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Neutrinos

The first high-significance measurement of the most
energetic tau neutrino candidates ever observed
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Neutrinos: The Basics
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graphic: wikipedia
The large m_suppresses direct v_ production.
v_are even harder to see than your average super-shy neutrino.

v mainly arise through neutrino oscillations.



Detecting Neutrinos: Cherenkov Light

When a charged 1 - Penn State’s Brezeale

particle moves Research Reactor
Operating at 500 kW

faster than light
in a medium, it
emits Cherenkov
light.

Electromagnetic
equivalent of a

sonic boom.

This is the operating principle of many real-time
neutrino detectors.
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The IceCube Detector

< atmospheric astrophysical —

IceCube Upgrade
(start: 2026)
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(Yes, I have been to the South Pole.)

Weather for South Pole Station
The date is 02-07-2008 at 3:15P
Temperature
453C -495F
Windchill
S586C -7T34F
Wind
6.4 kts Grid 54
Barometer
676.8 mb (10749 ft)
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Neutrinos in IceCube

Many possible neutrino sources:
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Neutrinos in IceCube: Sources

e Astrophysical high energy neutrinos

e created in cosmic accelerators, e.g., in
particle jets created by black holes

eEvidentat £, > ~ 50 TeV in IceCube

« Also seen: PeV-scale (10 eV) v's (incl.
Glashow Resonance)
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Fig. courtesy T. Stuttard/NBI

TXS 0506+056: BL Lac-type blazar, z=0.3365

IceCube
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30 in IceCube

e Motivations: o Study v properties at highest
e Uncover source production £, and longest baselines
mechanism(s) e Gain sensitivity to new

physics

Event morphologies

All Neutral Current/
Charged Current v, Charged Current v, Charged Current v_

:Very high energy

-Déta

Data | Simulation

Spheres: DOMs

. o . White: recorded no light
At higher energies, neutrino flavors can be Color:  recorded light
readily distinguished—sometimes.

Size: light collected

Color shows time information:

Early .: —:- Late
Doug Cowen/Penn State/dfc13@psu.edu 8




30 i [ceCube

All Neutral Current/

Charged Current v, Charged Current v_

:VIery high energy

.opegapge ceoee

Simdlation

K D S S T e e e S ooy e Setu e e Wl e\ it ot T ot e o et < ) Spheres: DOMs ]

IceCube has focused on track & cascade morphologies, Colort  recoraes Tione
1ze: ight collecte

as 12" are exceedingly challenging to distinguish. Cotor shons tine snfornation:
Eary [l 00 T Late
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Event Size

»

Sphere Size: proportional to number of photons detected PSS | ips.//vour be/vTyadhoks B8
e &/ $4 R iSRS e T SN SR
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https://youtu.be/vTya9hoKsfM

IceCube Discovery Timeline
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[ceCube and p/2t°

e Standard v oscillations:

e Predict ~1:1:1 flavor ratio for *"° at Earth

e Numerous v, should be in IceCube data

e Flavor ratio can be somewhat altered by
production mechanism

e Flavor ratio can be dramatically altered
by new physics (e.g., quantum gravity}
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Importance of Flavor ID for v/

AtEarth,v,:v,:v, could

tell us about the source...

Standard oscillations, NO 0.0
All regions 99.7% C.R.

B @ W 2020: NuFit 5.0
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https://arxiv.org/abs/2012.12893
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Importance of Flavor ID for v/

At Earth,v,:v, :v_could _
H ...while strong
tell us about the source... deviations from 1:1:1

10 o ey (12100 could mean new physics

09 @ p-damped: (0:1:0)g

Standard oscillations, NO 0.0
All regions 99.7% C.R.

B @ W 2020: NuFit 5.0
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Nat. Phys. 18, 1287-1292 (2022)
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Example: Effect of quantum gravity.
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Importance of Flavor ID for

Status quo (2020): [dentification of v_ would:

o

Ve 1 vy, 1 vy at source — on Earth: .
vio o om0x | |-help shrink contour (and

1:2:0 = 0.30 : 0.36 : 0.34

1:0:0 = 0.5 : 0.17 : 0.28 maYbe reveal new thSlCS),

1:1:0 = 0.36 : 0.31 : 0.33

-enable studies of v, (and 7)
behavior at ultrahigh energies;

-give access to very high
astrophysical purity v;

Q \
\
\\
N\
i

https://arxiv.org/abs/2011.03561

-confer bragging rights for
largest exclusive sample of v_.

