRING OBEEERVATORY

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

1450 m

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

50 m N

86 strings of DOMs,
set 125 meters apart

Antarctic bedrock

——

DOMs
are 17

60 DOMs
on each
string

meters
apart
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Digital Optical Module
(DOM)

Penetrator HV Divider
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C—G—G—0G—G¢—¢
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Glass Pressure Housing
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Cherenkov-light time and spatial
distribution
5 muon direction

G—O—G—E¢
G—OC—G—E¢

¢
¢

CC interaction in ice or bedrock
Vy+tN—>p+X

VBRI
168




10

4.8

4.0

S S ———

3.2

Time [microseconds|

N
o~
.cO
i -
ml 1=
B
: > <
5 =
- S © o E
O 2
SIRC k) nnu P S
- [3 P RREEE S o F 3
< =kl T 2E — © O
g Mdm = E ___ m S oy <
* 3 o [ @) ~ (e
- |3 % :E 2 17 § .2 o 8
A ek = [ a0
e mm N 0 9
- d o > b
3 2 ¢
— o e O
B e T 7 — b (- .
i e >
- o . 4o -~
il S & 2
JjTeps <% o
N -preypury z =
1 11 _______._.._ 101 N I | IJ
. ! Jg Jz D
Hm\m.ﬁo APIN] Temod Surddojg L ([ ] [ ]




All CC Interactions

Events can start
In the detector
or below it
(through-going).

V e~
W+

d u

Events must be
contained or
partially
contained in the
detector.

W+

d u

Events must be
contained in the
detector

| will show you our
first candidate event!
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All event morphologies

Charged-current v, Neutral-current /ve ~ Charged-current v ¢

(simulation)

| Isolated energy
Up-going track deposition (cascade) Double cascade

with no track

Factor of ~ 2 energy resolution 15% deposited energy resolution (resolvable above ~ 100 TeV
< 1 degree angular resolution 10 degree angular resolution deposited energy)
(above 100 TeV)
12



The v_interaction is very
hard to see In other experiments...

., ECurrent accelerator 80P%
F neutrinos
0.6 € >
. 05 F
CC Ratio: :
0.4 |
VT/ Vi , 5 (Decay length Decay length
- S mm
0.2 |-
0.1 4 l
O C | L | | 1 1 l 1 | 1 | | | | l 1 | | |
0 20 40 60 80 100
Energy ranges covered by accelerator experiments
E, (GeV)

It is hard to build an enormous detector with this

resolution at reasonable cost
13




Luckily IceCube Events are Very High Energy!
107

: | Experimeﬁtal data
Sum of predictions
Astrophysical

Prompt atmospheric
Conventional atmospheric

Well above the energy of any
present accelerator-based

neutrino experiment
IlI 1 P 1 11 I 1 llllllll

= |

10° 10 10°
Muon Energy (GeV)

Phys. Rev. Lett. 115, 081102 (2015)

10°
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Neutrinos from cosmic-ray air
showers
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Atmospheric neutrinos come
from all directions

\'
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IceCube observes a lot of atmospheric neutrinos!

10*

10°

Experi

Sum of

A

Prompt ¢
Conventional €

Atmospheric
Neutrinos

10° 10* 10° 10°

Muon Energy (GeV)

Phys. Rev. Lett. 115, 081102 (2015) 17



But wait, there’s more!
entaldata e j

redictions
rophysical m—
mospheric

Astrophysical
Neutrinos

10° 10” 10° 10°
Muon Energy (GeV)

Phys. Rev. Lett. 115, 081102 (2015) 18



Recently we announced observation of a
4 biIIion year old 300 TeV neutrino from a blazar!

“Neutrlno emission from the direction of the blare TXS 0506+056 prior to the IceCube- 170922A
alert,” IceCube Collaboration: M.G. Aartsen et al. Science 361, 147-151 (2018).
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106 atmospheric u
per atmospheric v

e N %
- = X N, e v _(unfolding)
(7)) - \\\\ eo, u
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g s N g § ‘ s /2, v, (forward folding)
E = \1(1\‘\ N\ “ A v,(DeepCore 2013)
,e,>10-5 E
W F
10° =
107
10° =
- —— Honda v (HKKMS2007)
- Honda v (HKKMS2007)
10°E modified Honda v,
S Bartol v, \
10-10lllllll|llllllllllllll|llllllllllllllllllllllll‘i
VTR T TR R A IR v T e T W R e T R T
log10 (E /GeV)
Challenges:

Astrophysical neutrino flux is very small
Large atmospheric neutrino and muon backgrounds
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Strategy One: look at the

Northern Sky
. Two years of data
107 ' Experimentaldata e
Sum of predictions
3 Astrophysical s
10 Prompt atmospheric mm—
Conventional atmospheric —
102 astrophysica
a2 “»_neutrinos
§ 10" § _r’l_’_,__'_j_\_\"—\—. D¢
i
10°
-2 |-| PR T | o 2 2 123144 .._
10 10° 104 10° 10°
Muon Energy [GeV]
Strategy:

Use the Earth to block the large atmospheric muon flux
- Look at the highest energy where the atmosphric neutrino flux
iIs smallest 22
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9.5 years of northern-sky neutrinos
show consistent excess over atmospheric background
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Conventional Atm.

