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UNIVERSITY OF COPENHAGEN

Oscillations in IceCube/DeepCore

IceCube/DeepCore is an extremely versatile oscillations detector

Huge range of neutrino energies and baselines observed
GeV - PeV km to astrophysical

Matter effects for Earth-crossing v

Enormous detector = high statistics
« ~100% uptime, multiple v per hour

Can test standard oscillations picture
- v, disappearance, v, appearance, mass ordering

Broad spectrum of BSM oscillation physics probed
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lceCube Lab

B o e IceTop
—— W= - oS- = _— 81 Stations

50m __\- - .-_.‘__-: 324 optical sensors

IceCube Array O(1 Gton)

86 strings including
8 DeepCore strings
5160 optical sensors

DeepCore O(10 Mton)
8 strings-spacing optimized
/ for lower energies

L 480 optical sensors
Eiffel Tower
X 324 m

O(mHz) v rate at analysis level
(both IceCube & DeepCore)
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Neutrino interactions in the ice

« Charged Current (CC) and Neutral Current (NC) v-ice interactions
DIS dominates above a few GeV

« Charged particles produce Cherenkov photons = detected by PMTs
v/l

NC/CC

Z /W

Hadronic
shower

Nucelon
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Event types

« Events categorised by two distinct types
« Also more exotic cases at high energies

Cascade
Ue,CC

| v |
vLCC NC

Cherenkov/stochastic emission from p
Hadronic/EM showers
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Event types

« Events categorised by two distinct types
« Also more exotic cases at high energies

250 TeV 32 GeV
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. . . Particle ID
Oscillations in DeepCore /

« Search for 3D distortions in event rates: |E, cos(0 ,cnitn), PID]

* Atmospheric v, disappearance is dominant oscillation channel
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Down-going Normal ordering
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Oscillations in DeepCore

« Search for 3D distortions in event rates: |E, cos(0 ,cnitn), PID]

* Atmospheric v, disappearance is dominant oscillation channel

Down-going

Horizon

Up-going
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Particle ID

Oscillations in DeepCore /
« Search for 3D distortions in event rates: |E, cos(0 ,cnitn), PID]

* Atmospheric v, disappearance is dominant oscillation channel
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Oscillations in DeepCore

Particle ID

/

« Search for 3D distortions in event rates: |E, cos(0 ,cnitn), PID]

* Atmospheric v, disappearance is dominant oscillation channel

Down-going

Horizon

Up-going
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Tom Stuttard

Particle ID

Oscillations in DeepCore /

« Search for 3D distortions in event rates: |E, cos(0 ,cnitn), PID]

* Atmospheric v, disappearance is dominant oscillation channel

Down-going

Horizon

Up-going
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Oscillations in DeepCore

« Search for 3D distortions in event rates: |E, cos(0 ,cnitn), PID]

* Atmospheric v, disappearance is dominant oscillation channel
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arXiv:astro-ph/0611266

Flux systematics with MCEq ArXivi1503.00544

« Barr et al (2006) estimated uncertainty in inputs to atmospheric neutrino
flux calculations

« MCEQ can be used for fast flux calculations
« Can use Barr —like inputs

« Combine to treat systematic uncertainty in analyses

n and K production uncertainty regions (Barr blocks)

E,; (GeV) Pions Kaons
<8 10% 30% 40%
8—15|30% 10% 30% 40% Ccilouredfregions
relevant for

15-30(3010] 5% 10% 30120 10% DeonCore and
30—500 |30 15% - 30% IceCube

>500 {30 15%+Energy dep. 40) 30%+Enera' dep.