QA N & D9 % H © N 2 O O
Q © O © O O QO QO O o 9~

Measured flavor composition of IceCube HESE events. * is
best fit point, consistent with presence of all 3 flavors, but v,
flux only weakly constrained.

Doug Cowen/Penn State/dfc13@psu.edu



Searching for Astrophysical v_

e L_identification

Vr —
e Exclusive channel: “Double Bang”
e[ > ~50m to distinguish two -
showers (X and 7 — (e, h))
eBut L ~ 50m - (£, /PeV): N £

*So need high energy. And favorable
interaction vertex. And direction. Etc.

e Upshot: Very limited phase space. None
found yet.

Doug Cowen/Penn State/dfc13@psu.edu



Searching for Astrophysical v_

At lower energies, the two v_ cascades are closer together. Here's

a spiffy custom animation to help visualize, made by yours truly
in collaboration with Dr. Chat G.P.T. IV:
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200

O DOM (Digital Optical Module)
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Searching for Astrophysical v_

At lower energies, the two v_ cascades are closer together. Here's

a spiffy custom animation to help visualize, made by yours truly
in collaboration with Dr. Chat G.P.T. IV:

200

a O DOM (Digital Optical Module)
o
PR There’s a large
N \@’ o phase space for
2/ O% U_ signatures.
e,
. b

0 % 50 75 100 125 150 175 200
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Searching for Astrophysical v_

e_identification

e Inclusive channel: “Double Cascade”

e 60 well-contained HESE™ events

. . [-- Single, no brights == Double, no brights == Double, with brights = Exp. Data]
e Classified as
41 single cascades, B NS e,
2 double cascades, N e
17 tracks S B0 2 R
e “Double-double” — § BV § S
RS AN NL
2.80 exclusion of no /25 °

T Eur. Phys. ]. C 82, 1031 (2022)
*HESE: High-Energy Starting Event
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Searching for Astrophysical v_

e Challenge: Grow N, , reduce Ny 4

Leverage: (2" - 6,\) x E;'!

e Exclusive channel: “Double Pulse”

e[~ 10—50 m to distinguish two
showers in DOM waveform(s)

e I[dentify DPs in one or more DOMs

e Previous IceCube analyses

Waveform from NuTau interaction

Amplitude, mv

Nu Energy = 464574 GeV
event = 33617 PE

e Looked for 1-2 modules with waveforms having clean DP

signatures

e Candidate v_ seen, but at low S/N

Doug Cowen/Penn State/dfc13@psu.edu




Searching for Astrophysical v_

e Challenge: Grow N, , reduce Ny 4

Leverage: (2" - 6,\) x E;'!

e Exclusive channel: “Double Pulse”

e[~ 10—50 m to distinguish two
showers in DOM waveform(s)

e I[dentify DPs in one or more DOMs

e Current analysis

Amplitude, mv

Waveform from NuTau interaction

e Look for signature across 180 DOMs on 3 strings w/neural
networks (spoiler alert: “Double Pulse” a bit of a misnomer)

e High S/N achieved...

Doug Cowen/Penn State/dfc13@psu.edu




Searching for Astrophysical v_: CNNs

ev_DP with up to 180 modules e Train convolutional neural
network (CNN) to find signal

e Create 2d images, one per string and reject background

Image 9, 205 TeV Vr 224x224x3 224 X224 x 64
NET1 = 1.00, NET2 = 1.00, NET3 = 0.97 VGG16