Muon-Template

— Sum
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—— This work
* ICRC 2019
* [CRC 2017
*  Astrophys.J. 833, 2016
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9.5 years of northern-sky neutrinos
show consistent excess over atmospheric background

_ . 1 U B ELELE Conventional Atm.
| Y= *e . .
@ 10 - .. — Piece-wise (y = 2.0)
. === Log Parabola
CT'E 1077 = === SPL w. Cutoff
C>J \ Single Powerlaw (68%)
3 I N gy TV
O 10—8 — . P J*.-.Ts
™~ - ” % - g

> . PR N !V -
e A
W, " IceCube Preliminary ™, ‘ ;\

10 = % \\\
104 10° 10° 107
E, / GeV

Northern-sky astrophysical neutrino flux is well characterized by
single power-law with spectral index: 2.37+0.10

00 1Ce
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Strategy Two: Use the
other detector as a veto

u

Strategy:
- Define a veto region in the detector to supress the
atmospheric background,
- Advantage: All-sky vision

VE (O R
[ TAs 1
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High-Energy Starting Events (HESE)

Large muon
background
Is well-
separated

Events per 2635 days

Astrophysical
neutrinos
candidates!

ed Wit} eVen%O/OOOO 3 S
Pe/

26
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This event selection contains some of the
highest energy neutrinos ever observed
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Color indicates time (red earlier, green later)
Sphere sizes indicate charge deposited.
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HESE-7.5 years distribution

Showers e

Tracks —X S
T %‘ IceCube Preliminary ||&
= o £
O T S
§ o
s 0 -
O
0 e =
= Q o §
n S
-0.5 alE
. o3¢ i ANRRIU |

10°
Deposited EM-Equivalent Energy in Detector (TeV)
*HESE = high-energy starting events




HESE-7.5 years distribution
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Expected angular distributions

E, =100 TeV

107"

Astrophysical v,
Conventional v,

<
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Conventional v,
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Coincident muons supress neutrino flux!
E, =100 TeV An active muon veto

101 - removes down-going
. Astrophysical v, — Passing atmospheric neutrinos.
Conventional v, @ sssss

Primary cosmic ray

—

_ - Conventional v
1072 - “

Prompt v,

Prompt v,

p—t

T
W
|

E3®, [GeV2 em™% 57! st
p—t
-
A

10_6 — T T T T T T T T T T T T T Schonert, Gaisser, Resconi, Schulz
_ Phys. Rev. D 79; 043009(2009)
—__.O —O.5 0.0 O.5 ]_.O Gaisser, Jero, Karle, van Santen
Phys. Rev. D 90; 023009(2014)
Upgoing COS 9 Downgoing CA, Palomares-Ruiz, Austin Schneider,
< Wille, Yuan

JCAP 1807 (2018) no.07, 047
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HESE-7.5 years angular distribution

Northern Sky/Up-going Southern Sky/Down-going
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HESE-7.5 years angular distribution

Northern Sky/Up-going Southern Sky/Down-going
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Starting Events Energy Distribution And
Inferred Spectrum

y ° — ° | '%' Data
'_:[_i Astro.
10704 IceCube HESE 7.5yr (This Work) ‘ 0 1 % BN Atmo. Conv.
S 10" = I Bl Atmo. Muons
S |
10774 @ L T T
. — = | A —H
—O—i , % - a
107" 3 1 w1004 HH || A H
—0— E L
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10 10° 100 107
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High-Energy Starting Events energy distribution is well described
by a single power-law, but with a spectral index softer than the
northern tracks!
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power-law spectra

. o T v HESE (7.5y Full-sky)

95 % ,,Ieé(fube Prellfrugary """ Subm. to PRD (2020), arxiv:2011.03545

’
— = 68 % 4 \\ Inelasticity Study (5y, Full-sky)
)7 T N \‘ " Phys. Rev. D99, 032004
,o=~ e , - \ | Cascades (6y, Full-sky)
Py ,(\ v / I' " Phys.Rev.Lett. 125, 121104 (2020)
,’ |' )( '/Q\\ * ! This work: Through-going Tracks
/_ -k ,:k ‘; ’ \\ ./ ,/ 7 (9.5y, Northern-Hemisphere)
/f J [.7" \\\\\\_,' \ /'/ g ANTARES Cascades+Tracks
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Spectral Index y

“*Shower power (hep-ph/0409046): Cascade-only event selections also
produce very pure astrophysical neutrino samples!

“*Multiyear cascade analysis extends to TeV energies, yields a harder
spectrum. Restricting this above 60 TeV, HESE spectrum is recovered.

*First hints of a diffuse component in the ANTARES data! 35



Trying to go beyond a Power Law ...

Sorry for this plot! So many points! :(

10_6 _: -
- \\ = == Conv. Atm. Backgr. (v,)
_ - \ HESE (7.5y Full-sky)
- - \\ = Subm. to PRD (2020), arxiv:2011.03545
n ) \\ This work: Through-going Tracks
= 107 — \ : (9.5y, Northern-Hemisphere)
i = \ Cascades (6y, Full-sky)
g E | S \ I Phys.Rev.Lett. 125, 121104 (2020)
> _%— \
w ‘ | ‘ #
2 \
\
§ 10-8 = | \\ +
g, G N I
2L ) A
= - N | l
AN = - \
] — ®
1079 = -l ‘ : B
- IceCube preliminary |
_I | 1 | I LI | I | I | I LI B | | I | I L B | I I I I
10* 10° 10° 107
E, / GeV

“Statistics is not high enough to infer a specific pattern.
“*Small hint of hardening below 60 TeV. LogParabola spectra?

