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Future of lceCube

PINGU Geometry with 40 strings
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® Make it bigger Spacing 1 (120m):
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see talk by Aya Ishihara | o S
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PINGU - Precision lceCube Next

® PINGU upgrade plan

® Instrument a volume of about
S5MT with ~40 strings each
containing 60-100 optical modules

® Rely on well established drilling
technology and photo sensors

® Create platform for calibration
program and test technologies for
future detectors

® Physics Goals:

® Precision measurements of
neutrino oscillations (mass
hierarchy, ...)

® Test low mass dark matter models

An example PINGU geometry (40 strings)
Note: PINGU geometry is still being optimized

@ IceCube Strin
y(m) :

O DeepCore String
o @ Infill String (PINGU)

50 0 50 100 150

x(m)
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Event Sample (F

20 ,

3 years of full detector
configuration (IC86)

2011-2014
® 953 days of detector
livetime

MC expectation: ~ 7,000 events

Disappearance of ~ 1,900

Energy threshold ~ 10 GeV
Zenith angle: 12 deg. res. at 10 GeV

Low energy side: |5 deg. res.

High energy: 5 deg. res.

Energy: 30% res.at 10 GeV

Reliable above |10 GeV

Above 50 GeV muons leave the
detector

inal Selection Cut level)

_—

Resolutions of the final sample

— Median error (6, .,—0,)

[
(92

Zenith error (V)
[
o
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0 | | | I !
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Data/MC Agreement

® Solid lines: Best fit (W|th osc.) and MC expectation (no osc.)

® Bands: variations allowed by the systematic uncertainties
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® Data —— MC best fit

- = = MC expectation
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X/No oscillations

Ratio to MC expectation (2D histogram analyzed)

® Data —— MChbestfit --- MC expectation

IceCube Preliminary

-10 -08 -06 -04 -02 00 -10 -08 -06 -04 -0.2
cos (0

reco)

0.0
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Data as
function of

reconstructed
L/E

Highest statistics for
disappearance maximum

Oscillation maximum is
observed as well as rise

L/E (for display)

800 S—— -
— MC best fit :
600} - - - MC expectation -1
- ¢ Data .
o 400
-
&3
200
0 Icel.'Cube Preliminary
101 102 10°
1 4 LI‘eCO/EI (km/GeV)
1.2 ++
. T
2 1.OH-= - - {. --------------
o
© 0.8
5 ' . FN- .
v 0.6F| IceCube Preliminary e ]
0.4 —— MC best fit - = = MC expectation ¢ Data
10° 10° 10°
Lo/ E.oo (km/GeV)
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Results

Parameter Normal hierarchy Inverted hierarchy
Best fit 68% CI Best fit 68% CI
sin?(6,,) 0.512 0.422 — 0.600 0.509 0.417 - 0.594

Am2, (103eV?) | 2.684 2503 -2.877 2.563 2.385-2.754

o ‘ 5293 events selected (2011-2014)

1, x2=45.5/ 56 dof

P eue BTN . Ieecupe 3050 o] ’ No preference for NH vs IH

4.0 68% (dashed) and 90% (solid) CL contours 10 preference matter/vacuum

3B
S o | , ‘ Parameter Deviation at best fit
» Flux at horizon iy
= :j Spectral index +0480
L | vgdeviation -0620

26 DOM eff. +002¢0

24 0 AN "tteemenea==t” NS Scattering in ice

221 To—] columns g

Icqube Pr?{iminary i i
a0 030 035 040 04% 030 05% 060 063 070 ° 1 z 3 ¢ ——
sin’ (fy,) Sk /0@
Juan-Pablo Yanez | iceCube results on atmospheric neutrino oscllations | June 2014 | Page 19 | 955; /'l
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Oscillation Analysis Fit

—— T2K 2014 [NH]
—— SKIV [NH]

90% CL contours

IceCube Preliminary

1 1 ! ! I
: : Kﬁ / l
= |ceCube 2014 [NH]
-  MINOS w/atm [NH]

Precision measurement of
neutrino oscillations with
lceCube/DeepCore

® At the highest energies
observed, test of 3-flavor
paradigm

® Results compatible with
world’s average (maximal
mixing)

® Systematic uncertainties
under control, data/MC

expected in the future ...
not just more statistics

®
e
®
agreement
® Further improvements
| | | 1 | 1 | 1
0.30 0.35 040 045 0.50 0.55 0.0 0.65 0.70 2 4
. 92 2AInL
sin” (0,,)
.- 39 Vietnam 2014 |3
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Atmospheric Neutrino Sample expected with

