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Motivation

* Observation of neutrino oscillations proves that
(at least two) neutrinos have mass:

— SM extensions including RH (sterile)
neutrinos provide a good explanation to the
origin of neutrino masses (e.g. through
seesaw mechanism)

W

W

\\\
W

* These Heavy Neutral Leptons (HNLs) could \

also explain many other open questions in
cosmology and particle physics

N
W

arxiv:10.1142
— Matter-antimatter asymmetry (leptogenesis)

arxiv:9303287vl
— Dark matter

arxiv:1906.02106v3
— Anomalies in oscillation experiments
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https://doi.org/10.1142/S0217751X18420058
https://arxiv.org/abs/hep-ph/9303287v1
https://arxiv.org/abs/1906.02106v3

IceCube and DeepCore

IceCube Lab
A:_-_:.:: B lceTop
50 m TP gl e it g IceCube
5160 optical sensors in 1 km? volume (1Gton)
~125 m horizontal, ~17 m vertical spacing

Goal: Study sources and flux properties
using astrophysical neutrinos

i DeepCore
Denser, better instrumented sub-array (10Mton)

1450m | .. ~72 m horizontal, ~7 m vertical spacing
” / Goal: Determine neutrino properties and perform particle
Detection physics analyses, dark matter searches, and more with
Ch atmospheric neutrinos
arged secondary =
Eiffel Tower

particles from neutrino
interactions in the ice
produce Cherenkov 2450 m
radiation detectable by
optical sensors (DOMSs)

A

324 m

2820 m
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(Very) Low Energy Event Topologies
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3 Flavor Neutrino Oscillations

- Flavor eigenstates (v ) are superposition of mass.

eigenstates (v, ) &

Vo= Ur| Ve Vs (1,2,3)

* Neutrinos produced in the atmosphere propagate through
earth and oscillate into other flavors (depending on
squared mass splittings and mixings)

Flavor (e, 4, T) «._..--" \4 |

1.00
0.75
0.50 location
0.25 moves

S(ezenith)

0.00 1,
S —0.25
—0.50
—0.751

—1.00 & LA . - L 0.0
10° 101 102
E,[GeV]
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3 Flavor Neutrino Oscillations

- Flavor eigenstates (v ) are superposition of mass.

eigenstates (v, ) &

—_ * €--.
Flavor (e, U, T)  «~ooooe-" v |VO‘>_Z UO‘K| VK> Mass (1, 2, 3)

* Neutrinos produced in the atmosphere propagate through
earth and oscillate into other flavors (depending on
squared mass splittings and mixings)
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10 Year Data Sample

* Energy in range 5 GeV - 300 GeV, mostly coming through earth, up-going (cos(6) < 0.3)

* Very low atmospheric muon and noise contamination

Event type Events (10 years) Fraction

10 Hz} \ —e— Noise v.-CC 48234 + 75 23%
] Hatm
1 Hz: \ ve v -CC 127725+ 129  61%
_ —= U, "
100 mHz: N —.— V;
o mHz-: \\ v -CC 9678 + 21 4.6%
 —
$ e ' ?ﬁ"\«——c»-;‘_ | v-NC 22245 + 51 10.6%
]
100 pHz; —= h\“‘!‘r‘ﬁ ——i‘q —» Uy 1463 + 87 0.7%
10 yHz !
| AN Noise ~0 <0.03%
1 qu-; \
100 I”IHZ'; IceCube Work in Progress f TOtaI 209346 n s 182
L2+DC L3 L4 L5 L6 L7
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€05 67, reco

Measuring Oscillations with lceCube/DeepCore

* Observe distortions in 3-d analysis bins (energy, zenith, PID)

« PID aims to distinguish v,-CC (tracks) from other events (cascades)

events in 8 years
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Measuring Oscillations: Latest and Upcoming Results

IceCube 8 years - Verification Sample

* Latest atmospheric neutrino mixing results using “golden” sub- L vte.cc b +5.CC —— muon  —— no ose. shape
Sample (ye”ow): 8 — v, + D}f CcC m— g+ Da NC — total MC ¢ data
| Preliminary :
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Heavy Sterile Neutrino (HNL) Model

« Additional fourth heavy mass state v, ’ ‘ ‘ ‘

electron muon tau sterile
nevutrino neutrino neutrino nevutrino
Flavor (e, y, T, S) Mass (1, 2, 3, 4)
\~~.. V * V 4 ------ .
> | a>—Z U oo Ve [Ugal2 = |U,a[2 =0
oL [yixs 100 - p
PMNS

* Mixing with Standard Model neutrinos through extended
4x4 mixing matrix (3 new mixing angles, 2 new CP
phases)

Gl
<+4N0n-3
= 1 O £
2
—1 0_4 CHARM ArgoNeuT
- Neutrino oscillations deliver atmospheric v_ beam i
. 10—°- DELPHI pg| pp)
- focus on |U_|* mixing, other parameters already : CHARM(LONG) (sHORT)
; ) 5. 107 6. 9 _6_" | et (BOARSKAETAL) L
very well constrained: O,(10°-107), O,(10°-10°) 10 102 103 10%
around 1 GeV mass

my (MeV)
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HNL Event Signature — Double Cascade

1% V4
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Heavy mass state decaying into SM particles
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https://arxiv.org/abs/0705.1729v2

(Very) Low Energy Event Topologies
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(Very) Low Energy Event Topologies
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HNL Analysis

