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The Earth would need to exist for
300,000,000 years to give rise to the
diversity of species I’ve observe. My
observations of erosion in the Weald
seem to support such a timeline.
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How Does the Sun Shine ?

The Earth would need to exist for
300,000,000 years to give rise to the
diversity of species I’ve observe. My
observations of erosion in the Weald
seem to support such a timeline.
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This can’t be ! Chemical processes
could only power the Sun for 30,000

years and gravitational processes are
still well-short.
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How Does the Sun Shine ?

If the Sun generates energy from nuclear
fusion, it will emit electron neutrinos 1 Neutrino spectrum from pp chain
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Staring into the Sun

« Homestake experiment looked for solar v, via el + v, —T Ar+ e~

* First observation of solar neutrinos ! N
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Staring into the Sun

« Homestake experiment looked for solar v, via el + v, —T Ar+ e~
* First observation of solar neutrinos ! N
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The Solar Neutrino Problem

* Flux measured by Homestake was | 2
in bad agreement with SSM
prediction

 Many experiments continued to
prod at this discrepancy, while
theory is honed
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Looking at New Flavors

Sudbury Neutrino Observatory used heavy water water
(D,O) to measure all-flavor NC processes

v,only - All flavor
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Looking at New Flavors
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Looking at New Flavors
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Looking at New Sources
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Looking at New Sources

Multi-GeV u-like o SuperK saw a deficit

of U, coming through

the Earth

 This confirmed
neutrinos neutrino In-
flight flavor change

Multi-GeV e-like

Number of Events
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Looking at New Sources
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of U, coming through

the Earth

,; This confirmed
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Looking at New Sources

g K saw a deficit
‘g oming through
= _ _ _ rth
y, 200 { Non-terrestrial neutrinos have played a pivotal role |
2 . ) . . onfirmed

in shaping our understanding of the Sun, neutrino L
5 hysics., and the Standard Model more broadl OS Neutrino in-
z phy ? Y (B change

coxg

Pt =
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So, where do we go from here ?
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— == Reactor SN1987A
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The IceCube Neutrino Observatory

X:_— — - lceTop

50m —— e I o S __— 81 Stations |
T s Gigaton scale detector of 5,160

e lIght detecting digital optical

Igc%zso(t:rngg |f1:‘<:rI[J?ang 8 DeepCore strings m Od U IeS (DO M S)

e AR s "

e lceCube and DeepCore
sensitive to high- and low-
energy neutrinos

DeepCore | . 1]

£8 strings-spacing optimized for lower energies §

Ajl Eiffel Tower
324 m
2450 m

Jeff Lazar | CERN EP Semine



Unfolding Light and Time

Cascades v, CC | v, NC Tracks

OCQQO 00006

Great e gy solutio bt Great dire t nal re n, bu
gular t ctio deposited energy n tp p ortional
h” nging to E,
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What Do we look for

Jeff Lazar | CERN EP Seminar



What Do we look for

Jeff Lazar | CERN EP Seminar



What Do we look for

Jeff Lazar | CERN EP Seminar



What Do we look for

Jeff Lazar | CERN EP Seminar



What Do we look for

Jeff Lazar | CERN EP Seminar



What Do we look for

Jeff Lazar | CERN EP Seminar



What Do we look for

Jeff Lazar | CERN EP Seminar



What Do we look for

Jeff Lazar | CERN EP Seminar



What Do we look for

Jeff Lazar | CERN EP Seminar



Science Spanning Sectors

"‘:i'i‘.’:‘ veurinos| @NSWEr questions from the
’\ & from particle physics up to

Supernova Heavy Quark m
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Science Spanning Sectors
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Hunting for Neutrino Sources

Search of northern-sky, track data set with three searches
1. General clustering of neutrinos in the northern sky

2. An excess of events from known y-ray emitters
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Hunting for Neutrino Sources

Search of northern-sky, track data set with three searches
1. General clustering of neutrinos in the northern sky

2. An excess of events from known y-ray emitters
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The First Strong Evidence of Neutrino Sources