O
n
n
B
/ S
Qst =8042 Ost = 2426 Ost =531 )/ 112112 x 128 3
— 56|x 56 x 256 d
[\W/ . 7x7x512 <
2P 514 x 14xs12 1x1x4096 1x1x1000 §
ol a 2
— 3
> 7 convolution+ RelU =
q-) . max pooling g
o color & ADC bin content bov Lol é
E 5
E |_ : ] | = =1l
O '_ 1 4 1 [ 1 P A |
A Simulated event [[l Inagsihl [fimage'2l [Hmageidi
| VGG16 (conv) | | veG16 (conv) | | VG616 (cony) |
2 | I ]
[
é | Dense (128) |
@] [
qq__; Batch Normalization
> Activation (Relu)
g Dropout (0.5)
[
E Dense (64) |
[
) Batch Normalization
(o) P n Activation (Relu)
. . . . , . . ; . . . . . Dropout (0.5)
0 50 100 150 200 50 100 150 200 100 150 200 250 300 I
. . D 1, si id
Time (3ns bins) L Dense (1. sigmoid) |
)
3 X VGG16
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Searching for Astrophysical v_: Q7%

e Initial v_DP selection criteria

eRequire > 2000 p.e. on highest- e After initial criteria, have ~300x
charge string and > 10 p.e. on more background than signal
two neighbors

e Require cascade topology

“selected” = post CNN
N 108
T T T T e e e e e
—~ -10
% 10 astro
) _— 8.11 DT,CC.
o 107124 --- selected v3E2 1
PR
= 0.5
\ 1
c T
3 0.0 —— —————— -
10 10
max
st /p-e-
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Searching for Astrophysical v_: CNNs

e Trained 3 independent CNNs

eC; > 0.99: 1€ vs. ¢, LNC
eC, > 0.98: 15C vs. I
0C3 > 0.85: USC VS. UIMCC
eGives S/N ~ 14.
Cumulative rate, ® -
e Backgrounds 50 Sl AL
C,>0.98& C; > 0.85 - total MC patm.
] pase: e data
° Uastro. and yatm. .ug 40 - - v:stro, tottal uncertainty
. o2, [Tees, ::’m MC uncertainty
e Sub-dominant: y > - P — v
Z % —Si2lee.,,
. . 2200 TS !..'"o‘l ~~~~~
e Off-signal region : L
10 1 - ®eee ‘ii‘.,:,\
Data-MC agreement A
IS gOOd for Cl )3 0.55 0.60 0.65 0.70 o.'721 Scorc;.éo 0.85 0.90 0.95 1.00
o
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Searching for Astrophysical v,: E;/"¢

o £, spectrum: A pastro, pgstro atm.
m B e e o e e e T
~ 10—8-:::|::_f:::."“‘ B e Lt vt
5 i R
£ 10712y — &
.t tr e init —— final

[

10! 102 103 104
True E, / TeV

e After final (CNN) cuts, peaks at ~200 TeV
o Lower £, threshold — higher NV,

-
=

final / init

O
—_O

e Peak signal efficiency at several PeV, but flux there is v. low
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Searching for Astrophysical v_: S & B

e Expected 4-8 v_on a bkgd. of ~0.5 with 9.7 years of data

*(S,B) levels depend on assumed astrophys. flux
e Flavor ratio at Earth assumed to be 1:1:1
e Contributors to the ~0.5 background events:

e U0 [ceCube has 4 flux measurements
e Use flux giving least-significant exclusion of null hypothesis

e (Conservative: Typically, we use most-significant exclusion & trials-correct)

e %™: Conventional flux (Honda et al.; IceCube msmts.); possible
prompt* flux (Bhattacharya et al.; IceCube exclusion)

o i,: Only conventional (prompt* not yet definitively measured)

o Other: v*'™-induced charm; on-shell W; Earth-crossing (v,, V) = U,

*From atmospheric charm decays.
Doug Cowen/Penn State/dfc13@psu.edu 26




Searching for Astrophysical v_: S & B

Signal

astro

Vrcc
initial|| 160 = 0.2 (190 + 0.3)

final ||6.4+0.02 (4.0 £ 0.02)

Backgrounds

astro atm atm atm
Vother Vconventional Vprompt M all background

initial || 400 0.7 (490 +0.8) | 580+ 7 72+£0.1 | 8400+ 110 [9450 + 110 (9540 £ 110)
final |[{0.3+0.02 (0.2 +£0.01)|0.1 £ 0.008 0.1 £+ 0.001|0.005 4+ 0.004| 0.5+ 0.02 (0.4 4+ 0.02)

IceCube’s GlobalFit (HESE) flux assumed.

