Neutrino Astroparticle Physics
Francis Halzen

* Physics with neutrino “telescopes” using the
atmospheric neutrino beam, also sterile neutrinos.

* The cosmic neutrino beam and neutrino physics
using the cosmic neutrino beam.

« BSM neutrino physics using atmospheric and
cosmic neutrinos.

 Neutrino physics with a Galactic neutrino explosion.



access to tau neutrinos in the atmospheric and cosmic beam

The PMNS mixing matrix
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neutrino “telescopes’
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the IceCube neutrino observatory

e o
e % e %0 L IceTop
| 50m [~ 4% % 05,8 8 2 ° F—— g stations
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

1450 m

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
oy 324 m

2450 m
2820 m L

5160 PMs
in 1 km?3
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most probable energy: 9 PeV

topology: track

date: June 11, 2014
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separating signal and “background”

muons detected per year:

« atmospheric* pu ~ 107
« atmospheric** v > u > 10°
* COSMIC vV=2U ~ 120

* 3000 per second ** 1 every 5 minutes



Next Step: the IceCube Upgrade (2022)

* Seven new strings of multi-PMT mDOMs in the DeepCore region

* Inter-string spacing of ~22 m

,,,,,, . 1000m
* Suite of new calibration
devices to boost °* Sl
lceCube calibration °® SR
. e . : . ® - ’ ) .
Initiatives L e? . s
S e
* Improve scientific . 1 o
capabilities of lceCube at . —om 7 %\
both high and low energy ~ by
" 9 ® |

1450m  2100m  2140m
2450m 2450m 2440m
Instrurnented Depth

2> soon ORCA with 110 highly instrumented strings

lceCube DeepCore Phase



Mediterranean Detectors

~10 Mton

ANTARES Complete since 2008

First Generation
First line since 10 years

KM3NeT Under Construction

~20m/80m | . oo
N S SRR

+~1DOM/
storey

-+ ~209,000
PMTs

* 25 storeys / /

line
*3PMTs /
storey
* 900 PMTs

~=200m/~650m

g

230 ARCA + 115 ORCA lines New Generation

12 lines ~1 Gton ~6 Mton

- DOM: 31 3" PMTs
» Digital photon counting

» Directional information
» Wide angle of view
» Cost reduction wrt ANTARES

Same size (43cm)

/ C%ct v

A. Kouchner, Neutrino 2016




ORCA will consist of one dense
KM3NeT Building Block:

115 detection lines
Total: 64k * 3" PMTs

" 35%5321

String spacing
Vertical spacing
Depth

Instrumented
mass

:EM Radius: &
L ~120r ORCA .
Y- (500mARCA)"

«-

23 m

9m

2470 m
1x 8 Mton

90 m

36 m

3500 m

2x 0.6 Gton
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old and new physics with atmospheric neutrinos...

(e neutrino oscillations

g1

=10.9

lllllllllllll]llllllll\’/lllllllllllllllllll‘lk

tau neutrinos!
mass ordering

e
ey

non-standard
neutrino interactions

dc/c < 10-27
velocity vs flavor states

earth matter resonance
for eV sterile neutrino
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one million
atmospheric
neutrinos...




» oscillations at 5-55 GeV energy
 same oscillation parameters measured in a new
energy range (BSM neutrino physics?)

—

Oscillation Probability
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Low energy neutrinos in the Upgrade




Neutrino Oscillation

lceCube, PRL 2018

Cascade-like Track-like
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« 3 years of IceCube Deep Core data ~ ~

< measurements of muon neutrino
disappearance, over a range of baselines
up to the diameter of the Earth +0.07

« Neutrinos from the full sky with sin” 623 = 0.51 —0.09

reconstructed energies from 5.6 to 56 GeV \_ )

Am3, = 231701 x 107%eV?




lceCube
« two independent analyses

« one emphasizing quality of
events

¢ one maximizing statistics

* both blind

Analysis A
GRECO

“High statistics sample”

