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The Standard Model and neutrinos

A theory of everything?

> Standard Model:
= gauge theory
= behavior of elementary particles

> Neutrinos in SM:
= 3 families
= Only weak interaction
= Left-handed

= Mass-less

> Existence of neutrino
oscillations:

= Weak != propagation states
= Neutrinos have mass

three generations of matter

(fermions)

Source: WikiMedia commons
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> Requires modification of the Standard Model

= Right handed neutrinos

= Potential new symmetry or new physical processes
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Neutrino oscillations

Way less v
e

Transition of neutrinos
between types!
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Neutrino oscillations

Real ity (after 1998) ]
Neutrino Propagation through space > Neutrino
Y, Vg
o
Y%
1 L

Vs
Neutrino production Pro i Detection
(weak interaction) Mixing pagation Mixing (weak interaction)

(mass states)
L ]

' Distance L '

Neutrino propagation and interaction states are different!

Vo [ cos@ sind Vl)
vg) \—sinf cosf) \ v,

Y
Flavor Neutrino mixing Mass _
(“weak”) (“propagation”)
states states

Mass states have slightly different speeds — quantum interference
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Neutrino oscillations

In a nut-shell
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> Type change probability:

Amplitude

P, v, (L) = sin?(26) sin? [ Am? o
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= Have non-zero mixing

= Have non-zero masses
non-degenerate masses

> Only possible if neutrinos:
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Three flavour mixing
Full (almost) PMNS matrix

I(:_Iavour on)
interaction
basis A

Ve Uel UeQ UeS 141
Vr U7'1 UT2 U’T3 V3 \Mass
(propagation)
PMNS matrix basis

Cij = COS 0,5]' Sij = sin eij

1 0 0 C13 0 8136_7;6 C12 s12 0
0 C23 S23 0 1 0 —S12 C12 0
0 —s23 c —s513¢® 0 ¢ 0 0 1
\ 23 23/ 1\ 13 13 /1y ]
Atmospheric mixing Reactor mixing Solar mixing
Vy < Vs Ve <7 Us Ve <7 Vy

> Naming by the corresponding source
> Similar to CKM matrix:

= Mixing angles are way larger in comparison

*(Majorana phases are ignored here)
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Three-neutrino mixing

Cij = COS Oij Sij = sin Hij

1 0 0 C13 0 8136_i5 C12 s12 0O
0 C23 S23 0 1 0 —S12 C12 0
_ . 10
\ 0 S23 C23 J\ S13€ 0 C13 1\ 0 0 1 ]

Atmospheric mixing
2 mass differences
Am?2 ;= Am2, = 7.5-107° eV?

sol

IAmZ, | ~ |Am3,| = 2.5- 1072 eV?

a

Unknown properties:

= Neutrino mass ordering
(m,>m >m,_ or m,>m,>m,)

= (Non-)Maximal 6,
= CP-violating phase o
Precise measurement for possible

underlying symmetry
identifications are needed!
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Reactor mixing

Solar mixing

3 mixing angles
sin® 015 ~ 0.31 sin” 013 =~ 0.022
sin? fo3 ~ 0.4...0.6

Normal ordering (NO) Inverted ordering (10)
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Three-neutrino mixing

cij = cosl;; s;5 = sinb;;
1 0 0 C13 0 8136_i5 C12 s19 0
0 Co3 S23 0 1 0 —S12 Ci12 0
\ 0 —S923 (€23 ] —8136i6 0 C13 0 0 1
Atmospheric mixing

> THIS TALK: measuring atmospheric oscillations with IceCube
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Atmospheric neutrinos and
oscillations
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Atmospheric neutrinos

An organic neutrino beam for free!
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> Neutrino production from

hadron decays (T, K...)

> Energies: 100 MeV — 10+ TeV
> Enormous flux of neutrinos!