1 Signal Total
L Background ® Data
30 14 /9 events
Ggl()b. — 42
60 -
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NGC 1068
TXS 05064056
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Events as a function of opening angle from
NGC-1068. As one can see there is a distinct

peak at angles between 0°? and 0.3
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Measured fluxes from significant point sources. These contribute to
the total flux at the percent level
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Neutrinos From Our Back Yard

v.Optica

' G .  There should be a
Optical ¥ ' e e _ | -‘ " it .
neutrino counterpart to

T — " ” . galactic y rays
High-energy y | 8+ Galactic center and
s Predicted \ Northern Sky much of galactic plane in
High-energy v ey . Southern Sky southern sky = tracks
dominateS will be difficult !
M
~orthern S
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Cascades to the Rescue

e Containment cuts allow on to veto

atmospheric
* Order of magnitude increases in acceptance
IN southern sky

10" -
~ 0
o Vv
v o
< vVoo10Y
Y >
<
S —t
4= 3 =10
< = . £
) me= | "his Work b
=
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E, [GeV] E, [GeV]

Jeff Lazar | CERN EP Seminar




Predicted Distribution

40 ™

\ 80% This work = = 50% This work (contained events)
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High-Significance Observation of the Galactic Plane

c...>4.]
+o0” loc. o Observed Data
+30° o~/ -15°
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High-Significance Observation of the Galactic Plane
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M.G. Aartsen et al.(2020)
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An All-Energy Solar WIMP Search

 Combined data from main array and bb o VeV__e —=- IC2016 |
DeepCore gives sensitivity to three W vy~ This analysis
order of magnitude of WIMP masses

* QOrder-of-magnitude improvements at
lowest and highest energies
compared to previous analysis

10—38

m, |GeV|
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World-Leading Limits

* Unfortunately, we did not find
dark matter

* Limits on spin-dependent
WIMP-nucleon cross section
are world leading above

100 GeV for most
annihilation channels

— XENON —— ANTARES - bbb - = V.U,
LUX —— Super-K —_ - WTW- - by,
PICO IceCube —— T ——— D
10—38
N
=
O
— 10—40
A &
N <
@
10+

10! 102 103 10*
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Atmospheric Neutrino Oscillations

L
P, ., ~1—sin (26’23) sin (1.27Am223f)

po

100 1 : | : | . 1 : | , ] :_
-1 —0.8 —0.6 -0.4 —0.2

C.A. Argielles, et al. COS(Bzen,v)
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https://doi.org/10.48550/arXiv.2211.02666

Atmospheric Neutrino Oscillations

po

L
P, ., ~1—sin*(26,;) sin 1.27Am223E

“Track” “Cascade”

g:)r*- . . ) WJ

100'1 . | : I : l . | . ] , =
-1 -0.8 -0.6 -0.4 —-0.2

C.A. Argielles, et al. COS(Bzen,v)
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https://doi.org/10.48550/arXiv.2211.02666

Look Out Accelerators!

3.4/ Normal Ordering 90% C.L. Atmospheric neutrinos have
— DeepCore 9.3 years (No FC) precision comparable to
| === NOVA 2022
321 T accelerator measurements !
— 3. Super-K 2020 (Preliminary)
N -== MINOS+ 2020

2.0

ICECUBE PRELIMINARY

0.30 0.35 0.40 0.45 050 055 0.60 0.65 0.70
sin“(6,3)

LI Jeff Lazar | CERN EP Seminar



A Decade of Success

* |nit’s first decade of operation, IceCube has opened the window to the neutrino universe
* We are seeing the first hints of galactic and extragalactic neutrino sources

* Neutrino parameter measurements from neutrino telescopes is comparable with
accelerator measurements and will outstrip these in the next decade

* A robust BSM program is searching for possible signs of new physics in the weak sector

 However, despite a promising first decade, there are certain challenges that lceCube cannot
address alone
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New shapes

. — SinglePowertaw | * Most recent global fit of the

— 10-s} lceCube LogParabola | data shows a moderate

wn - Work In Progress —— Broken Power Law

% B | preference flux models

=~ 4+ Segmented E~“ Flux | . .

- besides single power law

-7 . .

S | « Atmospheric neutrinos at low
G —|— | energy and small flux at high
5 |  energies limit our ability to

> 107 ,
<2 resolve this

QL

-9  Both exotic shapes preferred
N >

W 10-° over power law at ~ 20

T T T T T
neutrino enerqgy E, [GeV]

-
&
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Flavor Degeneracy

o —— High-energy starting tracks Ve : vy . Vr at source — on Earth:
o 10 % Best-fit: 0.29 : 0.50: 0.21 0:1:0 — 0.17 : 0.45 : 037
@ Global fit (IceCube, APJ 2015) o 1:2:0—030:0.36: 0.34
Inelasticity (IceCube, PRD 2019) A 1:00—> 0.55:0.17: 0.28
3v-mixing 30 allowed region ¢ 1:1.0—-036:0.31:0.33
’&Q‘ 5m /100 TeV
.
Q
?
05 @
<
04 ~
' 0.3
JATAVANS!
01
o o 0.0
S N