00 1Ce
128
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1. lceCube is sensitive to all neutrino flavors.

2. \We have measured the diffuse astrophysical neutrino
flux using track and cascade morphologies. We have
done all-sky and northern-sky.

3. Small discrepancies between the spectra inferred
from one analysis to another hints a more complex
spectral dependence!

LV 91
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Outline of the rest of this talk:
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We are used to neutrinos just passing
through

Solar neutrino cross section ~ 1043 cm?

Compare to pp fixed target ~ 10->* cm?

...... -

A neutrino has a good chance of travelling through
200 earths before interacting at all!

39



At High-Energies The Neutrino
Interaction Length Becomes Smaller

100- 10° GeV

] 10* GeV

—— 10° GeV

& 10~ —— 100 GeV

= = —— 107 GeV

5; 102 —— 108 GeV

< Survival
5 ~ probability

5y 1073
10~ 0 = 30°
108 104 10° 106 107 108 10°

E, (GeV)

|. Safa et al. https://arxiv.org/pdf/1909.10487.pdf
10300t
gLras)s




We can use the Earth opacity to infer the
neutrino cross section*

*or the Earth column density see Donini et al Nature Physics 15, 37-40 (2019)

. 1 5 X ocsms
Oie B 1 1 Xocsms
cos @ 18—01- v, (I)/(I)O - 102 | 1 0.2 X ocsus
' = 1
160 - 0.8 g
o S 1l |
o 2 10" 3 ,—[—+.:—1_“_
< L !
= 04 o 1
=120 - B —
N - L 10 )
| 0.2 S
1()0-_
T T T T T T T T TTrI] v rram OO
10° 104 10° 106 10-! =
EI/ [G@V] I I T
~1.0 —05 0.0 0.5 1.0

cos(0)

CSMS: is a NLO pQCD reference calculation of the neutrino-nucleon cross section, Cooper-Sarkar et al, JHEP 08 (2011) 042.
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Parameter Energy range 68.3% HPD 68.3% CI 10732

Measurements of the Neutrino Cross
Section With Starting Events

Zo
T
T2
z3

60 TeV to 100 TeV  0.217757 0.487 57
100 TeV to 200 TeV  1.65% 5, 1.50% g2
200 TeV to 500 TeV ~ 0.68% 5,3 0.5470°50

500TeV to 10PeV  4.3173%3% 2.447330

(Bayesian result)

10732 5

1 (Frequentist result)

10—33 - ==

—— Argiielles et al. (v)

=== (Cooper-Sarkar et al.

Aartsen et al.

$  This work

<= Bustamante and Connolly

t

Argiielles et al. (v)

Cooper-Sarkar et al.

This work

10° 10° 107 - ,
E, [GeV
(GeV] 105

Bustamante & Connolly: PRL 122, 041101 (2019)
Arguelles: Phys. Rev. D92: 074040 (2015)
Cooper-Sarkar: JHEP 08 (2011) 042

L,

100
GeV]

107
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1.All-flavor measurements of the neutrino interaction
cross section at 10TeV to PeV energies are
compatible with SM predictions.

2.lceCube brings unique capabillities to study neutrino
interactions! (Also “weight” the Earth)

3.Future radio detectors can also explore high-energy
neutrino interactions. Will the SM trend hold?
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Dark matter annihilation

10-22 lceCube preli XXM
f . ¢ o
] IS ”~
— —23 .
= 10723
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. ' : : == == [C: Cascades 2yr === VERITAS
0 90 180 270 360 1026 -
RA [°] : === [C: Muons == ANTARES
——— | == HAWC: dSPH e H.E.S.S.
Ex_pectedsignalevents/b_infor ) 10—27 — T ——rrr ——— ——y —— I —
XX = K, my=1PeV, (ov) = 10 cm” s 101 102 103 104 105 106 107
my [GeV]
000 0@ =) - - oo CA, H. Dujmovic arXiv 1907.11193.
W-Zbtt h Vy e p
Primary Final
Channels Products
/ ) \
your favorite theory ..‘.‘. » o O
W+Z b 1T t e f)
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And many more measurements ...

10719
10-20
—21 L vl
/N 10 / ,/ ;\\Q)O,,‘
- GVt
(-2 = B
E 10 _ // ’ ,/:: OlceCube 1
= ,/’ 7 Gen2
~—— L
S —23 | Q SK ! _ /// _
g ]_O Borexino (Olivares > //
~ | A e -
T I A e ) |
KamDAND [ 7N 7 T T (Querozetal) - gé(
95 \ m N7 QHK \ - - , @%{p
_ I o \ o p _
10 s DTONONY ST S %,
10—26 I Thermal RehCAbundance ........................................... _
02 107 100 100 10?7 10° 100 100 100 107
m, (GeV)

CA, A. Diaz, A. Kheirandish, A. Olivares-Del-Campo, |. Safa, A.C. Vincent (arXiv:1912.09486);
See also Beacom et al. PRL 99: 231301, 2007. 46




For good results, we need good
predictions!

https://github.com/lceCube/charon

—— bb — Xarov (BRW)
— W*W~ === Xarov (PYTHIA)
. :
108 10_3L\‘G lactic Halo
lC!
=
&
| 4 —4
% 10 10
<)
A:L
K
Ei 1070 1075
A
=
].0_6 10—6

IceCube results with updated calculations to appear soon!