Analysis B
DRAGON

“High purity sample

1. Neutrino interactions / lepton generation: GENIE
2. Lepton propagation / photon generation: PROPOSAL & GEANT4
Neutrino Simulation | 3. Photon propagation: CLSim (GPU-based software)
4. Noise addition
5. PMT response & readout elections
Simulation -
CORSIKA + MuonGun CORSIKA + Data-Driven . .
) * Any muon that would have made it to final
Muon Background * Uses H4a Cosmic Ray flux model to ol ) o i [oecerm s 2 (81 ) 6
Simulation directly predict muon background. Run ; - .
; ; ) corridor region is considered a
through standard simulation chain.
background muon
Goal High signal acceptance High signal purity
“High statistics sample” “High purity sample”
Tri At least 3 pairs of locally coincident DeepCore DOMs detect hits in a 2.5 microsecond time
rigger :
window
i Veto events with hits in “veto region” consistent with a muon travelling from there to
Level 2 “Filter . . _
interaction vertex at v=c
Eliminates events with more than 7 hits in veto region, too many noise hits, too many hits in
Level 3 . ) h
outer region of DeepCore (i.e. not fully contained),
Removes events with too many non-isolated Fast reconstruction to insure enough DOMs
Other low-level cuts | hits in veto region and/or too few non- to be consistent with either track or shower
isolated hits in DeepCore fiducial volume signature
Straight Cuts
* Number of photoelectrons deposited in
largest cluster of hits
BDT to remove atmospheric muons * Event vertex in fiducial volume
(6 variables) (contained)
* Charge measured by PMTs (3 vars.) * No more than 5 p.e. in veto region total
Level 4 ; ; . .
* Simple vertex estimator * No more than 2 p.e. in veto region
* Event speed simulator consistent with speed-of-light travel from
: * Calculation of event shape hit to vertex
Selection ¢ Minimum number of non-isolated hits
* Space-time interval between 1% and 4™
hits consistent with v < c.
Another BDT to remove atmospheric muons
: BDT
(6 variables) (11 variables)
* Time to accumulate charge ! . .
Level 5 e —— Charge, t|mg, and location of hit DOMs
o ) (multiple variables)
* Center-of-gravity information (2 var.) ;
e o * Reconstructed zenith angle & event
* Causal hit identifier : )
) L speed using fast construction
* Zenith angle estimation
Straight cuts
* Inconsistent with intrinsic PMT noise .
* Spatially compact Uiz itan
patially comp . * Events with reconstructed paths through
* Require likelihood-based vertex estimator ; .
Level 6 - . s corridor region
to be well contained in DeepCore fiducial « Starting & " I
s Dtartlrég stop;:lr?g position in or near
* Reject events with hits along “corridors” eepCore (contain)
in surrounding IceCube volume
Reconstruction (better & more accurate than
Level 7 fast reconstruction information above) Reconstruction & no cuts on L7 ?

& reconstructed energy must be 5.6-56 GeV




(10~ eV?)
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atmospheric oscillation parameters: lceCube upgrade

» Currently unclear whether — 12017 [NH] ESKIVZO§15[NH]§
N2 Boa i : | 3.5} - == MINOS w/atm- [NH] =1+ NOvA 2017 [NH]--
Sin< G23 IS Maxima ' T2K 2017 [NH] | IceCube Upgrade [NH]
: ‘ ' 3 yrprOJ) :
e 3rd mass state made — I
up of equal parts vy, vr = 3.0}
=
e Evidence of new =
- 2 E
symmetry” i 25l
e T2K and IceCube prefer
maximal miXing, NOVA 20I90%CLcontours IceCube Prehmmary
disfavors maximal at 2.60* 0.35 0.40 0.45 o.lso 3.55 9.60 0.65
sin” (053)

» Higher energy range of IceCube also permits octant determination via
matter resonance (99.93% CL expected at NOVA 2017 best fit)



and with ORCA/PINGU
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tau appearance: IceCube atmospheric neutrinos
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FIG. 14. Distributions of the data with best-fit neutrino and
muon backgrounds subtracted, overlaid with the best fit v,
hypothesis projected onto the reconstructed energy axis (left),
the cosine of the reconstructed zenith angle (middle) and PID
categories (right), for Analysis A. Error bars are statistical

only. Phys.Rev. D99 (2019) no.3, 032007



Tau Appearance and PMNS Unitarity

 3-yr DeepCore result
competitive with 15-yr
Super-K measurement

* Analysis improvements
and additional data will

Improve precision

lceCube Upgrade will
achieve £/% in 3 years

* ~10% precision needed
for real tests of unitarity of
PMNS mixing matrix

15.0
v, Appearance (CC+NC) = Observed
12.5 w====_ Feldman-Cousins
. ICeCUb\‘ I'I‘ Expected (90% range)
10.0 - Expected (68% range)
N
%< 7.5 -'\ 30
5.0 A1
2:5° 90%
lo
OO 1 1 1
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- = -
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OPERA 2015 e ———— -——
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Super-K 2016 f “ l
0.0 0.5 1.0 15 2.0

v, Normalization



neutrino mass ordering ?