0 0.5 X a5 1 0O 0.5 X ,p 1
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E; (GeV) Pions Kaons
o o <8 10% | 30% 40%
8-15(30% 10% 30% 40%
Flux systematics with MCEq by ECTTM 7 ) ——
] . 30-500 {30 _15% 40 _ 30%
« Implementation in analyses: i e e I
Jis > S | 0.5 S
« Treat “Barr blocks” as nuisance parameters (Gaussian priors)
« Also normalisation and spectral index
« Re-calculate flux using MCEq for each case and re-weight simulation accordingly
« Fit to find best fit physics and nuisance parameters to data
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v, disappearance

v, disappearance measured in E., = [5.6,56] GeV energy range
« 0,3 and Am%, measured
* PMNS unitarity assumed, insensitive to other mixing parameters

1.00 e ¢ el oy, oY =] No Oscillations
5000 mm CC — UIS‘C —a y‘:\f I I Data
0:22 pNC+CC Appearance
4000} IceCube Preliminary
0.50 9 ]
Fitted L/E
0.25 L:; 3000}
3 ;
D 0.00 £
8 2 2000}
Y 0.251
1000}
-0.50
~0.751 0 : .
g 1.2} I MC Uncertainty | | Data
-1.00 £10 [P :
D l
0_8 ! ! | |
E [GeV] 0 1 2 3

Log,,( L/E (km/GeV))
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v, disappearance results
« 2018 PRL published (3 years), arXiv:1707.07081

* New: 2018 high statistics sample (3 yea [S) Paper in preparation (combined with v, appearance)

A m3, (1073 eV?)
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\ 2018 high stats sample

(samples largely non-overlapping)

Results consistent with T2K

0.3

0.4

(higher E, 2 complimentary)
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V. appearance ( of2)

« Decades of atmospheric and long baseline accelerator experiments have
observed v, disappearance

- Standard 3 flavour picture: dominated by v, - v,

° Wa nt tO d eteCt th ese VT tO cO nfl rm Parke, Ross-Lonergan, arXiv:1508.05095

1 1 I l 1 1 1 I 1 1 1 ' 1 L] 1 l l:'l )
« Tests unitarity of PMNS mixing matrix L |UT3| .
* Directly measure U " — wio Unitarity ]
S (All data) -
-+ with Unitarity
UPMNS ~ [ (All data) _
p 7\ ~ X | e w/o Unitarity )
[ ve ) ( U, Us U \ (7 < (o pamalieier

» ) Uyg Up Us - Vo ] _
VT — [UT]. U7'2 UTB] VS = ....'n. . '0...: =

\ : ) \ : E . ) \ : ) PR T T .I....l'“l. ) (DY O 1 »* §
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V. appearance (of2)

« However, difficult to detect:

Tom Stuttard 18

« Large t mass = suppressed CC cross section for E, < 1 TeV
« DeepCore: v; are cascade events, cannot be distinguished from v,, vy

. 1.0
Vv, cross-section, ¢
1 B 1 1 LI L L I 1 1 rrrrni I 1 T a1 —— 7]
. DeepC illati - :
0.8 - eeptore osciflations PhysRevD.66.113007 _] 0.5
) i o
C 1 @
0.6 p========TTTTTTTTTmo Y By
B ] 8
04 - | OV NY/ 0-CC(VM N) 4 O
- | —~
- | " . "
0.2 n - 'i itk Gcc(vr N)/Gcc(vu N) i
O --------- 1 =Illllll 1 Lol 1 1 ||||1-
1 0 102 103 EV [GCV]

o.cc ~ 0 for most accelerator v, energies (except OPERA)

v, appearance signal 4.0
Statistical excess in upgoing O(20 GeV) 3.5
| cascades
3.0
2.5

Ereco (GeV)
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v, appearance results

« First DeepCore results in last year (3 years of data)

« Two analyses, comparable sensitivity and results it paperin preparation
25

* 6 year analysis underway

IceCube v\'“*““ Appearance

20 3 Year Results (Preliminary) s

Fitted L/E

i Analysis 1 Expected (N, =1.0)

e ¢ oy, B vS° [ NoOscillations| | 15B BN Analysis 2 Expected (N, =1.0)|... ... ..
e - o @m0 11 Data i = + Analysis 1 Best-Fit :
~
. N ’ W -
»NC+CC pppearance e === Analysis 2 Best-Fit
40001 IceCube Preliminary :
0w
h
> V. appearance
« 3000} < app
(=]
@
Qo
=
3 2000}
1000} 0
T T T
0 b = 4 : { Analysis 1'(NC+CC) Best-Fit 68%, 90%
§ 1.2} b——* 4 Analysi 2§(NC+CC) Best-Fit 68%, 90%
§ 1.0f SuperK (CC) 68% (arXiv:1711.09436) *
0.8 - . ; L OPERA (CC) 68% (arXiv:1804.04912) = @ ME—
0 1 2 3 ! 1 !
Log,( L/E (km/GeV)) 0.0 0.5 1.0 1.5 2.0

v, Normalization
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v, appearance results