Q. Liu & J. Lazar et al 2007.15010 Bauer, Rodd & Webber et al 2007.15001
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R i 'DM-v interaction will result in

- scattering of neutrinos from
- extragalactic sources, leading to
anisotropy of diffuse neutrino flyx.

CA, A. Kheirandish & A. Vincent Phys. Rev. Lett. 119, 201801



Neutrino skymap

IceCube Preliminary

+: cascade
X: track

Galactic coordinates

21.3 logyo(pprm/GeVem™2) 23

Events are compatible with an isotropic distribution: found no signal! 49




Also include effects Iin energy and direction

10! | SM prediction 10! -
3 w/interactions R
5 L k= = .
n | .
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New constraints on
neutrino-dark matter interactions

IceCube Work In Progress

IcéCﬁb-e-li’-r-e-llimin-ar-y- - - +—Dominated \\ Dominated
by Cosmology by IceCube —

-Z. —8 —6 - —4 -2
10-3 10-2 10~ 10° 10 10 10 10
m, /GeV

Color scale is the maximum allowed coupling.

Cosmological bounds using Large Scale

- Structure from Escudero et al 2016
J VEBR) |
| A8




Take aways on
Neutrino-dark matter interactions

1. lceCube brings unigue capabilities to understanding
dark matter.

2. We are now competitive with cosmology, and

getting better with improved analyses
and more data to come!
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Because of oscillations, neutrinos are natural clocks.

As time passes, they change from one flavor to the other,
and back.

Ve
v(t)) = o—iHt/h V) Vu Vi

Ve

Lorentz violation will change the neutrino oscillation frequency
producing new flavor conversion




Flavor composition @ source

(GRBs, AGNSs, blazars, pulsars...) (e : Q- o)

7T+%,u+—|-yﬂ

Pion llﬁ et o U+ Te (1 20)

Neutron n—p+e —+ Ve (1 OO)
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The flavor triangle

Fraction of electron flavor at Earth

56



The flavor triangle

100% muon neutrino

Fraction of electron flavor at Earth
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The flavor triangle

100% electron neutrino
Fraction of electron flavor at Earth 58




The flavor triangle

Fraction of electron flavor at Earth
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The flavor triangle

3 of each flavor

Fraction of electron flavor at Earth

60



After oscillations where will the
different sources end up?

Measuring a flavor 0.0,1.0
composition outside of (1:2:0) pion
: . ®(1:0:0) neutron
these regions points to ®(0:1:0) muon-damped
new physics! ®(0:0:1) exotic tau
@ 6
‘ :
S 2
0.6 0.4
CA, T. Katori, J. Salvado
(Phys. Rev. Lett. 115, 161303)
1.0 0.0
00 02 04 06 08 1.0
afa

See also Bustamante et al. PRL 115, 161302 (2015); Rasmussen et al. 1707.07684; Palomares-Ruiz
03 00 1411.2998; Palladino et al 1502.02923; Bustamante et al 1610.02096; Brdar et al. 1611.04598; Farzan & 61
& Palomares-Ruiz 1810.00892; CA et al. 1909.05341; Learned & Pakvasa hep-ph/9405296 ..




First astrophysical v, candidate found!

Total deposited energy
~ 90 TeV.

First “bang” in time
(shower)

Second “bang” in time
(tau decay)

v ©

T

W+
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WORK IN PROGRESS o* Bright DOMs are excluded from this analysis

IceCube Collaboration, https://arxiv.org/abs/2011.03561
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Astrophysical neutrino flavor measurements

with high-energy starting events

. . Allflavors

RTINS i |
tUlid gand i
i ¥
. (
o ?
Cascade - = .
‘}e"o UL i 8% 23 o
o FeRHHN : ‘o
.".cf‘_ g 138 é / 7 7 7 7 7 = 7 7 7 00
4_;%_ i - QS N v Mm% o o AN o O D
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Double cascade °° Fraction of v,

—— HESE with ternary topology ID v, : v, : v, at source — on Earth:
% Best fit: 0.20 : 0.39 : 0.42 0:1:0 — 0.17 : 0.45 : 0.37
Global Fit (IceCube, APJ 2015) 1:2:0 = 0.30 : 0.36 : 0.34
Inelasticity (IceCube, PRD 2019) 1:0:0 —» 0.55 : 0.17 : 0.28
-------- 3v-mixing 3o allowed region 1:1:0 =+ 0.36 : 0.31 : 0.33

> o n

IceCube Collaboration, https://arxiv.org/abs/2011.03561




Search for Lorentz
Violation via Flavor
Morphing

As neutrinos travel from
their far away source
they can interact with a R
Lorentz violating field. N

Effects expected at the
Planck Scale.