Fraction of ve
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Where Are the Rest of the Sources ?

e |ceCube has identified three

NGC 1068 Astro. v, . |
TXS 0506+056  —4— Astro. v, v, point source candidates, two of
-0 which have enough event to fit
— ——
3 —t——o— - a spectrum
7 | T  They can only make up a tiny
E 10-11 - 7 T fraction of the measured diffuse
S spectrum
C;e:_‘ 10—1& i ‘
> |
| | T I
103 10* 10° 10° 107
E, |GeV]

Jeff Lazar | CERN EP Seminar



Trials and Tribulations

~ 445,000 trials

Test type Pre-trial p-value (Pjoeq;) Post-trial p-value (pgiopar)

Northern Hemisphere scan 5.0 x 107° (5.3 0) 2.2 x 1072 (2.00) — . trials
List of candidate sources, single test 1.0 x 1077 (5.20) 1.1 x 10™° (4.2 0) 02
List of candidate sources, binomial test 4.6 x 107° (4 4 0) 3.4 X 10_4 (3.4 0)
PKS1424+240 __________
5 4 -",_ @ _______________________ SRl Tl e ‘
| "TXS 0506'1-056 |
'. 0. NG C 1068
......................................................................................... @ i Y
Oh
| | ; | |
1 3 5 7/

—LOG, (P 4en)

~ I
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We’re Not Short on Ideas

Diffuse Flux, 1:1:1 Flavor Ratio L Many next generatiOn

w—w wm [ANBO l -
- \ detectors will target 100
10 54 == == POEMMA30 (5 years) | “\ ]
£ SRAND 200k
| - ‘. TeV to 10 EeV neutrinos
| ==eee« PUEO (3 flights, 100 days) ' ]
| wm s w= RNO-G
| I s ey * New technologies and
— w we w= |ceCube-Gen2 UHE " . .
T Jo-6. , detector principles will
wn o
. z "
7 enable this push
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h E ~- , -
ia : \f\ \"~. Tl e T
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~ 10 9'1 VFUE Oy, Ya '0"
: w - -.~.. =1 -t ”
v s oy, et ”
"/ -~ -~ e e o -
—-—'—'-’
Cosmogenic: UHECR constraints, van Vliet ¢t al
o Cosmogenic: UHECR + pure proton, Muzio et al
107194 Aslrophvsical: MMA consltraints, cluslers, TDEs
Tt N 1 L L U Lt 1 Y 2

Neutrino Energy [eV]
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Passing the Energy Baton

Diffuse Flux, 1:1:1 Flavor Ratio
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Power-Law Sources

NGC 1068 Astro. v,
TXS 05064056  —4— Astro. v v, [ Signal Total
. Background ® Data
— 10_9 i S 80 - 79 events from one source
Icn ‘ | ————p— | ®
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Is this totally crazy ?

e 22 000 Cherenkov water tanks with 150m

40 * ' r interdetector spacing
- 0.024 * Triggering procedure to reject major
‘ 0.021 v background of coincident atmospheric
' Q
ot muons
o 20¢ S
I =
S 10} )
©
>
Q
w0
—10}
~00 =50 0 50 100 = 2.0} ,
Azimuth, deg < 1.5 | | | . | | : | |
-4 -3 -2 -1 0 1 2 3 4 5 6

Cross-sectional distance, km
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Well, Kind of...

Air shower: ' e 22.000 is a lot of tanks, and that Is
\ 3 —10 km length Rock a lot of water to lift
Water 200 m ciameter > 4kmshielding ~ * ~160 kilometers of valley would
Cherenkov from background heed to be instrumented...
counter dalray
~m?3 each
~100 m 50m—5km CC interaction
separation

Deep VaIIey/
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But Not Entirely

Initial calculation showed that we

e N tracks 9.5 yr (Cascades 6 yr
Inclasticity 5 vr HESE 7.5 yr should expect between 0.27 and
0.04 detections per year per 1,000

To10 ' F detectors
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Site Selection Trip

e A few of us from Harvard went
to the Colca Valley to look at
sites and assess infrastructure

but there are less remote

places that are viable for a test
array
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Potential Test and Main Array Location
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Main Array Candidate Site

~
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Hardware Studies

GPS antenna .

