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Atmospheric neutrino production
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lceCube Neutrino Observatory

Ice7op - - — —_ - — _
j::_::.:_ﬂy;{.i = > |lceCube
50m ] | el = 1 km3ice Cherenkov detector

] = 17m vertical, 125m horizontal
§6 Strngs DOM spacing
| = Energy threshold ~100 GeV

Digiz‘a/ Optica/
i bl | Modside (DOM)
1450 m ihie i o7

> DeepCore
= High QE DOMs

= 7/ m vertical, 40-60 m horizontal
DOM spacing

= Energy threshold ~10 GeV
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Neutrino detection in lceCube

Interaction L (e, U, T)-charged
current (CC)

V », —neutral current (NC)
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Neutrino detection in lceCube

Interaction L (e, U, T)-charged
current (CC)

V », —neutral current (NC)
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Neutrino detection in lceCube

Interaction L (e, U, T)-charged
current (CC)

V », —neutral current (NC)
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Detector medium - ice properties

> Natural medium

> Layers formed over
different periods

> Structure of layers
can reflect topology of
underlying bedrock

> Bulk ice “calibration”

= Scattering/absorption

coefficients
ANTARCTICA

= Anisotropy
= Tilt

rj\\Lake Vostal

30

lllustration of Lake Vostok, beneath > 3 km of glacial ice in
East Antarctica (Credit: Nicolle Rager Fuller / NSF)
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Detector medium — ice properties

> Bore-hole ice (a.k.a. hole ice)
= Refrozen ice column contains bubbles

> Can watch the refreezing process
on YouTube

= “lceCube camera freeze”

= hitps://www.youtube.com/watch?
v=YWdn3IinbsY0

> Modifies DOM angular acceptance
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Event topology

> Track-like events

= v, CCinteractions
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> Cascade-like events
VeV CC ;- " ' T 3]

= All NC interactions

. '“-'.-'.O." )

> Other event topologies
(i.e. double bang)
currently being explored
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lceCube DeepCore physics potential

> Sensitive to atmospheric and astrophysical neutrinos over a wide
range in energy

> With atmospheric neutrinos, we can probe many physics topics:

= Neutrino oscillations (e.g. v , disappearance, v , appearance)

Cross sections

Cosmic ray models

v flux unfolding

BSM (e.g. sterile neutrinos) IceCube/Deepcore
(& other VLVNTS)

Atmospheric

L4 1 11 ' ' 0 2 1 1] ' ' L - ' ' L4 1 2 1]
LA ) Ll Ll LU A B A Ll L LA Ll L L

Astrophysical
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Atmospheric neutrino oscillations

Flavour = Mass & 11 F 1,
eigenstate  eigensiate 3
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Beating the background

T;'{ige.r /eve/
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Beating the background

Depth [ m ]

T;'{iger leve/ ﬂ
~07 M Ty | I3 1 1

== 1600

> Veto

3\ & ¢ ¢ I
SRS R AN I
= Up-going events: use | 1 1 1 - [ 1
Earth as a veto  RCCCI GE G O W * Ny 1]
= Quter layers of Lo 00 OV LIENN L 0§
lceCube } 0T % L(Ef ¢ ¢ &
= Veto cap SRR WAL IR
2100 0 Q 0 : : . g: : : : O o
o 111 ‘lm :

Veto cap
10 DOMs

10 m vertical spacing

DeepCore
] 50 HQE DOMs

& 7 m vertical spacing

2300

2400
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Beafing the background

Depth [ m ]

T;'{ige.r /eve/ . | | U

"‘104# . 1 14 4 1500
== 1600
> Veto
. == 1700
= Up-going events: use l Veto cap
Earth as a veto twoo ¢ ¢ & 1§ 9806 {10 DOMs
1l L 10 m vertical spacing
= Quter layers of 14 1900
lceCube
= Veto cap

2100

> Starting events with
first hits inside fiducial = 220
volume os

,’% ! DeepCore

Jregeg | ] 50 HQE DOMs

& 7 m vertical spacing
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Beating the background