IceCube '“*€ Appearance
3 Year Results (Preliminary) ssrssnesascasnasia

0 Analysis 1 Expected (N, =1.0) :
.............. BN Analysis 2 Expected (N, =1.0)|... ... ..

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

UPJI\(INS
( Ve Uel Ue2 Ue3 V1 \ 0
v Ugx Uy U,;s - Vs ]
V/;-L - U:fl Ujg Uljg U3 Fewer V. PMNS is
K ; : . : ) (PMNS not unitary?) unitary More v,
: X . : < >

0.0 0.5 (1.0) 1.5 2.0
v, Normvatization



.? UNIVERSITY OF COPENHAGEN Tom Stuttard 21

v, appearance results

IceCube '“*€ Appearance
3 Year Results (Preliminary) ssrssnesascasnasia

0 Analysis 1 Expected (N, =1.0)
.............. Bl Analysis 2 Expected (N, =1.0)

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

DeepCore results consistent with
unitarity within 90% confidence
interval

Best fit lower than OPERA, SuperK

\: T

1 4
: Analysis 1:(NC+CC) Best-Fit 68%, 90%

: . { Analysis 2:(NC+CC) Best-Fit 68%, 90%
SuperK (CC) 68% (arXiv:1711.09436) ——
OPERA (CC) 68% (arXiv:1804.04912) @ :
1 1 L
0.0 0.5 1.0 1.5 2.0

v, Normalization
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normal hierarchy (NH) inverted hierarchy (IH)

Mass Ordering m? 4 | 2 A2

Sign of AmZ,,, (mass ordering) unknown

Atmospheric v experiments sensitive to mass
ordering via matter effects

e Resonance < 15 GeV

Normal ordering Difference
 NO:v, & v, enhanced e 2 e Lo0
0.8 0.8 '
—_ —_ 0.5 0.51 0.50
[ ) ® —_ P P ey
I0: v, < v, enhanced 3 3 w62 3 woZ 3 s
11 %éf 0.0 B 9; 2 %;: 0.0 0.00
. . . 0 0.2 0.2 =051 -0.50
—_ ' -0.75
Cannot discriminate v/v » N BN
. 10° 10! 10? ' ' 10° 10t 102 '
In DeepCore Flee Feey
1.0 1.0 1.0 1.0 1.00
. . - Approx. 0.75
Net effect due to higher _ | ¢ os|  [inverseeffects| floso
S 062 Z 062 E 025
1 ¥ 0.0 g & 2 & 00 0.00
Vv rate § % 048 gg 048 % 0252
-0.5 0.2 02 -0.51 -0.50
-0.75
" %\ 3 ) i = ‘\\'~
Yoo 10! e 1900 10! 102 0 TR TY T o

E [GeV] E [GeV] E [GeV]
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Cascades

Cos(ezenith)reco
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Mass ordering results

Tom Stuttard

Two DeepCore analyses (2017) sointpaper in preparation

Signal at/below detector threshold = weak signal = low sensitivity

8

Will improve with IceCube upgrade and PINGU
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Degeneracy with octant

Sensitivity
1.0
e—e true NO, Analysis 1
0.9/ a—= true 10, Analysis 1
0.8 —¥ true NO, Analysis 2
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Uei
High energy steriles 0 = (Uﬂl

« Search for sterile v signatures via mixing with active states

UeZ
Uy
UT2
UsZ

* Expect matter-induced resonance in v, disappearance in 3+1 scenario

* |AmZi| = 0(1eV?) > O(1 TeV), up-going v,
v, for Amg; < 0 (lighter), ¥, for Am%; > 0 (heavier)