> But also muons — main

100 1 |||||||I 11 ||||||| L1 ||||||| L |||||||I

background

3 PRD92, 023004 (2015)
||||| LI ||||||| LI ||||||| LI |||||||

- SPL all direction average
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Atmospheric neutrino oscillations

Multi-baseline measurement

> Main effect: transition between
muon and tau neutrinos

L
P(v, — v,) = sin®(2693) sin” (Am§2 E)

> Different arrival directions
cos(6 ) — different baselines:

" Range between 25 and 12760 km

-
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(@)
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(Q\|
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|
v

> Disappearance and appearance
channels accessible with neutrino
telescopes

IceCube / DeepCore
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Atmospheric neutrino oscillations

L
P(V,u — VT) > sin2(26’23) sin2 (Am§2—>
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10°
Neutrino energy [ GeV ]
* studies are done using full three-neutrino model in IceCube
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Atmospheric neutrino oscillations

A unique way to probe oscillations at the highest energies
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What is IceCube?
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IceCube Neutrino Observatory

A cubic kilometer detector

50m

> lceCube detector:
= 5160 DOMs with 10” PMTs
= |ce as optical medium
= Cherenkov light detection
> DeepCore sub-detector:

= The clearest ice

= Denser instrumentation 1450 m

= +35% higher quantum efficiency

= IceCube as active veto against
atmospheric muons

Hor. Vert. Threshold 2450m

[m] [m] [GeV ] e0m
IceCube 125 17 ~100 GeV
DeepCore 40-60 7 ~5 GeV
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IceCube Neutrino Observatory

What events do we measure

IceCube/DeepCore

Atmospheric

" Tev

MeV AT SRR

V y f — charged current (CC) interaction
Seaol - \/€ — neutral current (NC) interaction
}Hadrons > Secondary particles emit Cherenkov light
> Track like events: > Cascade like events:
~* v, CCinteractions = allNC interaction, CC of Ve Vo

24 3.2
Time [ ps ]
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IceCube Neutrino Observatory

Events in DeepCore

‘| v,~u* + hadrons
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> Events below 50 GeV:
Dim and produce little light

Challenging to select

Challenging to reconstruct

0.5
Time [ us]

More affected by detector uncertainties
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Careful treatment of systematic
uncertainties is a key
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Measurement of the standard
neutrino oscillations
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Measuring oscillations in IceCube
Rejecting the background

I I I T TTTT | | I T TTTT I I
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Measuring oscillations in IceCube
Rejecting the background

Depth [m ] Atmospheric muons
= 1500 ] ! _
e
[ 1600 IceCube string
L 1700 @
Veto cap DeepCore String

L 1800 ] 10 DOMs PR .

L 10 m vertical spacing "4 N -
L 1900 L, 8

----- o

L 2000 Dust layer DeepCore 3

o bad optical properties >
L 2100 ! DeepCore Corridor
oo 150 HQE DOMs

& 7 m vertical spacing
= 2300
= 2400
> Vetoing techniques: > Most complicated muon events:

= Checking signals in outer regions of lceCube " corridors formed by detector geometry
= Containment in DeepCore " “dust layer” above DeepCore

> Dedicated time/space algorithms to reject
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Measuring oscillations in IlceCube

=\

L,6,0

1%
/R
(X,y,Z,t)

§} E

had

Reconstruction:
= 8 parameters as for v,CC interaction

= Total neutrino energy

E, ~ En,aq+ OALM

= Neutrino direction = muon direction
= Matching PMT signals in time bins

Caveats: -
= Lookup tables for every
position/direction in the detector —
HUGE and SLOW
= Very bumpy likelihood space
/
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u

For every DOM:

ABin 1 Bin 2 Bin 3 Bin 4 Bin5 ...
) | | | |
) | | |
© | e i AR S R——
S | Predicted signal
l_ --------- -1; [ —— - ..............
= Observed signal
& [l
Time
Time consuming reconstruction
> Complicated minimization algorithms

Answer can be not deterministic
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Measuring oscillations in IceCube

(x.y,z, t)

=

p,n
E..

VS.

zx-y-z -t)- k} 6, 0, E

casc

Particle identification = difference between full and cascade-only fits
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Measuring oscillations in IceCube
What does the signal look like

> No oscillations

10 s Qa,scade—like

Track-like

> W.ith oscillations

0.5
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> Expected clear disappearance signature!
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Measuring oscillations in IceCube

Number of Events

Ratio to Best Fit

> Down-going neutrinos for normalization and up-going for signal
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> Data clearly prefers oscillations
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Systematic parameters

Plenty of systematic

uncertainties considered:

" Flux, cross-section, background,

detector...