Trajectories in the flavor triangle in the presence
of Lorentz Violation (LV)

CooTTTTTTT T v Td—=3 ! Q Source composition

: 1 1 I ~ ~ L \
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Katori, CA, Farrag, Mandalia for the IceCube collaboration https://arxiv.org/abs/1906.09240



https://arxiv.org/abs/1906.09240

Results on high-dimensional LV operators
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Katori, CA, Farrag, Mandalia for the lceCube collaboration https://arxiv.org/abs/1906.09240 66
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1.lceCube astrophysical neutrinos allow
physics-reach into the Planck scale.

2.\We are beginning to enter territory of
string theory and other GUTs.

LV 91
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| hope | have convinced you that ...
n S

Multimessenger

Astr Sterile Neutrinos
Supernova Heavy Quark

%;r:g!:oﬁoy Non-standard
Y Interactions

FUNDAMENTAL EARTH

Solar Physics BEYOND
STANDARD 1 Glaciology

MODEL

Space-time
Symmetry Earth

Tomography

Strangelets Axions Searches for DM Sciences

M.“d

IceCube has great potential
for discovery

68



That potential is growing:
The Upgrades

Phase 1: 7 new, high-precision strings in
the central, densely instrumented region.
Funded, installation in 2023(?).

___________ 1000m
.0 o RO 4 R New detector
. .o Y e technologies.
. X o - C Better low energy
® T reconstruction.
T o Improved flavor
o T identification.
__________ ‘ i
L~ .. ... & Tasom — Zigem  1150m
Instrumented Depth
Ref: Stuttard 20181128 69




That potential iIs growing:
The Upgrades

Phase 2: x10 the volume
of present lceCube,
plus additional detectors.

Science Board approval.

Progressing through NSF

70



TAMBO

Ajb>SHOWER:
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Romero-Wolf et al hitps://arxiv.org/abs/2002.06475
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Projected Upgrade Flavor
Measurement
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https://arxiv.org/pdf/2012.12893.pdf

Neutrino Physics is truly in the midst of interesting times:

-First candidate astrophysical neutrino sources have been detected.

- Spectral measurements of the high-energy diffuse spectra start to give hint of structure.
-We are studying neutrino properties at PeV energies!

-We have the Dark Matter problem that maybe related to neutrinos.

-We have reached extreme regimes that lets us explore into the Planck scale.

We also have great possibilities for the future:
-Combination of IceCube measurements

-New results from Km3NeT and GVD-Baikal
-Next generation neutrino observatories will provide a nu picture of the Universe.

May your physics be
L. BSM!
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Thanks!
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Muon Tagging Optical Modules (mTOMSs)

875 optically isolate scintillator blocks within DOMSs;
If a muon goes through, scintillator tags the track
with very high precision.

@ @ /i\ /L\ @ @  Goal:
AN _ .

D L 4 &4 4 3 Collect ~10k cosmic muon

tracks per year for study
JAn\ * A~ Y~ N« o\
-8 = - W W . .

improve down-going muon
A S~ < » >~ o\ reconstruction to
-/ -/ - - -/ -/ _

:Ii :Ii 1) iIncrease v event sample
a2 & i 2 & 2) improve the cosmic veto
D :L DN~ SN o
-/ -/ - =/ -/ N\_



Prototype mTOMs = CosmicWatch!

Lolncideliec Reset button BNC receptacle 4 - ‘:'*:

»
connection \ - o

E . » Aluminum case
. ' , %
l .\I; \'l“l ® B ’ - F -’- e b d
S

‘G osmic
Watch .
1 4

microSD card

Faceplates

Our prototype has become ... the $100 portable muon counter.
Easily constructed by undergraduates.
All kinds of cool projects! Flight from BOS to ORD

25 === Best fit using flight altitude data
" 20 4~ 4 Measured rate
E 15 7‘-.’ oe u'.-.-v-°0 * Ceety 2l vor o2t c.-rnv;l AT X I "O'f‘""',)‘
L]
°
£ 10 ¥ :
8 . Takeoff 7 LY Landing
O 9 . *
|- e\
O ooo../ ) Y% eeoans
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Once you produce the T

-V you have to identify it
~ ' |
. - via the decay!
W€ ud DUNE excellent vertex
S~ ARV resolution
1
Decay length: il
e ~50m @1 PeV o8l I\ S /T —
e ~5cm @1TeV o6l Q
e ~05 mm @10 GeV S
& 0.4 :
& other BSM physics with K R ;
displaced vertex can be e = : ?
studied with similar o! LuJ b= ;
techniques. T 03 10
E [GeV]

LV g
129

Appearance of tau neutrinos via sterile
mixing and matter effects.



ADELIE:The Idea o
. 0
. L . o
“*We deploy plastic scintillator inside the lceCube £
instrumented volume. §
“*No PMTs, no electronics, no new DAQ. 3
“*Light seen by existing DOMSs.
o
Scintillator string ® O
0 o © o ©®
IceCube string o © o ©
® o © ©
O o ©
DeepCore string o © ® o © o ©
o © ° ®
o © . I N
= ‘0% 0
S o © % g%@ 4 o
eepCore e © © \‘\././ o ©
O \\‘
o © © e © @ ©
O
o © ° o © ©®
o ©
o © o ©
o ©
- . .
, 1000 m ,

13 1eor

socintillator strings surrounding lceCubeDeepCore!




Monopoles in ADELIE

Slow monopoles produce no
Cherenkov light, so we can veto muons.