Note: %™ can be rejected by accompanying u I
This “self-veto” effect was not included in background estimates above.
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Astrophysical v_: Results

e Confidence intervals calculation (Feldman &
Cousins)

e Test statistic TS(A.) = In L(1,) — In L(4)

L., astro. - ; ) .
ewhere . = ———— and A, maximizes Poisson-based LLH
nominal
U, astro.
across 16 bins in (C5, C) space:

Expected signal ' '~ Expected background

I

0 990 0.992 0.994 0.996 0.998 1.000 0.990 0.992 O. 994 0.996 0.998 1.000
Cy

1.000
0.975
0.950

& 0.925

0.900

0.875

0.8
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Astrophysical v_: Results

Opening the box, we saw 7 events!

Ll Expected signal Expected background Nevt.
' 1
4
2
0.95
™
O
0.90
0.85
0.990 0.995 1.000 0.990 0. 995 1.000
C1

4 events new. 3 events old (1 of which previous v_ candidate).
Events tend to interact near strings.

Tau-ness: P (i) = ny(i)/(n,(i) + ny,(i)) = (0.90 — 0.92, 0.94 — 0.95)
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Astrophysical v_: Results

e For IceCube’s GlobalFit flux, exclude ¢p(>™) = 0
at 5.1c

e Other fluxes: 5.20, 5.20, 5.50 (Inelasticity, Diffuse, HESE)

e Also a 40%-level confirmation of the standard
oscillation picture

.<7i\/7> 7

e Powerful confirmation of IceCube’s 2013 v
discovery

astro

atm

e 1. negligible at these £

T Accepted for publication by PRL.

https://arxiv.org/abs/2011.03561
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Post-Unblinding Checks

e Event displays e CNN scores’ robustness
e Saliency maps e With 7 v_ candidates:
e Reconstructed data vs. MC: * Adversarial attacks
Ey ) COS(Qzen), vertex e Manually smooth DP
i waveforms

e Data-driven tests e Forced arrival time shifts

e #(S<B) under forced light- «Randomly

level variations e Dust band focused

e With backgrounds:
e Adversarial attacks on data

o Adversarial attacks on 25"
MC

Summary —
Doug Cowen/Penn State/dfc13@psu.edu 31




Post-Unblinding Checks: Summary

e CNNs sensitive to overall event structure,
not just to a few DP waveforms

e Reconstructed distributions look fine

eInduced § <> B migration probabilities
small & consistent with MC estimates

e CNN scores very robust

e Only alterations (e.g., using DeepFool) outside
expected ranges produce noticeable change

Doug Cowen/Penn State/dfc13@psu.edu



Event Pics: Clear Double Pulse Signature

T ) " .
Here’s “Double Double,” an old event & prior v, candidate:
0 50 100 0 2 4 6 0 1 2 3 4
p.e.| ‘ e @ De ‘ mme B N | T —
51 Qs+ =6978 p.e. Qst=1072 p.e. Qs =650 p.e.
10
~~ | @151
L |2 201
= | E25] " g
Q. | 230/
D 150
o 845
5 501
— 28:
$ 21 -~ ——
,Q 22 e ~ AP P
E é"; 23 PV S S
— éé 24 oSN
S |3 25<]C:‘ — S A
s |ox — S —
| Mo,
O 27 | S
8 A 2gl—~— v o o,
2 Mo, Mo
30 AMANM A, Alarm
0 250 500 750 100012501500 0 250 500 750 100012501500 0 250 500 750 100012501500
time / ns time / ns time / ns
time/ns

Gratifying to find this event again.
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Event Pic: Unclear DP Signature

Here’s “Barn Owl,” another new event:

0 10 20 30 0 1 2 3 0.0 0.5 1.0
p.e.| | I P ‘ DI P | |
51 Qst =2990 p.e. Qs =500 p.e. Qs+ =78 p.e.
., 101
8 151
201
g 251
=i
) 45+
501
551
60+
27 AN A n
28 e\,
— M T Y WYV (WY
E_J. 29 AN A A N\ A
'g 30‘____/"“""“-/\ ",J"\I\M “, A A
4ILI\_MJ\
g 31‘ﬁ —"Pl\ﬂ\f\""‘ MAM
s 321 I LA W N | A
o 3BT A\
0 341 L A A N
35 ~n
36

0 250 500 750 100012501500 O 250 500 750 100012501500 O 250 500 750 100012501500
time / ns time / ns time / ns

No clear DP waveform! Use saliency maps to see what

makes it a 2™ candidate.
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Saliency Maps

Saliency maps “rank the pixels in an image based on their contribution to the
final score from a CNN.” Saliency = gradient of CNN score vs. pixel content.