Disappearance, Am%; > 0

100 10" :
r

10°

Earth absorption — = > &
; 4 (<b] . 4. o)

3 1 60 g 10 6o S

O £ O £

g g o

£ 0 8 i >

& S )

£ 2

10° = 3 T

20 & 10 X

Signal
-1.0 -0.8 -0.6 —0.4 —=0.2 0.0 0.2 -1.0 -0.8 0.6 —0.4 —0.2 0.0 0.2

true
0sf- ’ tr
cosdy, . cosd,,""
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Uei
High energy steriles 0 = (UM

« Search for sterile v signatures via mixing with active states

UeZ
Uy
UT2
UsZ

* Expect matter-induced resonance in v, disappearance in 3+1 scenario

* |AmZi| = 0(1eV?) > O(1 TeV), up-going v,
v, for Amg; < 0 (lighter), ¥, for Am%; > 0 (heavier)

Disappearance, Am%; > 0

100 losr :
Earth absorption — ‘ ‘ >

10°

l;

4 O

N 10 Q
Y 160 =
S 2
= (4})
- A Q,
&) =)
(qe)

2

103 <
o\

Signal
-1.0 -0.8 -0.6 —0.4 0.2 0.0 0.2 -1.0 -0.8 =0.6 —0.4 —0.2 0.0 0.2

true
cos@:-"" e f) LU
D42 cosb, '
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[ J ( ] 1
High energy sterile results ad
 PRL 2016 (1 year)
. arXiv:1605.01990 | | o T
e Am?2, > 0 (conservative) o
« Null result . 107
. Tension with LSND/MiniBooNE =
R
qér
« Also DeepCore sterile result (2017) -
 arXiv:1702.05160
= JceCube 90% CL (1605.01990)
| = MINOS 90% CL (1607.01176)
=== MINOS+ 90% CL (preliminary)
* New results soon: H e Kopp et al. (2013)
. 7 mmm= (Collin et al. (2016)
year 10—22 2 —— —
° Am421-1 <0 10_ 10_ 10
sin” 26,,

Other sterile mixing parameters = 0 (conservative)
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Non Standard Interactions (NSI)

« Search for coherent forward scattering of neutrinos in matter due to new
mediator (e.qg. Z)

« Additional effective matter potential (coupling to u/d quarks)

R

4;\ mll

- S Standard “ M

‘ €r) y /
L4 L ( wr @

T Ll ® ®
: m - - - ) X

Y R 1) (d
s Non- () (@) (&)

er) standard \ (e )

N\ 0

Flavor conserving

/ Flavor changing
f‘///;///

" ms ms mj N; [€ee €of €or
— Udi f ; F e f
H = Udiag (QE’ 5E’ OF U'+Ve(r) | diag(1,0,0) + Ef No |5 G

er HT T™T

Generalised NSI potential



NSI results €ce €ep Eer
: e= | €, € @
« PRL 2017, arXiv:1709.07079 (DeepCore, 3 years) e @ e

€, measured (modifies v, disappearance), null result

1.0 L L L | | [ | | i} |
14F 1| [— 90%cL ' -
1 4
" , - = 90%CI
= 0.8F 1) ! § 12 il | — 90% CL super-k : 7
§ e (:\ ‘|| : ————— " ]0\ : —  90% CI Salvado et al : _
.OH — 1
= I [ = ol . |
= ' 'I I a 1 i
£ 0 TN { @ | {7
|
5 : .| :' cos(f,) = —1 all : : 1
2021 |y, Standard |- Y | A B, s i v s vessomerns W e s
Y o — AT T l \ | _
~ - 1 [
0.0 : ; it . 1 il | l L l
10 102 10 "0 —om0s 0.000 0.005 0.010
E,/GeV o
* New DeepCore analysis underway - See poster by T. Ehrhardt
Higher stats, more €,4, 1D and 2D
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Tom Stuttard 29

Lorentz Violation (LV) See talk on Friday by C. Argiielles

* Lorentz symmetry underpins the SM
« SM Extension (SME) includes LV terms = modified neutrino oscillations

