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How Does the Sun Shine ?

Charles Darwin
e e 300,000,000 years to give rise to the
> ’ | _~diversity of species I've observe. My

| ‘ B observations of erosion in the Weald
seem to support such a timeline.

The Earth would need to exist for

A%

This can’t be ! Chemical processes
could only power the Sun for 30,000

years and gravitational processes are
still well-short.

srliin
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How Does the Sun Shine ?

If the Sun generates energy from nuclear
fusion, it will emit electron neutrinos

@ Proton
@ Neutron
O Positron

Neutrino spectrum from pp chain

Jeff Lazar | CP3 Seminar

pp
"B
101()_ — h.-@p
- - Be
: == pep
. [ [
107 [ [ I
[ | I
[ [ I
I | I
1{]6_ I | I
[ [ I
[ [ |
I [ I
[ [ I
10 - I I i
[ [ |
| [ [ I
I I ]
107 - | o 1
101 10V 101
E, (MeV)




Staring into the Sun

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

0.8

0

Ratio to SSM Prediction (BP04)

_ _ 0.6 |- I Homestake ]
* Discrepancy persisted \ ‘
0_4 - (] u—-K . -
¢ $I5NO CC

* SNO Phase 1 (D,0) ‘ | |

N SNO Phase II (D,O+NaCl) | veon yl
o [+ SNO Phase II] (D,0+He) - !

10™ ! 10

Lnergy (MeV)
A. McDonald. doi:10.1002/201600031
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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
A | 1. T | - ]
| D p 1’ n P |
; T u d udu d dud udu |

\ AR . it
| ZO ZO é"\"pf\"t

l , ===Attill  >r-—=--- B

| ' ' : _ ’ \,o \y

| /e | 7 Yo tus ’ S ;

‘ Two d quarks Interacts with |

|anyquark,s0 d ud udu

| implies two ways & U d U d U ududuy
| to do this. n D \ sikxwaystodo D .
s ___ deuteron | deuferon . ’

http //h erh SICS h -astr. su edu/hbase/Partches/sno html
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Looking at New Flavors

T [ '" l i ] * Discrepancy observed in
s Ll electron-only measurement
Theo | :
I ] — ] o All flavor measurement in
SNO NC + | : :
" \ -< agreement with theoretical
| * TAllflavor ] predictions
20 4
I L, only':
Cl S 1 :
! TSNO Cf 4‘
* SNO Phase I (D,0) ’ ] 7

» SNO Phase II (D,O+NaCl)
SNO Phase III (D,0+He)

]
IEnergy (MeV)

A. McDonald. doi:10.1002/201600031
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Looking at New Sources
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Looking at New Sources

o SuperK saw a deficit

of U, coming through

the Earth

This confirmed

* W, neutrinos neutrino in-
I} JiAflight flavor change

Multi-GeV e-like Multi-GeV u-like

Number of Events
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Understanding the flavor, energy, and directional information
of non-terrestrial neutrinos have played a pivotal role In
shaping our understanding of the Sun, neutrino physics, and
the Standard Model more broadly

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

X:.- — - lceTop

6S S g i __— 81 Stations
P o Gigaton scale detector of 5,160
ey |IJ N A €TECTING digital optical
'g%;?“ge "‘ﬁ'%zoga peescoesngs|  Modules (DOMSs)
R lceCube and DeepCore
sensitive to high- and low-
o energy neutrinos

IDeepCore :
{8 strings-spacing optimized for lower energies
$480 optical sensors -

Eiffel Tower
324 m
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Unfolding Light and Time

Cascades v, CC | v, NC Tracks

OCQQO 00006

Gtgy solutio bt thtl

angular re t ctio deposited energy n tp ptnal
hngg to E,
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What Do we look for
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A Decade of Delivering

IceCube Preliminary

1 Signal Total
Background ® Data

10° 10* 10° 10° 107
90% CL sensitive energy range [GeV]

(2022, prelim.)