ﬁ’:ﬁ?“"'r /eve/ - ' |
~107 U TV
> Veto 5 F ,
g2 107 E 1
= Up-going events: use § T ¢ Data
Earth as a veto i | | :'. i
= Outer layers of 102 15 —8.5 oi_o oi.5 I-1.0 ~ Neutrino MC
|CeCUbe COS (areco) I Atm. IJ
= Veto cap - i (from data)
: . 0°F o o
> Starting events with E ‘ ‘ | 1| — Neutrinos +
first hits inside fiducial £ - ) Atm. p
volume <Y Y
Flrna/ /e\/e/ 10° I | _l }
-1.0 -0.5 0.0 0.5 1.0
‘<1% u cos (6

reco)
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Event reconstruction

Lower energy means fewer
photons, and therefore less
information

Uncertainties in ice properties
play larger role
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Event reconstruction

Lower energy means fewer
photons, and therefore less
information

Uncertainties in ice properties
play larger role

Solution:

= Focus on "Golden” channel,
v , CCinteractions

= Look for clear muon tracks

= Use unscattered (i.e. direct)
photons
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Event reconstruction

Astropart.Phys.34:652-662,2011

> Unscattered photons from 2410
tracks
= Hit pattern in DOMs follows 2420}
hyperbola ’g
= Track direction extracted from ~—
hyperbola orientation ﬁ 2430
= Use frack direction as proxy for %‘
iIncoming neutrino direction o
= 2440}
@
- 2450
2460
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Event reconstruction

Astropart.Phys.34:652-662,2011

> Unscattered photons from 2410 77
tracks
= Hit pattern in DOMs follows 2420} 2
hyperbola ’g
= Track direction extracted from ~~—
hyperbola orientation ﬁ 2430}
= Use track direction as proxy for %‘ ¢
. . 0 . . 'U
incoming neutrino direction 2 >440! . Direct photons
* Late photons
Q —— MC muon
-
2450+ -=-=-- Track fit
SLILE Track fit + 25°
2460t Ky

0 50 100 150
tarrival (IIS)
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Event reconstruction

Astropart.Phys.34:652-662,2011

> Unscattered photons from 2410 77
tracks

= Hit pattern in DOMs follows 2420} .
hyperbola ’é\

= Track direction extracted from ~~—
hyperbola orientation ﬁ 24301

= Use track direction as proxy for %‘ ¢
. . 0 . . 'U
incoming neutrino direction >440! . Direct photons

% &9+ Late photons
> Energy reconstructed from A — MC muon
observed charge 2450, -==- Track fit
SLILE Track fit + 25°

= Hypothesis is frack + hadronic

cascade 2460} : N ‘ 5
0 y 50 100 150
i 1S
S Constart dE/9X 7 —> arrival (118)
SS
T (p N

s
Yadronic
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Analysis sample

800 2223 v, disappeared ||
600! / NN\ V,u
N N
g 7/§ R v, from v,
> 400
£ 4 //,//< D v, + vye
200 \
oL ‘ EERERRERRREEN ‘
20 40 60 80 100
E, (GeV)

> ~30 % signal (v , CC) efficiency
> ~10° zenith resolution, ~25% energy resolution

> Composition of data sample at analysis level
=74% v ,CC, 13%v ,CC, 8% NC (all flavours) and 5% v .
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v , disappearance analysis

Phys. Rev. D 91, 072004 (2015)

> Poisson likelihood fit to

500F i — . E—

data in 8x8 bins (E, ) zeniih) 200 j Eig:i:i:gz 2§szsfit o R?\‘Iseuﬁrt'l,fod'?tgd-
=« Up-going events 5 100 | 1oy ?
= Energy [6-56] GeV g o0l
> 5174 eventsin 3 years Lok
> Clear evidence of 0 : : : :
neutrino oscillation ) tdg 0 |
> Good data/MC % } { . ¢ }H
agreement % LT3 HH H‘{i{f}ﬁ“ ‘Iifﬁ{‘#{} H%{ .
= x2/d.o.f.=52.4/56 - [
o6 ¢ e e e e H
1.0 1I.5 2|.0 2|.5 3|.0

loglo (Lreco/Ereco km/GeV)

Data available at:
http://icecube.wisc.edu/science/data/nu_osc
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v , disappearance analysis