Expected Monopole

Light Yield

o

I

|
-

Light Yield / Muon Light Yield
o
|

—2 1 , |

10 10 10

s We estimate ~ 5 p.e. per MIP crossing
our scintillator. Or up to 150 p.e. if it's a
Monopoles emit 3 to 30 times more light monopole!
than MIPs.




Monopoles sensitivity with ADELIE

From review 1510.07125

e e
U Soudan 2

KGF \

i Ohya
Parker Bound / _
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1 0-14
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this axi
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Hadronic
identification
with ADELIE

108 . . : ! .
prompt

_ 107 k- shower _
n
+
-
- 6
.8' 107 - muon 7
© decay
2 . neutron
o 107 | capture -
2 echo
Y
W
< 10°

103 \ 1 | | |

10° 10® 107 10°® 10° 10* 107

Time [s]

Expect ~ 1% of HESE/MESE-like events to have
hadronic shower close to ADELIE.

100 1ot

Stps://arxiv.org/abs/1606.06290
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“* For IBD: With Gd secondary light from IBD after ~ 30 microsecond
producing ~ 8 MeV gamma; without Gd secondary light ~ 200
microsecond producing ~ 2 MeV gamma.
* Different intensity and time distributions for antineutrinos due to the
IBD contribution may give us a handle on nu/nubar ratio for SN.

ELI

Burst Accretion Cooling
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Tau sector of PMNS matrix poorly
explored

T LINLELL L I (T~ rrrrrrrrrr°
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Parket et al. Phys. Rev. D 93, 113009 (2016)



Beyond the Lorentz Violation interpretation

Our analysis is performed by Standard term
introducing effective terms, which

can be due to by other new physics H = 1 UM2 UT 14

New physics term

beyond Lorentz Violation. ¥ Vhew physics
Vor < 1072"GeV Vir < 107%GeV
New long range forces gauged on (0:1:0) source (1:0:0) source

Interaction range 1/ m:,ﬁ [kpc]
10 10* 100" 10® 107" 1076

12 / LY B AT T [
g e e_m; 3 d Causal horizon Distance to GC 1A.U. &: f
47Td 10-25 -8

—_— ‘/‘-p = Hvac(Ey - 100 TeV) + Vl?at
---- No Earth std. scattering (V,,; = 0)

1026 e

<

S 2

107 =

Sun e &
(107¢) @ o lks . -

10 =

g

10~ e

Milky Wav (10 "e) ") 1030 ~28

Nof to scale Caveat: need to know neutrino source 10-3% 10730 10-25 10-20 10-15 10-10
initial flavor composition to get robust Mediator mass nt,5(p = p, 7) [eV]

: . Bustamante et al. Phys.Rev.Lett.
bounds with current limits. 199 (2019) no.6. 061103

-32




Coherent Dark Matter Scattering

Standard term New physics term Vo < 10-2'GeV V.. < 10-28GeV

2 . A-
H = EUM U7 Voo Dhysics (0:1:0) source (1:0:0) source
Coherent scattering with dark
cosmic background

Our analysis is performed by
introducing effective terms, which
can be due to by other new physics
beyond Lorentz Violation.

Caveat: need to know neutrino source
o initial ﬂavor CompOS|tlon to get robust de Salas, et al. Phys. Rev. D94 (2016) 123001
L bounds with current limits. Capozzi et al. 1804.05117



The IceCube Upgrade

The next step in precision astroparticle physics with IlceCube
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Sources of Astrophysical Neutrinos

15 [ T T T _] 15 _l T T T [ T T T T [ T T T T [ T T T T
I 1 Neutron stars i |
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10 = . -
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Source effect 0.0 NS v; prod.
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Rasmussen et al Phys. Rev. D 96, 083018 (2017) arXiv:1707.07684



Mixing + decay °):1 No decay
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In the pion scenario
2.0) os<wso. <025 NSI effects are small.
This Is not the case for
other Initial flavor ratios.
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95% cred. int.
0.0,1.0 NH

| 1:0:0:0 e Sterile neutrinos
all considered 0.8 0:1:0:0 .
exp. included 0:0:1 ﬁ’% effect is small on
- propagation.

e | arge change only
if the sources are
shooting sterile
neutrinos

1.0 L— ‘ '
0.0 0.2 0.4 0.6 0.8 1.0

Brdar et al. JCAP 1701 (2017) no.01, 026
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Adding LV/CPT violation

If one extends the standard model to include LV/CPT
violating terms using the SME:

A A A o A A
a’ee a’eu a’e'r eg Ceg CC’TO'-
H—=H | DX CI,A* CI,)\ CI,A ! PAPo c)\o c)\a c)\a
— Adstd T E g Tpp Tpr )T T ep pp o CpT
)\ a)\ (ZA /\0' c)\a Ao
6’7' [.L'T TT 8’7' [J,’T TT

here Pl = (Eam
Simplifying assumption: lets assume that “a” and “c” only

have a time component.