Bore hole ice properties

" Impurities/gas are released during
melting and deployment

* Pushed towards the centers of the

holes along the strings

" “hole ice” has much more scattering

than original ice

Effect of the bubble column;

" Modifies angular acceptance of

photons by DOMs

" Modelled by effective angular

acceptance curve

<« Bore hole

Bubble
column

Still frame from
‘3 Sweden camera

18-81

0.8

—~0.6

g(cosn

0.4

0.2

- HI: p1=0.25, p2=-2

No bubble column

HI: p1=0.15, p2=0
HI: p1=0.35, p2=0
HI: p1=0.25, p2=+2

Base HI: p1=0.25, p2=10

[ 1st parameter: slope
2" parameter: forward acceptance

PMT
face
0'—01.0 —-0.5 0.0 0.5 1.0
cosn
25
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Muon neutrino disappearance

PRL. 120, 071801 (2018)

Three years of data:

= 2012-2014 data seasons N— c07NO SK 1V 2018 [NO]
_ 30 -1+ MINOS w/atm [NO] =+ NOvA 2018 [NO]
Performed on 3D histograms - = T2K 2018 [NO]
3.0}

= E :[6,56] GeV
= cos 6 :[-1, +1]

= PID: track- or cascade-like

| (107%eV?)
(NS
o)

All studies are performed in = *9
blind way: = %
L . < 24 )
= Strict internal review process
= Good data/MC is ensured 2.2}
= Minimal bias of physics-related
parameters 2.0}
. . . 90% CL pontours | | .
0.35 0.40 0.45 0.50 0.55 0.60 0.65
sin? (093)

Approaching precision of dedicated accelerator experiments!
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Neutrino mass ordering

First measurements of ordering

by lceCube
Testing statistical tools and
analysis techniques m?
Normal ordering is marginally
preferred
IceCube — true NO

350 Preliminary — true IO

— data (3 years)

w
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o
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o
o
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0 1
-3 -2 -1 0 1 2 3
ALLHpo-10
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Normal ordering (NO) Inverted ordering (10)

2 2
m.; I [ S 777

I
[ 2
uy,
W,
mf_
mf_ _m32
Presented at Neutrino 2018
25 : : : :
16 — Normal Ordering
— Inverted Ordering
8,
= 4
j log
I‘ 2 linear
=
=
(AN
1,
IceCube
Preliminary

035 040 045 050 055 060 0.65

sin? (693)
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Looking beyond the three
neutrinos
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Non expected oscillations

LSND experiment

\—/ Liquid scintillator
N OB B BN B B BN BN BN BN BN BN BN BN BN BN BN (B B >
870 MeV piOﬂS E = 20-52.8 MeV
protons
Detector
Target :  —30m :
Placing detector near neutrino source:
AmQ 0357
P N L = Sin2 29 Sin2 L % i ® Beam Excess
Vq Vg ( ) ( ) 4E Ll>.| 30 R o
g i B PV, —Ve)n
" Very tiny probability to get electron ©25 2 p,en
neutrinos mzo H5 other
= Significant excess observed by LSND —t
15
" Confirmed by MiniBooNE at higher :
energies 10

Reason?

= Systematic uncertainties?

" New neutrino types? 20
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Sterile neutrinos

Anomalies:
—
= Short baseline neutrino
experiments Can be resolved by adding
= Reactor anomaly > heavier ~eV neutrinos
" Gallium anomaly _
-’ = s
E. i V
= !
LEP results &3} ALEPH
- DELPHI
" Measuring Z decay width L3
- OPAL
n,=2.9840+0.0082 20
:+ averag(i) mea.suremeltllts,
* New light neutrinos cannot | by factor 10
interact via the weak 10
interaction
Sterile neutrinos! o

8 88 90 92 94
E_, [GeV]
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Physics beyond the three-neutrino model

> Standard PMNS matrix:
" 3 mass states
= 3 flavour states

" Matrix is unitary

> Non-unitarity of three-neutrino PMNS
matrix — new physics

> Ways to probe:

" Normalization of appeared tau neutrinos

= Effects induced by sterile neutrino
mixing

DESY. | Neutrino oscillations with IceCube | Andrii Terliuk | CPPM seminar
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PRD 93, 113009 (2016)
9 ] 1 1 l 1 1 L) I L) L ] ' ) L] 1 I L) :'l ]
L | U ’ 1 : i
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Tau neutrino normalization