Phys. Rev. D 91, 072004 (2015)

> Poisson likelihood fit to

. . 4
. ? ! ! Result updated
data in 8x8 bins (E' 0 zemih) E ; rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr Neutrino’16
. < o N e e ST
= Up-going events T N S -
. _ OF— : . : : ——
Energy [6 56] GeV 3gl | = 1C2014 [NO] - revised v SKIV2015[NO] || i
; +:+ MINOS w/atm [NO] NOvA2015([NOT ||
> 5174 eventsin 3 years 3.6} | - TaK 2014 [NO] IR
. L34 T S B B RRE
> Clear evidence of >3 ~ 90%CLcontours..., L
neufrino oscillation T | | RN T ] -
> Good data/MC Sael o femmmmnmaes AN
agreement P B S TR ST AR AR |
= x2/d.o.f.=52.4/56 I S
> BeST fIT: Oi.3 Oi.4 Oi.5 Oi.6 Oi.7 0 I1 I2 ZI% 4
= sin28 ,3,=0.52 sin® (6,;) ~2AInL
= | Am2,,| =2.50 X103 eV?2 Data available at:

http://icecube.wisc.edu/science/data/nu_osc
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Treatment of systematic uncertainties

> 10 nuisance parameters to
account for systematic
uncertainties

= Gaussian priors for relevant
parameters

> Event-by-event reweighting
where possible

= |.e. cross section, spectral index

> Impact of detector
systematics assessed at
histogram level

= Discrete MC sets used to
determine change in event rate
per bin due to 0 in parameter

= i.e. DOM efficiency,
ice properties

Flux modifications

Y — effective spectral index
v . hormalization

A v /v bar (energy & zenith dependence)

Cross section

M, (resonant)
M, (quasi-elastic)

Detector

Refrozen hole ice scattering [cm]
DOM efficiency %
Atm. u

Mixing

013
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Sterile neutrinos

> |s there a 4t (5™, +...) neutrino mass state?

= From Z decay width, number of active neutrinos constrained to 3

= Any additional states can not couple to weak interaction - sterile

= Massive sterile neutrinos could oscillate with active neutrinos

> Tension between several experiments could be explained by v ¢('s)

v\

Vi

14

T

\Vs /

PMNS
Uel Ue2 Ue3
U, U, U,;
Url Ur2 Ur3
Usl Us2 Us3

-

e4

< S

T4

=

s4

(v,
V2

Vi

\V4)
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Sterile neutrinos

> |s there a 4™ (5™, +...) neutrino mass state?

= From Z decay width, number of active neutrinos constrained to 3

= Any additional states can not couple to weak interaction - sterile

= Massive sterile neutrinos could oscillate with active neutrinos

> Tension between several experiments could be explained by v ¢('s)

v\

Vi

14

T

\Vs /

(v,
VZ

Vi

PMNS
( Uel UeZ Ue3 Ue4 \
Uy, Up Us||Uu
U‘L’l U‘L’2 U‘L’3 U‘L’4
U, U, U, U,
|UM4|2 =sin’0,,
U,,| =sin’6,, - cos’ 6,

\V4)
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Sterile neutrinos at low energies

> Below 100 GeV, sterile neutrino | S
= Shifts oscillation minimum 2
= Changes amplitude go : 0.8
> Effects are proportional o matter : y T
density

10!

With sterile neutrino

sin?6y, = 0.02
sin®fsy = 0.17

<
.

Survival probabitity P(v

> Independent of sterile neutrino

—10?
mass (for Am?,,>~0.3 eV? 3
B
g 0.2
=
5|
Matter (e, p, n)
v DeepCore
£ — | CCwithe |—> NG with 5 >
V..V ¢ Oscillations ) "~._..‘Oscillations
wr 't | 4 » €,p,N % - ‘
v Ed 5 E4 10t 0.0
Vi | oy Oy “10 . 08 —06 -04  —02 00
cos(6,)
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Sterile neutrinos at low energies

> Same sample used for
v, d|sqppeoronce
analysis

= Track-like events, 3 years

> No evidence for sterile
neutrino

> Strongest constraint on
| U T4 | 2

> Publication coming
soon!