0 10
) %"
100 4 ‘ ™) ‘ ;
12| ) f & y
150 4 < M ]
s ¥ < Maps show parts of the photos CNN
| W W is most sensitive to in identifying
0 Fa 50 B lC"I 125 150 175 20 0 25 50 5 100 125 150 175 200 - the dog Or Cat in phOtOS-
08

(=}
-

0 25 50 75 100 125 150 175 200

https://usmanr149.github.io/urmlblog/cnn/2020/05/01/Salincy-Maps.html
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Saliency Maps

Saliency maps “rank the pixels in an image based on their contribution to the
final score from a CNN.” Saliency = gradient of CNN score vs. pixel content.

10

0

51

50 4

;g\
100 9 v,

125 | !

150 4 < M ]
s ¥ < Maps show parts of the photos CNN
| W W is most sensitive to in identifying

0 Fa 50 B lC"I 125 150 175 20 0 25 50 5 100 125 150 175 200 - the dog Or Cat in phOtOS-

(Evidently, the training sample had
many of its cats sitting on tables.)

(=}
-

0 25 50 75 100 125 150 175 200

https://usmanr149.github.io/urmlblog/cnn/2020/05/01/Salincy-Maps.html
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Event Pics w/Saliency Maps

“BarnOwl,” with log O

and saliency maps:

Str
204 Qstr. =3.0e3 p.e. | Qsr. =5.0€2 p.e. | Q«r. =7.8el p.e.
~—~ 2 x 100 2 x 10°
< | os 10t .
ek | LN Measured light
Q" g 30 I ! Il ‘\I\ l .
O |2 i i i . 100 levels in each of 3
T |z, g : il | strin
a i = o = gS.
é 401 ie 6x 1071 6x 1071
S
o) li )
E 201 1.0 1.0 1.0 Sa 1ency: a(C )
) 1
= 225 05 0.5 e 0.5 S(Cl) — —a — ]
= 1XE
E 2391 0.0{ | 0.01 [T 0.0{ [T lichtt C (p )
- 201 e & e K Bl K e light|, C;1
-1.0 2o -1.0
451 ] ] .
0 100 200 300 400 500 0 100 200 300 400 500 O 100 200 300 400 500 Contours: where
time/3.3 time/3.3 time/3.3 ;
me ns Ime ns me ns llght level _) O.
time/ns

Large S(C,): where/when A(light) - AC,. (Bright pixels can have small S(C)).)
Generally, S(C,) shows C; sensitive to overall event shape.
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Post-Unblinding Checks: E'°°*, cos 8,5

. 109
- —— signal expectation
e Single-pulse signal expecta
% . astro.

reco. Zg Ny candidate 1/} _'_|_|_‘

e Good data-MC | ‘ ‘ | |
101 102 103 104 10°
agreem ent... Reconstructed Energy / TeV

—— signal expectation
e ...but take 1.0{ — data I;
numbers W/ el ’_'_’,_yrci,—'_l candidate

grain of salt . |

N event

vy

? ~0.75 —-0.50 —0.25 0.00 0.25 0.50 0.75 !
Reconstructed cos 0,q,

(IceCube’s “GlobalFit” flux assumed above.)
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Conclusions: What's Next?

eUsed just 3 (of 86) strings. Using more strings
would:

e Improve bkgd rejection = relax cuts, more signal

e Possibly start excluding some source acceleration mechanisms

e Apply a dedicated reco. for direction, E,...
o Study parameters of the v_and 7 themselves

e [nelasticity, L, energy asymmetry, ...

e Look for 25"

0 A5 > A0

e KM3NeT, P-ONE,... should have larger effective volume
per string

point sources
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