H:Hstd+a+E6

WKostelecky Phys.Rev. D69 (2004) 016005




Hamiltonian dominance
H = Hvac + Hmatter + a'T'I' Eaﬁ

~ 10"2GeV (T;V) (~ 10723GeV) ? =7

note that the matter potential only affects the ee component

back of the envelope sensitivity

a'~ 10724GeV — 107 27GeV

&~ 10727 5 1032




Search for Lorentz Violation with
High-energy Atmospheric Neutrinos

The analysis sensitivity, especially for )

- - - - H~Tl 1 6B _p.a@ L g2.56) _ g3.a6) ..
high-dimensional operators, is o T @ € a ¢ :
dominated by the highest-energy

6
events. Posc(cf”) E, L)
1.1 . e ey
cosmic rays 192k |
atmospheric muon neutrinos §
5 £1.0 |
| Eﬁi
e Yl s Noww
R il 0.6 9 _10%Qev2 ¢ t Data | -
E<TEE;Q dﬁ = 1074 GeV—2
tau neutrino

vertical

=
N

103 10%
E,(GeV)

Lorentz violation changes the ratio of horizontal to vertical events.



Leading constraints across several fields of physics

dim. method type sector limits ref.
3 CMB polarization astrophysical photon ~ 10~%° GeV 6]
He-Xe comagnetometer tabletop  neutron ~ 10734 GeV [10]
torsion pendulum tabletop  electron ~ 10731 GeV [12]
muon g-2 accelerator =~ muon ~ 10724 GeV [13]
. B . . o (3) o(3)y, < 2.9 x10724 GeV (99% C.L.) . G
neutrino oscillation atmospheric neutrino |Re(ay7)|, [Im (a,7)] < 2.0 x 10-24 GeV (90% C.L.) this work
4 GRB vacuum birefringence  astrophysical photon ~ 107°° 7]
Laser interferometer LIGO photon ~ 10722 [8]
Sapphire cavity oscillator tabletop  photon ~ 1018 5]
Ne-Rb-K comagnetometer tabletop  neutron ~ 10729 [11]
trapped Ca™ ion tabletop  electron ~ 1019 [14]
: S : : o(4) o(4)y; < 3.9 x 10728 (99% C.L.) : G
neutrino oscillation atmospheric neutrino |Re (cp7)|, |[Im (¢p)| < 2.7 x 1028 (90% C.L.) this work
5 GRB vacuum birefringence  astrophysical photon ~ 107°% GeV 7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10722 to 10~18 GeV—1 9]
. S . . o (5) o(5)y, < 2.3x10732 GeV~1! (99% C.L.) .. G
neutrino oscillation atmospheric neutrino |Re(ay7)|, |[Im (a,7)| <1.5% 1032 GeV—1 (90% C.L.) this work
6 GRB vacuum birefringene astrophysical photon ~ 10731 GeV—2 7]
ultra—hlgh-energy cosmic ray astrophysical proton ~ 10742 t0 10735 GeV—?2 [9]
10N heren ko adi1ation A nnhvsics T3V A n—31 \/ —2
. L o(6) o(6)y, < 1.5x 10736 GeV~—2 (99% C.L.) .. ‘
neutrino oscillation atmospheric neutrino |Re(c¢y7)|, [Im (¢.r)| <91 x 10-37 GeV—2 (90% C.L. this work ‘
7 GRB vacuum birefringence astrophysical photon ~ 107%% GeV~— [7]
. _ . . o(7) o(7)y; < 83x 1074 GeV—3 (99% C.L.) .. G
neutrino oscillation atmospheric neutrino |Re(ay7)|, |[Im (a,7)| < 3.6 x 1041 GeV—3 (90% C.L.) this work
8 gravitational Cherenkov radiation astrophysical gravity ~ 10740 GeV—* [15]
. s . . o(8) o(8)y; < 5.2x 10745 GeV—% (99% C.L.) ..
neutrino oscillation atmospheric neutrino |Re(c,7)|, |[Im (cu7)] <14 x 1045 GeV—4 (90% C.L.) this work ‘

Very strong limits on Lorentz Violation induced by dimension-6 operators!

Nature Physics (2018) s41567-018-0172-2




Maximum flavor violation = set diagonal terms to zero.

(same assumption as SK)

SuperKamiokande Collaboration. arXiv:1410.4267
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HESE and through-going muons
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Also, constraints from the Northern Sky

Limits from 8 years of through-going muons No prompt yet!
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Downgoing 7.5 Years All Events

1.0
0.5
= 0.0
3
—0.5
Above 60TeV: 60 events
12 new events in 2016 season -
5 new events in 2017 season o 107 106 107
All energies: 102 events Upgoing Deposited Energy [GeV]

22 new events in 2016 season
9 new events in 2017 season
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Atmospheric neutrinos

The conventional atmospheric neutrino (muon) flux originates from
the decay of 7= and K= in the atmosphere.

1
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Highest energy neutrinos distribution

1 ' LN L ' ' L L ' S
¥ l-g-le o & Showers +—e £
"; Tracks —X g
X T X IceCube Preliminary ||2
0.5 e @ e
= . ;
O T S
-E; @
=
S 0 _
)
a =3 _
’
-0.5 413
-1 ; TRV P 'l'i" |_§_| 3
10 10°

Deposited EM-Equivalent Energy in Detector (TeV)




Veto region rejects atmospheric High neutrino signal
muons and neutrinos purity at high energy
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Coincident muons suppress
atmospheric neutrino flux!

’
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Veto not only suppresses large atmospheric
muon flux, but also correlated atmospheric CA. Palomares.Ruiz. Schneider. Wille,
neutrinos produced in the same shower. JCAP 1807 (2013) no.07, 047




Coincident muons suppress neutrino flux!