0.30

+ SK (2015), 90 % C.L.

+ SK (2015), 99 % C.L.
=== |ceCube (2016), 90 % C.L.
=== |ceCube (2016), 99 % C.L.

0.25F

an
un
"
“
“"
.
e )
.

. ¥

0.20F IceCube preliminary

.
PRy
"
““““
.
nn®

2 .
|U,4]” = sin® 05y - cos® Oy - cos® 01y
(@)
—_
Ot

1073 10 107
|UN4|2 = Sin2 924 : COS2 914
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Sterile neutrinos at high energies

> Above ~100 GeV standard oscillation A > Earth diameter
> Existence of sterile neutrino produces MSW-like resonance for v |,

> Resonance energy OC AmZ2,,, sensitive to 6 ,,

341 rode/ o\sc/‘//ograms A

100 10° 100

80 ~ IBU -
At oy
@ . 4 @

160 £ = 10 6o 2
@ 3 g
8 o 5
S g

140 & & 140 2
o @
% &
< 10° ©

20 20 =

0 0

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 =1.0 -0.8 =0.6 =04 -0.2 0.0 0.2
C‘)Sgli.l.‘é cu&.fl'frz:.?.!

@
*5/oéa/ bes? £17 po:‘nz‘ assumed Summer Blot | Seminar CEA-Saclay | 16/01/17 | Page 29 P)E‘S\:



Sterile neutrinos at high energies

> 1 year of track-like events

= 99.9% atm. v, : | e o Data (£C86)_
- 1 MC no-steriles |1
10°; i
> 320 GeV -20TeV, up- i
going events *2 Z
> No evidence for sterile
neutrino
10" _
o 1-5; { T [
© 1-0—‘+rrr~H+-44~Tf—n—'—H—+—H +
m0-5‘...... o i
10° 10
E;“° /GeV
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Sterile neutrinos at high energies

> 1 year of track-like events

1
= 99.9% atm. v, 10 :
R
> 320 GeV -20TeV, up-
going events 100 L
Y
L
> No evidence for sterile NE';"
neutrino q
107"+
—— IceCube 90% C.L. .
. ____ 90% CL.sensitivity |
> Strong constraints on (68% and 95%) | |54
. . . i Kopp et al. (2013) Z | &,
sterile mixing mm= Collin et al. (2016) | iS[3
10~ 10~ 10
> Analysis of more years sin” 260,

ongoing!
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Non-standard interactions

> New vector bosons (e.g. W', 7') Lop ., cosb=-1
could mediate weak interaction 0.8}
=06 =]
T -
. . = 04
> Impacts effective potential for = 0
. . . €,=€ =0
neutrinos crossing the earth o - IRy |
* Matter effects 10 20 50 100 200 500 1000

E, (GeV)

Standard @ @

A -@ @ ®

y Non-
@ standard @ @ @

W
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Non-standard interactions

> Using 3-year low energy
up-going track sample

- | l I I I l LIS
1| == 90% Limits I
20k T P | |
. e AR RETIYY SK 90%
> Data consistent with null- , ,
. I [
hypOTheSIS E 15k = ... oo -
= Only standard interactions R : IceCube :
A : Preliminary '
1O NG Tk -
N I 1
> Exclusion contour | ! ,
derived for non-standard sk \o.. IR -
coupling € ,, L D dem s mrmsmim s mamen s i
0 : 1 1 ] 1 ] -
—-0.010 -0.005 0.000 0.005 0.010
€osr
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What's next for DeepCore

> Improvements to the event selection and reconstruction can lead
to higher precision measurements of oscillation parameters

0.0 TotalNu - track PID

‘0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
10g,((Eyeco GeV)
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What's next for DeepCore

> Improvements to the event selection and reconstruction can lead
to higher precision measurements of oscillation parameters

TotalNu - track PID TotalNu - cascade PID

0.0 0.0

_0.2 [ ”

-0.8} I 8| I
1 30
-1.0 L l | | | 1o -1.0 | | J | | | | lo

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
10g,((Eeco GeV) 10g,)(Eco GeV)
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What's next for DeepCore

> Improvements to the event selection and reconstruction can lead
to higher precision measurements of oscillation parameters