« 2017 IceCube search for moditied in v, disappearance due to isotropic LV
field

* Null result, strong constraints on SME operators

§d ey -
cosmic rays
12 F -
§ 1.0 ] + £ + ‘-\_-LL:"-"'"""—
o« | o= L‘_‘—'—-\ﬁ
S08F
= — [l =1075GeV2 -~ NoLV
06H — ¢ =10%Gev2 1 t Data .
e = 1040 GeV -2
tau neutrino Yortical 0.4 PR M A | L X PR S |

10° 10?
E,(GeV)
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Neutrino decoherence

 Weak coupling between neutrino and environment - decoherence
« Prediction of e.g. “foamy” quantum gravity

« Damping of oscillation probability over distance/time

Toy model, 2 flavor

1.01 ,
|
0.8 JUIR Gy
= 0.61 Individual v
; - Standard osc
& 0.4 f === Average
‘ ‘
0.2
0.0 VR

Distance

1.0

0.8+

0.2+

0.0

Atmospheric v

Tom Stuttard 30

Poster

Earth-diameter

E = 25 [GeV], Standard osc

E = 25 [GeV], Decoherence

Normal hierarchy
Vacuum

M=l =I351=I3
rtrue = 10 [feV]

0

20000

40000

60000 80000
Distance [km]

100000 120000
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Lisi et al, arXiv:hep-ph/0002053
DECOherence phenomen0|ogy Farzan et al, arXiv:0805.2098

 Open quantum system

Decoherence > mixed quantum states: use density matrices: p= Y p;[¢s) (¢4
i

Introduce general decoherence operator (Lindblad form): D|p]
p = —i[H,p| — Dlp|
— A

Standard oscillations Decoherence

* Microphysics-independent, minimal assumptions (physicality)

3 effective damping parameters, I}; 0 ,01 Pl
Could be energy-dependent D[p] = p21 0 pg
p31ls] psalsd O
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Decoherence signal in IceCube

« Dominant signal is modified v, disappearance

Varies with zenith angle (and energy)

v, disappearance

Standard oscillations Decoherence

1.0

0.8
0.6 =
T
0.4

0.2

=10 ‘\\ : L 0.0 -1.0 ’ = L loo

10° 10! 102 103 10° 10! 102 103
E [GeV] E [GeV]
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Difference
1.0 0.3

High E disappearance -
02 %
0.51 Weakened - £
disappearance Y
0.0{ Maximum 0.0 9
3
—0.54\ 8
\\ -0.2 @
©

=1 .08 ; -0.3

10° 10! 102 103

E [GeV]
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Neutrino decoherence in IceCube

« DeepCore/IceCube analyses underway (6 years)

-=2ALLH

30+

251

20

1.5

101

Dlp] =

Preliminary sensitivity

Tom Stuttard 33

Assuming E-independent I’

v decoherence|
=T =I3:1="I3
Mtrue = 0 [feV]
DeepCore 6 yrs
kPartiaI systematich

This work 1o, 90%

0  prel’ psl
pa1l' 0 pasl
p3il’ p3el’ O
50
li¥e)
30
6%
lo
Poster
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The future

* Next-generation oscillation analyses underway now
 Double or more statistics (6/7 years)
« More sophisticated event selections, reconstructions, systematics treatment
« Expanding BSM scope

* In the pipeline:
« 3 year NSI (expanded parameter space, high stats sample)
« 7 year high energy sterile search
* 6 yearv, disappearance
* 6 yearv_appearance

* 6 year decoherence, + more... o
See talk by J. Hignight

« Oscillations measurements will hugely benefit from the IceCube upgrade
« Lower energy threshold, improved stats, reconstruction, calibration, ...
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Summary

« IceCube/DeepCore has established itself as potent detector for oscillation
measurements

« Standard oscillation picture tested at O(10 GeV), consistent with SM
« World-leading v. appearance measurement

« Rich potential for BSM oscillation searches
* Only just starting to be realised

« Other atmospheric physics measurements not covered here
« Cross section, inelasticity, flux

« Expect much more in the next few years...