> Very few tau neutrinos observed/
Less More identified ever:
appearance: appearance:
I 2 = 4 in DONUT
oscillationsto |£| completely new
hidden physics 5 physics " 5in OPERA
o
E " 1-2 in IceCube (PeV energies)
& > It can hide unexpected physics
]
0.0 1.0 00
v_norm.
600
vr Appearance (CC) vr CC 500
500 1 1 [ MC Uncert. (Sig. + Bkgd.)
> Search in DeepCore: g . | # Data—Bhed
g 6004 ¢
" Excess/deficit of events '-':4; 300 * ' ‘
2
= Statistical way 45 20 jL 1 3 } 0
. . B 100 '_“ I 1
* Cannot identify tau < B + j':l—k 200 —
neutrinos on event 3 04 . % 3 . -
basis ool ] + 0 ?

56 10 18 32 56 -0.75 -0.25 025 0.75  cascades tracks
E [reco] (GeV) cos 8 [reco] PID
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Tau neutrino normalization

Is the same amount appeared as disappeared?

> First results for tau neutrino
appearance with IceCube

> 3 years of data (2012-2014)

> Two independent analysis
chains:

" PRL 2018 sample (Analysis 1)

= Parallel analysis (Analysis 2)
> Paper in preparation:

" Details about systematics,
statistical approach, event
selection, reconstruction etc.

= Both v, disappearance and v,
appearance

o~
ka3
=]

25 Presented at Neutrino 2018

NC +CC
IceCube v, Appearance

20 3 Year Results (Preliminary)

_ Analysis 1 Expected (N, =1.0) .
I [ Ana|y5i52Expected [Nr:]__o}

=+ Analysis 1 Best-Fit
= Analysis 2 Best-Fit

15

10F

0 : I

T T
O : 1 Analysis 1/(NC+CC) Best-Fit 68%, 90%
b—*—{ Analysis 2 { NC+CC) Best-Fit 68%, 90%
SuperK (CC) 68% (arXiv:1711.09436) *
OPERA (CC) 68% (arXiv:1804.04912) &)
i | |
0.0 0.5 1.0 1.5 2.0

v, Normalization

> Results in agreement with standard three-neutrino oscillations
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Sterile neutrinos
Simplest extension:

= “3+1” model (3 standard + 1 sterile)

= Sterile neutrino is the heaviest

Ve Ug U Ui Ugy vV,
Vu —| T ul u2 UM3 Uu4 Vs
Vol [Usr Uy Uss Uiyl vs
IVSI IUsl Us, Ug Us4.N

New parameters: Assumptions: - .
P P Modifies atmospheric
= 1 mass difference * no CP phases neutrino oscillations
= 3 mixing angles " 0,0 \U,A\z — sin® @y
= 2 CP-violating phases |UT4\2 — sin? f34 cos® Oy

Effects of sterile neutrinos are small

But Earth matter can enhance the effect

DESY. | Neutrino oscillations with IceCube | Andrii Terliuk | CPPM seminar
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Sterile neutrino effect

Matter effects

The Earth
(e, p, N)
v -

Ve

CCwithe -

Vg

M,

%scnlatlons
V

S

¢ CC with e L—>
VvV \/ : Osculatlons ,'

> Different neutrinos feel different matter potential
= Results in modification of oscillation probabilities

> Presence of matter:
= Modifies effective mixing/neutrino mass
= Can enhance efects of sterile neutrinos

DESY. | Neutrino oscillations with IceCube | Andrii Terliuk | CPPM seminar

Vee=+V2G.N,

NC with

Vﬁay,u)]’[‘i' VB,JJ}“UT
e, P, N
VA
€ )p? € 7p7n
_Gr
Trem
35




Sterile neutrino effect

Neutrino oscillation length resonance (NOLR): mantle-core-mantle enhancement

1.0

14

=
©

sin?@,, =0.02

Am? =1 eV?

0.8F E=23Tev 112
207} m
2 'z
o) 0.6f Density for 5
o MSW | R
o 0.5} resonance =
i >
T4} 6 2
> [0)

Q

> 0.3}
0p) 4

0.2 -

. — Matter probability 9

| = Vacuum probability
O'OO 2000 4000 6000 8000 10000 12000 i

Length [ km ]
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Sterile neutrino effect

1.0 T
VMM’ 160
0.8k /
% 0.6

0.3 eV?