“Normal” “Inverted”
- — ")
1Am2(atm) lvw (s1W)
N)
v [
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~ 8 GeV : hierarchy revealed by “large” matter

effects in the Earth

.- D
. sin” 26
sin” 20 = _ 13

sin® 26, +| cos20,, +

\/2GFn )

(mostly) neutrino + antineutrino - /

Am;l = m3 —

sign Aq3 - hlerarchy '

2
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Using atmospheric neutrinos to measure the NMH

Up to 20% differences in vy, survival probabilities for various energies and baselines,
depending on the neutrino mass hierarchy
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P(v,2V,)

Normal Hierarchy Inverted Hierarchy

P(v,—V,) - Normal Hierarchy P(v,—V,) - Inverted Hierarchy

0.9

« Map upward v flux in bins :
of (E,cos0); ’

« cos6=-1L~12000 Km:;
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NMO with JUNO, IceCube upgrade and ORCA/PINGU

Significance (o)

10

NMO sensitivity (NO = True) NMO sensitivity (IO = True)

w A U O N o ©

Time (years) Time (years) Time (years) Time (years)

difference between between “statistical combined” and “combined”
results from the different tension in the determination of the mass-
squared difference of JUNO and Upgrade if one wrongly defines the
mass ordering: Am§1 — m§ - m%



no synergy effect from
combing

JUNO+PINGU/ORCA
data

fitting the wrong
hierarchy -

opposite pull on x2,;,
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Neutrino Astroparticle Physics
Francis Halzen

* The cosmic neutrino beam and neutrino physics
using the cosmic neutrino beam.



neutrinos interacting muon neutrinos
iInside the detector filtered by the Earth
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)



electron and tau neutrinos

1

Atmosplleric Fluxes

Astrophysical Flux

Prompt Upper Limit(v, +p,) [1.06x ERS]
Conventional (v, + U,) (zgnith-averaged) [1.00x Honda2006] Measurements ]
10-6 o Cascades Differential
v, Best Fit (E~22)
[ lceCube preliminary
1077 ¢
e

(-
o
%

O, ., ; [GeVecm~2s~1sr™1]

2
Vv
-
o
o

104 105 | 108 107 108
Neutrino EnTgy [GeV]

-
w

muon neutrinos



= = =
o o (@)
N w RN

[

Total Deposited Energy [TeV]

[
o

=

o

high-energy starting events — 7.5 yr

— HESE with ternary topology ID ?0
® best fit: 0.35:0.45: 0.2 1.0
—  Sensitivity, E"%? spectrum o
% - - e
1:1:1 flavor composition —of 0.8
AR - X <
WORK IN PROGRESS s /) ok X
$ s 639 \ 0.6 %
Eo 2
T e % Cx
& 0.4 <
% -
o
‘@
0.2
68 % ,
v K7
2V AV van van wANVIAWAE 95 %~ -7
QI fV/ v/ (O/ %/ Q/
3 N} Q' Q' N} N

Fraction of v,

oscillations of PeV neutrinos over cosmic
distances to ~ 1:1:1

i ‘
.00

Probability Density



tau neutrinos at Fermilab-- DONUT

DONUT: charmed mesons (no oscillation)
and emulsion

F.L.=4535um 4| FL.=280um
Bk = 93 mrad i = 90 mrad
p >2073 GeVie p =146'% GeVie
pr 2027735 GeVic pr =0.4135% GeVic
..,
o,
-,
......
-,
17 7
1B ‘A
F.L.=1800 um F.L. =530 pm
Ok = 130 mrad Oy = 13 mrad
p =19%% Gevie p > 217 GeVie
pr = 02597 GeVic pr »0.28 21 GeVic
K4
/ 4 i ;7 ;7

DONUT Phys. Lett. B, Volume 504, Issue 3, 12 April 2001, Pages 218-224

OPERA: oscillation (appearance from CNGS
muon neutrino beam) and emulsion

plate
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OPERA Phys. Rev. Lett. 115, 121802 (2015)



tau decay length

YCT.:
50m per PeV

W 4%

shower double bang*




a cosmic tau neutrino: livetime 17m

— single cascade  —— double cascade +- +- exp. data | —— reco with bright DOMs - -- reco without bright DOMs
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tau decay length:
50m per PeV

Vz T T Ve
-/ \_Z N7 -/ \_7 -/
2500 : : :
- 1, Double Pulse Waveform
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S
£ 1500
]
o |
©
35 1000
>
500 i
0 '\—\_\"‘\/‘/

0 50 100 150 200 250 § 300 350 400
Time (ns)




event found in 3 different analyses
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new physics ?

|f nOt .. V’u muon-suppressed
€——  pion decay
(0:1:0)
every model
for the astrophysical oo b I