« Oscillated atmospheric v_events (~2.5 k in 10 years)

3
provide opportunity to look for HNL events he
2
« Dedicated HNL signal simulation (v_-production 1 ’a’gjl”"gm
smalier HNL
channel) is being refined £ 10
¥
* Low energy double cascade reconstruction is being < 10°
optimized Z o
P 5 10 1
-
2902
U
3 ]_0_3 Munt HNL Energy
- (), 1 GeV — | 3 |GeV
10~4 === 0.3GeV - 35GeV
e 1.0 GeV 150 GeV
-5
10700 1077 1072
Ural?
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HNL Analysis

« Oscillated atmospheric v_events (~2.5 k in 10 years)
provide opportunity to look for HNL events

« Dedicated HNL signal simulation (v_-production
channel) is being refined

* Low energy double cascade reconstruction is being
optimized

* Takeaway:

— Few HNLs resolvable as double cascades (model
effects/low energy/detector sparsity)

— Intrinsic background (other flavors) can mimic
double cascade signature (detector sparsity)

— Isolating pure double-cascade is quite
challenging
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€058, reco

HNL Analysis Prin
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HNL Analysis Outlook

 Increasing |U_,|* increases HNL signal
events on top of SM neutrino background

~test |U_,|* for a few discrete HNL masses

— produce first (ever) IceCube HNL result
using 10 years of data
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HNL Analysis Outlook

S/VB expectation

 Increasing |U_,|* increases HNL signal cascade-like
events on top of SM neutrino background 1.0 HNL: [Usa? = 10-2, ~1.0 GeV 3.5e-01
-3.0e-01
~test |U_,|* for a few discrete HNL masses 0.5- @
: -2.5e-01 5
— produce first (ever) IceCube HNL result § -2 0e-01 >
using 10 years of data Y 0.0- og
3 -1.5e-01 =
. : —10- O
. Prellr_nlnary ?xpectatlon for |U_,|>=1072, [ 1 0e-01 Ig
m, =1 GeV: 0.5 A
-5.0e-02
— Approximately 73%, 25%, and 2%
would end up in the standard oscillation _1_9_1 S T C-0.0e+00
cascade-, more track-, and very track- 0Y 10t 107 103
like bin Ereco [GeV]
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10 Year Data Sample

* Energy in range 5 GeV - 300 GeV, mostly up-going e.g. coming through earth (cos(8) < 0.3)

* Very low atmospheric muon and noise contamination

Event type Events (10 years) Fraction
10 Hz} \ —o— Noise v.-CC 48234 + 75 23%
1 Hatm
1 Hz; N\ ve v -CC 127725+ 129  61%
_ —= U, "
100 mHZ‘ \ —— U,
10 mHa. \ v -CC 9678 + 21 4.6%
O\
% mHz - j'\"—_"'--—-__‘, v-NC 22245 + 51 10.6%
]
100 pHz; —= h\“‘-"i ——i'q —o T 1463 + 87 0.7%
10 pHz -
| AN Noise ~0 <0.03%
1 qu-; \
100 I”IHZ'; IceCube Work in Progress P TOtaI \ 209346 + 182
L24+DC L3 L4 L5 L6 L7

16%/72%/12% from ve/vp/vT
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€05 8; reco

Measuring Oscillations — PID

* BDT to distinguish tracks and cascades

— Trained on reconstructed quantities like
energy, tracklength and track, cascade

- Trained on up-going, un-oscillated events
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~PeV energies!!

Measuring Oscillations — PID
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MiniBooNE

MiniBooNE detector

Signal region

* Most experimental results are consistent with
oscillations in three neutrinos

— But: There are unexplained experimental
anomalies like the MiniBooNE low energy
excess (LEE)

* MiniBooNE:

— Intense neutrino beam (Booster Neutrino
Beam, Fermilab)

- Pure mineral oil (CH,) Cherenkov/scintillation *
detector || :

- Measured v /v, CCQE events from v, beam

MiniBooNE Detector
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MiniBooNE low energy excess

> ’ | 1 | I | qsl I | | | I I | | I | | | | | | | | I ]
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* Total excess of 638.0+-132.8 .
electron-like events (4.80) 3 —

* Energy range: 200 MeV < E <1250 2 —
MeV .

1 —

EOF (Ge\?io
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Table based reconstruction

DOMs
M’;} Pl
*  Poissonian likelihood: LLH, = ZZ ZT log(wir) — pir +log (T'(Nir + 1))]
: T“ hast obs. y
= times

Photons y;; inDOMi=1,..,Mandbintz=1,..T;:

Appn o Dk
. ., . E nl
_ | Mmoo Aark 1 +1 ..
Az11 o Nj1k Ex Ny
Ayre 0 Ayrg

* cascade-like energy loss
* muon-like energy loss
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Likelihood

u-e”
* Poissonian likelihood: (H/M) ,
— Compare number of observed PE (n) n:
per DOM per time slice to expected
number (y) for given event hypothesis total expected charge = expected + noise
) j Ml J+pl ])
L=[1 on 11 LY
i€ DOMs jEtime bins ]
1,] ‘

Negative Logarithm (function to minimize)
— n. .-]n( - +D0. .)— . —D0. .—]n(n. .!)
ZieDOMs Zjerimebins L J ‘ul’J :01,] ‘ul,J ’OI,J L)
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