E, =100 TeV An active muon veto
1071 = removes down-going
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Angular distribution of highest-energy neutrinos

Northern Sky/Up-going Southern Sky/Down-going
— HH Data
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Dark matter decay

< 1020 IceCube preliminary '
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Outline of the rest of this talk:

1. Neutrinos in general and in IceCube

2. Searching for a new kind of neutrino:
-The Sterile Neutrino

3. Searching for a new force:
-Neutrino-Dark Matter Interactions

4. Searching for a new symmetry:
-Lorentz Violation Effects on Flavor
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Two funny things about neutrinos...

One theoretical: where's the right-handed partner?

Spin-1/2 fermions
:,?/

T

Quarks

orce carriers

Leptons
F

... and one experimental: what are those anomalies?
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Long-standing “appearance”
oscillation anomalies

;82 17.5 Beam Excess

3.80! @ .

(3.801) s These experiments observe v,
@ 7125 BB other

appearance at L/E ~ 1 km/
GeV!

This points to
Am2~1eV?2
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Introducing a sterile neutrino

’ Am?Z,,

1 Vs
My? | —a Y,
/Ve /Uel Ue2 UeB Ue4\ V1 m12 o Vi
1% U U U U %
v | T U U U U | |0 ®»®Oo
\ Vs \Usl Uz Uss Usa) \va Assuming Normal
Ordering

193 100
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Appearance and Disappearance sighals

should be related!

v, = U,

U
v, = U,

4 U,u4 Am?

=

_)
Py = by

Pye_),,e =1— 4(1 — ‘Ue4‘2)‘Ue4 2 Sin2(1.2’7lAm?11

P, v = 4|Ue4\2‘ U4 : sin2(1.27'Am?11

Pu“—n/“ =1 — 4(1 — ‘UH4|2) UH4 2 Sin2(1.27lAm4211

sin® 20, = 4(1 —
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sin® 20,c = 4|V

10l

L/E)
L/E)
L/E)

115



Global fit solution

10° Best fit point:

' e Am41 : 1.75 eV?

' ed: (o

| | 220, :1.45 x 1073
10} Blue: 99% CL - S 20

- . x* :306.81 (312 dof)

- 3 X & 359.15 (315 dof)
« " >»

) Ax°:52.34 (3 dof)

10" Data strongly prefers

a model with
a sterile neutrino

10'2 | SRR S WS YUY Y P S S B PE N RN S P YN RN P AR

10 10° 1072 10" 10°
. 2
sin” 20,

Collin, CA, Conrad, and Shaevitz Nucl.Phys. B908 (2016) 354-365
arXiv:1602.00671; see also Diaz, CA, Collin, Conrad, Shaevitz arXiv:1906.00045.
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Appearance and disappearance

“preference regions” don’t overlap!

Vy, — Ve

Appearance only datasets

Disappearance only datasets

s s i o5 0
10" 107 1072 1071 10° 10 10 10 10 10

e 2
SlIl2 201“3 S 20;16

From Collin, CA, Conrad, and Shaevitz 1602.00671, similar conclusions
from other groups see Gariazzo et al. 1703.00860, and Dentler et al JHEP
1808 (2018). See Diaz...CA arXiv:1906.00045 for more discussion.
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~ May you choose a
” different path!

IceCube has a novel way of addressing
muon-neutrino disappearance.

The channel in which no signal is yet seen.
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Our neutrinos traverse a lot of matter!

For simplicity consider a 2-neutrino transition : v, — v

1 0 0
Al
H_ZU (O Amﬁl)U

IceCube atmospheric
neutrinos traverse large
regions of matter.

1 0 0 Gr (N 0
17 — & nuc
#=30" (o ami,) Vv (5 o)
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Effects of
Matter Effects
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Plotted for:
“ 2.3 TeV
& Am2, =1 eVZ, sin220,, = 0.1 (compatible with
best fit)
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Where is the resonance effect?
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Phys. Rev. Lett. 115, 081102 (2015)
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Position of resonance maps onto
sterile parameter space

101 R T T

We measure two things: = =
- cos @ length 2100 [ -

o — -
- energy e < .
We extract two parameters: S 10" —
- squared mass difference - | E
- IX| 1072 Ll

mixing angle 07 ol 100
sin? 20,,

true
0059,7“':
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Position of resonance maps onto
sterile parameter space

1
We measure two things: S SR I
- cos @ length v o100 |- A ~
- energy =0 ;
We extract two parameters: 510" ! =
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8-year search in lceCube
Matter-Enhanced Oscillations With Steriles (MEOWS)

Observation Zone [80°,120°]

1.10f 2011 1 2012 | 2013 . 2014 . 2015 | 2016 | 2017
N T S G /NS N
= 1.00} s N s | e
o954 + + I
0.90F Xaor =087 u : . B -
500 1000 1500 2000 2500

Date [Days|

Optimized event selection: 300k events!
“*Improved systematic treatment
*New results to be be published soon!
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New results from 8-year sterile search

100 . .
e Though no
= o S significance
0p et T g8 1 evidence. Small
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- - CDHS , U
L — Tocube disappearance
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IceCube Coll. arXiv:2005.12942 and 2005.12943 125