] — Cascades 6yr(2020)
- HESE 7.5yr(2021)
80 - 79 eventS 3.5 Through-going ,,—“"-_‘“~\\
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Roadmap

* Open questions in neutrino astronomy
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New Shapes

Large backgrounds
Cube
rk In Progress

— Single Power Law

LogParabola
- Broken Power Law

4+ Segmented E~? Flux |

_|_

BT T o TR T
neutrino enerqgy E, [GeV]

100
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 Most recent global fit of the
data shows a moderate
preference flux models
besides single power law

 Non-power-law spectra
preferred over power law at

~ 20

Small stats




Flavor Degeneracy

o —— High-energy starting tracks Ve : vy . Vr at source — on Earth:
o 10 Y Best-fit: 0.29 : 0.50: 0.21 2 0:10— 017 : 0.45 : 0.37
Q\) Global fit (IceCube, AP] 2015) ® 12:0—030:0.36: 034
o 0.9 Inelasticity (IceCube, PRD 2019) A 1:0:0 > 0.55:0.17 : 0.28
v’ ‘ 08 3v-mixing 3o allowed region ¢ 1:1:0 > 0.36:0.31:0.33
YAV <
“ 0.7 5m /100 TeV
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Where Are the Rest of the Sources ?

Test type Pre-trial p-value (pjocar) Post-trial p-value (pgiopai)
Northern Hemisphere scan 5.0 x 10°° (5.3 0) 2.2 x 104 (2.00) NGC 1068 Astro. Vi

TXS 0506+056 ~ =—4=— Astro. v, v;
_H+_¢_¢—
| NN 10° difference
‘ —11 ]
TXS 0506 { (JOb NG(‘ Mo 10 T<|> T

Declination

0° [raf5 4.1 :: ------------ ------------- ............. St R e 00T NN TCYe T

Right Ascension

10—13 -

1 3 5 7 o
—10g1o(Procal) 10° 104 10° 10° 107
E, [GeV]
 The number of neutrino sources has increased by c0% in the last six years
* ...Butthisis only a small fraction of the diffuse flux
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Roadmap towards Future Discoveries

! — Single Power Law
T 105} IceCube LogParabola 4750
n Work in Progress —— Broken Power Law | T
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Next-Generation Prospects

Diffuse Flux, 1:1:1 Flavor Ratio
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GRAND 200x
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RNO-G
RET-N 101 x 100 kW Preliminary
lceCube-Gen2 UHE

Near term

Cosmogenic: UHECR constraints, van Vliet ¢t al
Cosmogenic: UHECR + pure proton, Muzio et al

Aslrophvsical: MMA consltraints, cluslers, TDEs
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' 102'[

 Many next generation
detectors will target 100
TeV to 10 EeV neutrinos

* New technologies and
detector principles will
enable this push



Roadmap

* A very brief history of neutrino astronomy
* Open questions in neutrino astronomy

* TAMBO overview

* Realizing TAMBO

TAMBO
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ROCK

>4 KM SHIELDING FROM
BACKGROUND MUONS

B
~100 M ~
SEPARATION

— CHARGED-CURRENT
~WATER CHERENKQOV INTERACTION

DETECTOR ARRAY

~M? EACH

DEEP VALLEY

TAU AIR-SHOWER MOUNTAIN-BASED OBSERVATORY (TAMBO) - COLCA VALLEY, PERU




Why Put a Detector in a Canyon

Inherently low geometrical acceptance
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Why Put a Detector in a Canyon

Better for physics, but the engineers are not thrilled
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A v_Sieve

O Proposed site

e AIr shower e
exclusive to v_

* 4 undergoes
rapid energy
loss

e ¢ completely
shielded

Altitude [km|]

b o~ — <t

Altitude |km|

Y,
\ 7__
3 G CEEE———— oy v
| 1 M N 1 ] 1 N N |
20) 25

10 15
d

‘prop
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Passing the Energy Baton

: — Single Power Law d N 10"

— 19-s. lceCube LogParabola 1 f
v = Work In Progress —— Broken Power Law r
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TAMBO regime
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Removing IceCube’s Trials Factor

NGC 1068 Astro. v,
TXS 0506+056  —4— Astro. v, v,
Test type Pre-trial p-value (pjocar) Post-trial p-value (pgiopai) 10-9 - _
— — — — — — TAMBO regime
Northern Hemisphere scan 5.0 x 107° (5.30) 22x 107 (2.00) ] +++
7 T
=
} ° 107 - v | v |
< B [
g 3 I
S | > .13
A E, | < 1071 - - ‘~-‘
o | D 0306 { OO() N(,(‘ 1068 £3 " ‘ S~
0% b R e SR 3 SO s 1 TN R T e W meteRiieile, e ) CIRE. . Ak R —
24h 2 0l . :
h _— L_h ! 103 104 108 106 107
1211 ASCEIS101 Eu [GGV]
1 \ i i «All-sky search limits IceCube sensitivities
—1ogy o (Plocal) « What if we knew exactly where to point?

eLow-background v, from TAMBO remove
trial factor from IceCube
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Goals of TAMBO