TotalNu - track PID
T T

TotalNu - cascade PID

0.0

130 30
-1.0 _l- l | ] | 1o -1.0 | | | | | | | lo

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
loglO(Ereoo GCV) loglO(Ereoo GGV)

Epand enerqy range
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What's next for DeepCore

> Improvements to the event selection and reconstruction can lead
to higher precision measurements of oscillation parameters

A ¢ .
TIncluwude doeon —gornqg evVenl's
0.0 TotalNu - track PID TotalNu - cascade PID
- T T
-0.2
g —0-4
<
8
S -0.6
-0.8 1| 8|
130 30
_l-o_l- | | | | L 1o -1.0 | | | | | | L 1o
08 1.0 1.2 14 1.6 1.8 20 22 08 1.0 1.2 1.4 1.6 1.8 20 22
loglO(Ereoo GCV) loglO(Ereoo GGV)
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What's next for DeepCore

> Improvements to the event selection and reconstruction can lead
to higher precision measurements of oscillation parameters

A ¢ . ’ M Of‘ e
Include  doeon —gornqg events o
/ived 7e
0.0 | 'Il'otaINu - track PID ) TotalNu - cascade PID
-0.2
; —0.4
g -0.6 S,
| L Cade
-o0.8} ! .
- |l il |l
185 10 12 1.|4 1.Is 1.Is 2.Io 22 ° 195 1.|o 1.|2 1.|4 1.I6 1.Ia 2.|o 22 0
loglO(Ereco GCV) loglO(Ereoo GCV)
<€ >
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What's next for DeepCore

> New reconstruction includes scattered photons

= More complicated likelihood space to fit track + cascade hypothesis
> This leads to a few complications

= More time consuming reconstruction

= Need for re-assessment of systematic uncertainties & theirimpact

= Larger atmospheric ¢ background

= Increased noise due to lower E threshold

> Also comes with increased sensitivity to

= Mixing parameters 8 ,; and Am?2,,
= ¥, dppearance

= Sterile neutrinos
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What's next for DeepCore

> Expected improvement in 8 ,;, and Am?;, with new reconstruction

> Still using only 3 years of data

—2AInL

| 1 L

= Projected 3 Year MC = 1C2014 [NH] revised

IceCube Preliminary
90% CL contours

0.3 0.4 0.5 0.6 07 012 3 4

.. 92 —2AInL
sin” (653) !
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What's next for DeepCore

> Lower energy threshold and addition of cascade channel
improve sensitivity to v

40 . . .
35 IceCube v, Appearance 160
3 Year Sensitivity (Preliminary)
30 :
25 ? ? 50
E <€~ Non-3x3 Unitarity Unphysical ==
-] :
3 20 :
15 Validates |U_|? 4¢
5 Unitarity :
10} | 136
St : i 120
; : : lo
0 IC86 Expected 90% : '
SuperK 90% (arXiv:1206.0328) : X
OPERA 90% (arXivr1507,01417) B

0.0 05 1.0 15 2.0

¢ Normalization
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Next installment — lceCube Gen?2

> Extension of both low and high energy arrays

> Low E extension a.k.a. Precision lceCube Next Generation Upgrade
= Precise measurement of 8, Am?,,
= Neutrino mass ordering
= ¥ . normalization

= New Physics
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Next installment — lceCube Gen?2

> Extension of both low and high energy arrays

> Low E extension a.k.a. Precision lceCube Next Generation Upgrade

= Precise measurement of 6 ,;, Am?;,

= Neutrino mass ordering =100
,§, L o e IceCube
. . B ] Cor
= v . normalization g : . - NeU
. __ /’—\\
= New Physics - S0, »
B /. + * + \
o[~ / . P \
[ * -
[ I + L [ ] * + o, L
2¢ Strings T A A
T 4 = \: + = /
— + +
100 Nt "'.+ ///
. . B ~N——
Dom Spacing: : .
’ ~ ~150|— o
20 » latera/ :
. _l | | l I I | | | | | | I | I I T | l | | |
2 »M Verflda/ 20070050 0 50 100 150 Xz{oc])
m
& 2hreshold:
—-> {’ea_) ée\/ Summer Blot | Seminar CEA-Saclay | 16/01/17 | Page 43




lceCube Gen2 — Phase 1

> Proposal submitted to NSF . 1000m
> New cdlibration tools . . -
> in situ R&D for new ophco’ . . | <
modules o9 - |
: . |
> Low energy physics . S 17m ?
measurements e
i -
= Yearly rate increase
by factor of ~3 - N | .
lceCube  DeepCore  Phase 1 ;:gg: gl‘slgm 531}82