<€— decay
(1:2:0)

source ends up in
the triangle

N “~ . neutron
~~~~~ ., ‘Q‘ “‘ :. d ec ay
b ‘5 ‘t O'

-----------------------




* neutrino oscillation at PeV energy
upg rade » test of the 3-neutrino scenario
* neutrino physics BSM




Glashow resonance: anti-v, + atomic electron - real W

Muons
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partially-contained PeV search
deposited energy: 5.9+0.18 PeV
visible energy is 93%

- resonance: Ev = 6.3 PeV

work on-going

| PR M EET | R R
10+ 104¢ 107 10%

E [eV]

ol il PR
1012 1013 1014



* energy measurement understood
identification of anti-electron neutrinos

dN /dE [(40 TeV) '(4.6 year) ]

........

0170 T3

-
0.150 F

0.125 F
0.100 F

0.075 f

0.025 f

0.000

: Combined nu:nubar=1:1

Glashow Resonance
Charged and Neutral Current

IceCube Preliminary

E, =633 PaV

......

4.5 5 9:5 6 6.5 7 10 8
Neutrino Energy [PeV]



Neutrino Astroparticle Physics
Francis Halzen

« BSM neutrino physics using atmospheric and
cosmic neutrinos.
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old and new physics with atmospheric neutrinos...

(e neutrino oscillations
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tau neutrinos!
mass ordering
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non-standard
neutrino interactions

dc/c < 10-27
velocity vs flavor states

earth matter resonance
for eV sterile neutrino
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eV sterile neutrino = Earth MSW resonance for TeV neutrinos

In the Earth for sterile neutrino Am? = O(1eV/?) the MSW effect

happens when
~ Am?cos 26

_ O(TeV)
17
2v/2GEN
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NTs sensitive to disappearance effects in atmospheric neutrinos, ie, mainly to Am?,, and sin26,,

Phys. Rev. D 95, 112002 (2017)

101' 8 T T T 1 T TrrT 1 1 L L 1LI1h 1 1 1
] 0.30 ’ =s=  SK,NO (2015),90 % C.L.
=== SK,NO (2015),99% C.L.
02k mmm  [ceCube, NO (2016), 90 % C.L. ||
B P == |ceCube, NO (2016), 99 % C.L.
= s =1 |ceCube, IO (2016), 90 % C.L.
> o lceCube, 10 (2016), 99 % C.L.
10°- % 020 )
()] -
~ o0 e
nS <015 e, -
g R= <
z %
<l X Il . o
1071 “s 010 ‘\ 7
. =) ORCA sensitivity )
1 — TceCube 90% CL  * — -aerv:1702.04508) s
—-— MINOS90%CL  w_ - T
—— MINOS+ 90% CL 3 0.05 B -, .
Kopp et al. (2013} _”
mmm Collin et al. (2016)  —— === >
10_2 - . . T | - — 000 ) 3 3 a0l 1 -
102 19'1 100 10°¢ 102 10!
Sin“2654 |U#4|2 = sin® Oy
. . 1S <
High energy analysis: E £ 300 GeV Low energy analysis: E, < 60 GeV

So far, results consistent with the standard three-neutrino hypothesis



a  Muon neutrino b

Atmosphere
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beyond the SM with high energy neutrinos
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Neutrino Astroparticle Physics
Francis Halzen

 Neutrino physics with a Galactic neutrino explosion.



supernova neutrino events from most likely distance ﬂ

Detector Type  Mass (kt) Location Events Live period
Baksan C,Ho, 0.33 Caucasus 50 1980-present
LVD C,Hs, 1 Italy 300  1992-present
Super-Kamiokande H20 32 Japan 7,000 1996-present
KamLAND C,Ho, 1 Japan 300  2002-present
MiniBooNE* C,Hs, 0.7 USA 200  2002-present
Borexino CrnH2p, 0.3 [taly 100  2005-present
[ceCube Long string 0.6/PMT South Pole N/A 2007-present
Icarus Ar 0.6 Italy 60 Near future
HALO Pb 0.08 Canada 30 Near future
SNO+ CrHay, 0.8 Canada 300  Near future
MicroBooNE* Ar 0.17 USA 17  Near future
NOvA*® CrHan 15 USA 4,000 Near future
LBNE liquid argon Ar 34 USA 3,000 Future
LBNE water Cherenkov H2>O 200 USA 44,000  Proposed
MEMPHYS H->O 440 Europe 88,000 Future
Hyper-Kamiokande H>O 540 Japan 110,000 Future
LENA CrnH2p, 50 Europe 15,000 Future

GLACIER Ar 100 Europe 9,000 Future




supernova burst: light fromv_ + p —>n+e’

20 MeV
positrons

& PMT noise low (280 Hz)

¥~ detect correlated rate increase
(DC current) on top of PMT noise
when supernova neutrinos pass
through the detector 1 meter




lceCube DOM photoelectron counts vs time: 106 for a supernova at 10 kpc

DOM Hits (20ms binning)

DOM Hits (2ms binning)
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Neutrino Astroparticle Physics

« atmospheric and cosmic beam
« capabilities demonstrated by ANTARES and IceCube

 complementary to accelerator beams: higher energy, nutau