Communications
| antenna

] B
. Py &
- K " by -~
A l..
. 4N
-_’
A -
L oL g
Vol e e R TE
- 3 photomultipliers

—

Battery

Plastic tank with
12 tons of clean water

! .'—r "’\‘.

e » e s\
Pierre Auger Collaboration, ICRC(2021)

IceCube Collaboration, EPJ Web Conf. 210 (2019)

e Observatory is an array of thousands of individual detectors

e Two designs under consideration:

« Water Cherenkov tanks — very well understood but heavy and expensive
« Plastic scintillator panels — less well understood but 20x lighter and 2x cheaper
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https://doi.org/10.1051/epjconf/201921006009
https://doi.org/10.1051/epjconf/201921006009
https://doi.org/10.1051/epjconf/201921006009
https://pos.sissa.it/395/238
https://pos.sissa.it/395/238

First Light from Cosmic Rays

. @

ﬁ

zsse f
|

e First light from scintillator panels at Harvard

« Enough material to build 10 panels in total, which we expect to have by the end
of the year
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Towards a Full Monte Carlo

c 4.5
% 4,00
?i 3.5+ |
S 30L D
S 2.5F
-

= 2.0f

< 1.5 : : . . . 1 : . i
-4 -3 -2 -1 0 1 2 3 4 5 6

Cross-sectional distance, km

» Simplified geometry * Realistic valley geometry
. No treatment of 7T energy losses « Full treatment of 7= energy losses
 Approximation of air-shower * (Less) approximation of air-

LI Jeff Lazar | CERN EP Seminar



Developing a Full Monte Carlo Chain
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Developing a Full Monte Carlo Chain
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Developing a Full Monte Carlo Chain

Detector response: Simulate internal
hardware to model what we will see
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Developing a Full Monte Carlo Chain

Detector response: Simulate internal
hardware to model what we will see
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-4.0

New simulation enables more
accurate event rate predictions as
5 5 well as reconstruction studies

o
-
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Updated Event Rates

10 .
: » Rates from the new calculation

e N tracks 9.5 yr (Global fit Cascades 6 yr : Y : :
S. tracks 10 yr Inelasticity 5 yr s H[S]E 7.5 yr hlgher than initial estimation by a

factor of ~3

» This ratio grows at the highest
energies

1

| vr 1000 mod. |
=

diV,

Cdf,dt
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Event Rates from Different Spectra

1 U(_J -

* |n three years of data-taking on
a 5000 module detector, we will
be able to reject the SPL at

> 30

e | ,0g P BPL, s— 5P,

1

10

| v 1000 mod. |

dN,
T dL,dt
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Tentative Timeline

e Initially deploy ~10 modules for detector R&D
e Follow with ~¥100 modules for array R&D

e Full array could be deployed in 1500-module segments

10 100 1x 1500 2x 1500 Sk array
modules modules modules modules modules

)

2024 2026 2028 2030 2032
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Commitment to Equity through Particle Physics

vvvvvvvvvvvv

7777777777777777777777

* Met with the mayor of Chivay to - i
discuss potential partnerships between . s
the collaboration and the local
community

* Recently held a workshop at the
Harvard Radcliffe Institute to explore |
different sociological aspects of particle &%
physics experiments in different cultural |
contexts

E————H E!éﬂ
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Conclusions

* Neutrino telescopes have been crucial tools for understanding many areas of physics

* |ceCube has opened the door to the neutrino Universe, with the most recent results showing
the first evidence of galactic and extragalactic neutrino sources, world-leading limits on dark
matter cross sections, and competitive results for neutrino oscillation parameters

* Neutrino telescopes that are sensitive to higher energy neutrinos, especially those in the

energy range just above IceCube, will prove crucial to resolving some currently difficult
problems
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Backups

Jeff Lazar | CERN EP Seminar



—— PPPC —— Xarov (PYTHIA)
—— Xarov (BRW) WimpSim

bb, m, = 10° GeV bb, m, = 10° GeV bb, m, = 10* GeV

02 04 06 08 10 02 04 706 08 U002 04 06 08 o
r=FE,/m, r=FE,/m, r=FE,/m,

WHW =, m, = 10°GeV |} WHW =, m, = 10°GeV WHW =, m, = 10* GeV

04 06 08 1.0
r=FE,/m,
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Reaction Label | Flux (CIII_Q 5
p+p— 2H + et + ve pp 5.95 x 10!
p+e= + 8 — 2H + v pep 1.40 x 10°
"He + p — *He + et + v, hep 9.3 x 10°
"Be 46— — TLé 4+ i "Be 4.77 X 10°
8B — 8Be* 1 et 4 Wi B 5.05 x 10°
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