U, surviva
o
s

0

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

% disappearance

02 T cosh™
— Amg = LeV® u U Expected signature in data:
— Ami, = 3eV? 15
0-95m 107 0 T0* 14
Energy | GeV | 10* 12
o o 10
Resonant transition at few TeV for = _ lg
neutrinos crossing the core SN ERE g
Disappearance for muon antineutrinos . {6
: . -l 4
Side note: this is not MSW effect (you can 1SS RERATR2532333285¢8
be eaten alive by theorist if you call it so) 2 o o ol Rl 3
S 2
0

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
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Limits on sterile neutrino mixing

Results of the TeV search

101 PRL 117, 071801 (2016)

10°}

Am 421 / eV?

1071}

1

IceCube 90% CL E

I 90% CL sensitivity '
X

1

1

(68% and 95%) y
Kopp et al. (2013)

10_2_ — Clo]_lin rlat all. (2.01.6]' | ,\2 | | .
102 0L 10°
sin? 20,,

> No sterile neutrino signal was found

> Placing stringent limits for allowed sterile neutrino mixing
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Sterile neutrinos with DeepCore

v

MJ

eﬁ_’ CC with e NC with "«.E_Oscillations

Matter (e, p, n)

DeepCore

/ Oscillations
Vi » €PN P >

A%

<

%, Oscilations " Oscillations "
A | 2

N

|

Effects below 100 GeV:

* Modifications of standard oscillations
= shifts of oscillations minimum
= changes of amplitude

" Independent of sterile neutrino mass
(for Am5,>0.3eV?)

= Sensitive to the angles 6,, and 6,,

= Effect proportional to matter density
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No sterile neutrino

With sterile neutrino
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0.0

39



Limits on sterile neutrino mixing

PRD 95, 112002 (2017) Uer
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Constraining limits on sterile neutrino
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mixing in muon and tau sectors
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Current studies

On the way to a new measurements

> Current studies: 1-3 years of data

14 = SPE Templates |

> For new studies in IceCube: ol —  TA0003

" New PMT charge responses

= Re-calibration of glacial ice using all
detector LED flashers

> We have 7 years of data

= Currently going through major revision of
selection, simulations, reconstruction

* Main limitation: manpower

* Main reason: see next slides 0'8.0: | 0:5 110 1:5 2.0 2.5 3.0
Charge [PE]
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Upgrading the IceCube
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IceCube Upgrade

New tool for studies of atmospheric neutrinos

___________ . 1000m
,ll’(’ . \\‘ - - i h--‘- . - [ ] .
. . /{’, ’ \\\‘\ . . :h“‘;‘--‘::’:“- -~
',4 . \\‘ - . !(,. . .
lceCube ® Ve e e
.o ;: . . l:l . . . . '\:’—’:.f' . .
DeepCore L, ® ® Py | y
-. )
\ ®e ° /
@ | ° ‘
[ ] ‘\‘ ) . ,g
\\ . ," ,”’ &
|IC Upgrade . - g?
. T
17m %;
. 100m L 7m g
| e dm
> Few GeV neutrino detection threshold s %
> New types of sensors @
. . . . 1450m 2100m 2140m
> Additional calibration devices Sasom  245om  2440m
> Approved by NSF, expected deployment - 2022/2023 Instrumented Depth
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IceCube Upgrade

~
New sensor types —_— E 1001 4 ppoM -+ DEgg <+ mDOM
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PMT Base <<D 80 7
HV Supply ©
ol £ 601
Delay Board [@))
Prv::slztr:;;sere q;) 40 7]
ngmetal cage $
PM:lphotocitLode AZ 20 T
KEY:‘ ) Gen2 8
e boM — I i g 09
Component redesigned 30 cm 36 cm o _1 0 —O 5 O

Impact angle cosn

:

POCAM
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> Larger photo-cathode area and better angular acceptance
New calibration devices

> New on-module and stand-alone calibration devices

> Better calibration of modules and glacial ice properties

Piezo-module CCD




| (10%eV?)