— Single Power Law

lceCube LogParabola
Work in Progress —— Broken Power Law

4+ Segmented E~? Flux |

Declination

24h 12h Oh

1078
Right Ascension
[ TS
1 3 3 7

4, \

_ loglo (\plocal )

10_9 a3 ‘

U T T T T T
neutrino energy E, [GeV] Fraction of ve

Determine high-energy behavior Characterize v, component of
of diffuse spectrum astrophysical flux
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An Initial Estimation

Initial Calculation Updated Simulation

X 40k arXiv:2002.06475 -

24 -3 -2 -1 0 1 2 3 4 5 6
Cross-sectional distance, km

* Simplified geometry » Realistic geometry
_I_
* No treajcmer.fc of v energy |OSSGS_ e Full treatment of 7™~ energy losses
* Approximation of air-shower physics * Air-shower simulation with CORSIKA 8
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https://doi.org/10.48550/arXiv.2002.06475

Developing a Full Monte Carlo Chain

Detector response: Simulate internal
hardware to model what we will see
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Full Timing Information

* Full MC gives timing information

* We are currently working with
GraphNeT team to reconstruct event
directions

-4.0

-3.5

e
S

Altitude [km)]

ylkml

)
) |

2.0

T lkml
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Expected Event Rates

0
- Single Power Law il
— 10-5} lceCube LogParabola ] ! = LogP BPL e 5PL
0 - Work Iin Progress —— Broken Power Law '
) NQ + Segmented E~? Flux | )
— £ | —
= Y 107’ —
- ~— -
= > =
= v -I- S 10!
= 5 =
EN- B
5 5,107 T
S8 54 =1
L Q > =
S &
N>
L 10-°
| 10 =
T Ry L7 A B S S R A
neutrino energy E, [GeV] 10" 10° 10°

E,[GeV]

e Updated Simulation shows 2x-3x improvement in rate
e >30 ability to reject single power law with 5,000 and 3 years of data
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Roadmap

* A very brief history of neutrino astronomy
* Open questions in neutrino astronomy

« TAMBO overview

* Realizing TAMBO

TAMBO
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Detector Development

GPS antenna - S
—#+" Communications

] antenna

Battery

Plastic tank with
12 tons of clean water

e
TN

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

Detector Development

* Harvard group currently
constructing test scintillator panels

* Allows to test fabrication speed and
DAQ system

Diyaselis Delgado William Thompson
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First Light from Cosmic Muons

e First light from scintillator panels

« Enough material to build 10 panels in total, which we expect to have by the end
of the year
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Proof-of-Concept Test Array

 PUCP group developing three
station deployment will allow us
1O test:

1. Inter-module communication

2. Synchronisation protocol | .

3. Data acquisition and -gom . . ~s0m
management ] -

* \We may identify air showers
with this set up

RS 2

Central €« RS 1 b RS 3

~ 30 m
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Site Selection Trip

Photo Credit: Universidad Nacional de San Agustin de Arequipa

Travelled to Peru to meet with officials and visit
potential sites
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Main Array Candidate Site

UMAPALLCAT.

\‘\

E
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Societal Impact

 We want local community to embrace

not just accept

* First steps: met with mayor of Chivay
and held a workshop with Peruvian
social scientists and officials

LI ¥ ERES
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Tentative Timeline

 |nitially deploy ~10 modules followed by ~100 modules for R&D
e Full array could be deployed in 1500-module segments
 Expect to see neutrinos in <2 years

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

)

2024 2026 2028 2030 2032
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Conclusions

* TAMBO wiill:

*Bridge gap between HE and UHE neutrino
telescopes

* Enable the discovery of hidden neutrino
sources

* Fully-featured simulation nearing completion
*Development of prototype detectors underway

*Interested in joining? Contact (Will Thompson ||
Carlos Arguelles || Mauricio) at
will thompson@g.harvard.edu,
carguelles@g.harvard.edu
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Backups
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—— PPPC

—— Xarov (BRW)

Xarov (PYTHIA)
WimpSim

bb, m, = 10° GeV

bb, m, = 10° GeV

bb, My = 10* GeV

02

04 06 08 1.0 02

r=FE,/m,

04 06 08 10 02

r=FE,/m,

04 06 08 1.0
r=FE,/m,

WHW=, my = 102GeV |}

WW=, my = 10°GeV

WHW~=, m, = 10* GeV
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04

0.6 08 1.0
r=FE,/m,



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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Thank you :-)
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