Instrumented Depth
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PINGU physics potential

C ! ' ! ! ! 1 ' j
. . . '9 i g ] O
et - -
> Wide physics potential g 4 R
N O | ~
, ® - +26 124
= Multi-purpose detector - e ; v |©
- — H : H H =
. * o 8 B 7 (D o\o
> ngh preCISlon - P T e R | 8
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> lceCube & DeepCore have become powerful tools for studying
fundamental properties of neutrinos

> Measurement of neutrino oscillation parameters 6 ,,and Am?2,,
comparable to dedicated experiments

> Searches for new physics have turned up null

= Tight constraints on 3+1 (1+3) sterile neutrino phase space
= Limits on non-standard interactions

= + Lofs of Dark Maftter/SUSY searches not discussed here

> Many more years of data to analyze and improved
reconstruction tools available

> Already looking towards the next level of precision with
lceCube-Gen?2

Wart more Tcelube?
hitps://icecube.wisc.edu/pubs
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Looking forward to a bright future...
T

i

S VD ITOTN PN |

R

Thank you, any questionse
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PINGU — neutrino mass ordering

> Ordering of mass states 3and 1(2) % — 4
Vi
not known Normal == Y: Inverted
> Matter effects induce resonance  mip g mm— mp— —
fOI’ atmospherici -y
BBV atmospheric
= Neutrinos for normal ordering mP| ~2x103eV?
4 solar~7x10-3eV? S
= Anti-nu’s for inverted ordering ™ = I -y
> Difference in flux & cross section i | 5

— 1

10.9
10.8

10.7

0.6
0.5

0.4

log(E/1 GeV)
log(E/1 GeV)

0.3

0.2

cos®) ’ cos©®,) '
. . |



PINGU — neutrino mass ordering

8

— NO (Asimov) e NO (LLR)
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g ) SO ......................... PREL'M'NARY .......................

81N\ A— NUFit v2.0 ("Free + RSBL") i ]
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sin® B,
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The search for cosmic ray sources

B

AGNSs, SNRs, GRBs... VAR

Gamma rays -

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

—

Neutrinos
They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.
' air shower

They are charged particles and
are deflected by magnetic fields,
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lceCube — an international endeavor

Sweden
Stockholms universitet
Uppsala universitet

dt-Universitit zu Berlin
Ruhr-Universitit Bochtim
RWTH Aachen
Technische Universitit Dortmund
of M Technische Universitit Miinchen
Southern Universlty and A&M College Universitiit Mainz
Stony Brook University i Universitit Miinster
University of Alabama Universitit Wuppertal
University of Alaska Anchorage

University of California, Berkeley Université de Genéve, Switzerland

University of California, Irvine
University of Delaware

University of Kansas

University of Maryland -
University of Rochester - -~ g : '
University of Texas at Arling e —" : - =4 , ==
University of Wisconsin-Madisomn - & St 4.4 — — : ‘ s = g

University of Wisc 2 :

ity of Adelaide, Australia

(* University of Canterbury, New Zealand

Fonds de la Recherche Scientifique (FRS-FNRS) Deutsches Elektronen-Synchrotron (DESY) University of Wisconsin Alumni Research
Fonds Wetenschappelijk Onderzoek-Viaanderen Japan Society for the Promotion of Science (JSPS)  Foundation (WARF)

(FWO-Vlaanderen) Knut and Alice Wallenberg Foundation US National Science Foundation (NSF)
Federal Ministry of Education & Research (BMBF) Swedish Polar Research Secretariat
German Research Foundation (DFG) The Swedish Research Council (VR)
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lceCube DeepCore in context