2
32

|Am

IceCube Upgrade

Muon neutrino disappearance Tau neutrino appearance

T T T T T T T 2-00
— [C2017 [NH] -+ SKIV 2015 [NH] IceCube Upgrade Preliminary 95% range
3.5} MINOS w/atm [NH] = NOvA 2017 [NH](2018){ 7 75 ] V- APpearance 68% range
----- T2K 2017 [NH] IceCube Upgrade [NH]
(3 yr proj.)
1.50 1
o~ E c
-"“‘ % o |
3.0} e . {= 1.25
. ~o | N
‘1 ® 1.00
;| E
o P~
| 2 0751
2.5} i#le, -
BN
0.50 A
0.25 1
2.0 90% CL contours IceCube Preliminary
1 1 | | L 1 | 0.00 r T T r T
0.35 0.40 0.45 0.50 0.55 0.60 0.65 05 1.0 15 2.0 2.5 3.0

sin® (6,3) livetime (years)

Precision measurement of atmospheric neutrino properties
Program similar to DeepCore:

= Standard oscillations, tau neutrino appearance, sterile neutrinos, non-standard
interactions, Dark Matter searches

= Current sensitivity predictions do not include future calibration improvements
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IC Upgrade 3y (68%) ——

DeepCore 10y (68%)

SuperK (68%)

Opera (90%)
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IceCube-Gen2

Future of the observatory

IceCube-Gen2
surface array
> Veto and cosmic ray physics

IceTop

2016 2017 2018 " 2010 1 2020 @ 2021 2022 2023 2024 2025 . 2026 £ 2052

Deployment

[ R&D Design & Approval -

Today
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PINGU

Main goals of PINGU:

= Precision in atmospheric oscillations

= Neutrino mass ordering

Sterile neutrinos

= tau neutrinos

DarkMatter, supernovas...

= NO (4, =0 fixed)
| =10 (dcp =0 fixed) ]

® NO (4., marginalized)
10 (4-p marginalized)

0.40

0.45 0.50 0.60

2
sin® Oy,

0.55

0.65

Precision on v, normalization
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Flavor physics with astrophysical
sources
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Flavor physics with astrophysical neutrinos

Astrophysical sources Neutrino production

p + X — hadrons

Wi%ui—l—?}i

Expected flux: ,ui — ejE —+ (D)M + (ﬁe

ve:vu:szl:Z:O

Other scenarios are also possible:
“"0:1:00r(1:0:0),(1:1:0)

* And realizations in between

After production neutrinos propagate through astrophysical distances:
" Neutrinos oscillate
" Distances >> decoherence distance

" Final flavour ratio — averaged mixing
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Flavor physics with astrophysical neutrinos

Flavor triangle

— Global Fit (lceCube, AFPJ 2015) < Ve!VyiVy at source
“ . m 120
0:1:0
1:0:0
1:1:0

all free

Fraction of v,
> All realizations are pushed towards the center

" Bad news: harder to identify real flavour composition at source

* Good news: We can use this to find new neutrino oscillation/interaction effects
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Flavor physics with astrophysical neutrinos

Phys. Rev. D 96, 083018 (2017)

Sterile neutrino 0.0 ® One sterile
- = = Complete 1.0  neutrino in

envelope 0.9 propagation

0.8

0.5 i@

0.0
0.00.102030405060708091.0
§e+é,e

New physics during neutrino creation/propagation/detection can significantly broaden
allowed phase space

Measuring flavor ratio = sensitivity to potentially new physics
For full details see: Phys. Rev. D 96, 083018 (2017)
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Flavour physics with astrophysical neutrinos

Current measurements and near time sensitivivt

- IC12yr IC 12 yr+IC Upgrade
> / / / / N 0.0
) fy > o %o O
i ) i o o, =
Ve

> Expected sensitivity in reach!
> Upgrade will provide better calibration — better sensitivity to tau neutrinos

> But probably a bit early to draw conclusions
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Summary

Neutrino oscillations:
= echo of physics beyond the Standard Model

" Precise measurements are needed to identify underlying
symmetry

lceCube — tool to study neutrinos:
= Standard atmospheric oscillations
" PMNS unitarity
= Sterile neutrinos

= More was left out: non-standard interactions, cross-sections,
DarkMatter and much more

Potential probe of new physics at astrophysical scales

lceCube Upgrade:
" Approved and in preparation
" Deployment in 2022/2023

DESY. | Neutrino oscillations with IceCube | Andrii Terliuk | CPPM seminar
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