> Incomplete list of neutrino oscillation experiments

Super-K [ Antares
IceCube/DeepCore

Atmospheric

P
r ™

T v LA B e s

Astrophysical

PR "
LA B | T T

. .
Reactor

Summer Blot | Seminar CEA-Saclay | 16/01/17 | Page 53



Direct photon selection

> Good data/MC agreement in expected — measured photon
arrival time

60 ‘ ‘ ‘ ‘ ‘ ]
sol E— S T - — Expectation|

| | | | ¢ Data
.40 e e — { ATer. — :

=
5 or - g } S | - |
20 - D - ey _ — ]
T o L e T e T -
O Ii I | I | | i I i
-20 -15 -10 -5 0 5 10 15 20

Time residual (ns)
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v , disappearance

¢ Data (3 years) —— Expectation: best fit - -- Expectation: no osc.

- o - FE

reco

Events and ratio to expectation

1800 .
120}~ === -7
6o "% = ‘ Buu—f2-a2Gev | [ o ‘ B, —[12-56] GeV
D s T o 5f
-1 -0.8 -0.6 -0.4 -0.2 0.0 -1 -0.8 -0.6 -04 -0.2 0.0
COs (ereco)
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Atmospheric flux uncertainties in detail

100 : . . 1 25
—o— v, /v, uncertainty
—o— v A unceriainty
o e xtx" uncertainty
g 10 ' £,
E [ _ £
8 - 10 t
5 1 C et e 5
—a— v v, uncerainty T S
—o— vV, uncertainty A e
s *.'_‘-"x'ﬁ uncertainty | Hea E, > 30 GeV
[L-T PP | PP | PP | PP u 1 1 1
0.1 1 10 100 1000 -1 -0.5 0 0.5 1
E, (GeV) cos 8,
100

—
=

Uncertainties based on Barr et al:
https://arxiv.org/pdf/astro-ph/0611266v1.pdf

Uncertainty {%)

—a— updown
—— v, upidawn
—a— v, up/horizontal
—=— v, Up/horizontal

0.1
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Atmospheric flux uncertainties in detail

» Mainly deep inelastic scattering (DIS)

» Well understood, calculated
» Production of resonances not neqgligible below ~20 GeV

» Not that well understood or calculated

51.4— l ’ g i
1.2F £0-35
v I | g 03
E{IEIS— ol =0.25
! 1| /IS, uf
-Ens: ~ 0.2
ﬁ i - %ms
0.4}
gu.z: Eu.ns
= ﬂh Iz

Rev. Mod. Phys. B4, 1307 (2012)



Sterile neutrinos at low energies

> Same sample used for
v, d|sqppeoronce 56.2
analysis

IceCube Preliminary
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o,
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> No evidence for sterile Z
i
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|
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“
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Sterile neutrinos at high energies

1000

I I
e o Data (IC86)
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Neutrino oscillations & matter effects

» Scattering processes in ordinary matter

S

(a) CC (b) NC

Ho = H =Ho+ V(ne) Vi(ne) = £V2Grne(x) A,
» Recycling the formalism: effective parameters in matter

In constant electron density: T 5

tan 26
Acc

ﬁmif - \,—’“"(&mz cos 20 — Acc)? + (Am?sin 29]2 : tan 20y =

A =422 EGp ne.

*See Phys.Rev.D64:053003,2001 for a full derivation
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Neutrino oscillations & matter effects

» MSW resonance and saturation, a local effect

tan(26,3)

: tan(26]1) = aximal
it Ag = Am3, cos(2613). 5 an(261s) B Aevo > 9]13’%1 LRfEs maxim
hﬂﬁgi cos(26,3) 4 (resonance)
tan(263) _
: tan (2611 ) = T ;
if |AH| » &m%l cos(2013). = (2013) B A > 611\3{ _ " ho mm.nq
e COTTE EUHESHLJ 2 (saturation)
» Parametric resonance, a global effect
lee [ Pyﬂ_w” = [231 sin Eﬂﬂl(ﬂlﬂg — 51892 CDSEQQE"‘U.—. Eﬂjg}') -|- S Sill(ﬂgmg]].
I'cil "——— i :j
@ : |
| ' S
NN
. _ *:E;iiffq‘ o
g > n ‘ 1
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