PINGU
N(Events) Expected in PINGU per Year | -
.E - = Super-Kv,
Trigger  |Pass Baseline| OO// S Fréuso!
Detector Analysis S N % AMANDA v,
2 107F o, N % o_unfolding
o - S, 2 /Eforward olding
T L /O \;“» .
\)e CC 52k 26k ,e.> 10_4; /}@/]’ e | ‘ " Lcnefgltétl)ne?\ u |
o F ® L Ny, ©forward folding
107F ’ % "™/ lceCube
N\’ e v-induced
Vu CGC 30k 35K \ . cascades
pf'o,hptv
VT CC 64k 27k —Hondav, CaA
--Bartol v,
—Honda v, l
P T T I P P AT . N
Vx NC 17"( 79k 1()9_1 o 1 5 3 2 5 5 2
Iog10 (E [GeV])

Vy oscillation result, PRL 1 11,081801 (2013)
Atm. V. detection result, PRL 110, I51105 (2013).
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Neutrino Mass Hierarchy Signature

MSW and Parametric Oscillations:
L Wolfenstein PhysRev.D |7 (1978)
*S. Mikheyev and A.Y. Smirnov Prog.Part.Nucl.Phys. 23 (1989)

gb g * E. K. Akhmedov, et al., Nucl.Phys. B542 (1999)
NH
= [pattern A]
=N -easible?
R Dattern A =
Pattern B!
A
a = [pattern B]
PINGU Signature:

* O. Mena, |. Mociolu, and S. Razzaque, Phys. Rev. D 78 (2008)
P —— A 100 4 47 0 41 44 23 4 41 5 * E. K. Akhmedov, S. Razzaque, and A.Y. Smirmoy, JHEP 1302 (2013)
e B *PINGU Lol arXiv:1401.2046
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Neutrino Mass Hierarchy Signature

MSW and Parametric Oscillations:

e Wolfenstein Phys.Rev.D |7 (1978)

*S. Mikheyev and A.Y. Smirnov Prog.Part.Nucl.Phys. 23 (1989)
*E. K. Akhmedoy, et al., Nucl.Phys. B542 (1999)

= [pattern A]

o(v)~2o(anti-v),
P(Vatm)>@(Vatm)
- A#B!

(True for ve, to0)

= [pattern B]

PINGU Signature:

* O. Mena, |. Mocioiu, and S. Razzaque, Phys. Rev. D 78 (2008)
* E. K. Akhmedov, S. Razzaque, and A.Y. Smimoyv, JHEP 1302 (2013)
*PINGU Lol arXiv:1401.2046
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Osclllation Probability x Cross-section x Flux = Event Rate

o(v)~2c(anti-v),
@(Vatm)>@(anti-vatm)
- NNHFENH!

(True for ve, too)

Vi

Energy

NH

Distinguishabillity

30 T

0s(Zenith Angle)

ccgé(@)

Parametrized
reconstruction,
pure vy

N
Ul
T

N
(@)
T

=
ul

Energy [GeV]
o

1
Z
1

. W

-1.0 -08 -06 -04 —-0.2
cos(d)

llustration only




Mass Hierarchy by Eye

MC Truth - ideal detector

Normal Mass Hierarchy

54

48

=
N

w
(@)

w
()

N
NaN

Energy [GeV]

—
00)
Counts per bin per year

=
N

(o)}

10—1.0 —0.8 -0.6 -0.4 —-0.2 : One year

A coszenith > of data
19 a QS Carsten Rott




Mass Hierarchy by Eye

MC Tru - ideal detector

Inverted Mass Hierarchy

54

48

=
N

w
(@)

w
()

N
=N

Energy [GeV]

(=]
Qo
Counts per bin per year

=
N

(o)

10—1.0 —0.8 —0.6 -0.4 —0.2 : One yea’r

A coszenith > of data
20 a @5 Carsten Rott




Mass Hlierarchy Signature

® Distinguishability as
function of
reconstructed energy
and zenith angle

® Complex pattern in
2D helps to reduce
systematics

® Plotincludes
reconstruction, but
particle ID is not
applied, yet.

(NIH_NNH)'/ NNH

b
o
[

Energy [GeV]

| year of data
v,tv,
N -
jm—]
i---
Preliminary
—-1.0 —68 —Ob —64 —02

cos(zenith)

Distinguishability metric follows:
Akhmedov et al. JHEP 2013(02) pp. 1-39

B Viernam 2014
2014
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Reconstruction Performance and Mass Hierarchy

® Event selection and background rejection require

® Reconstructed event vertex well-contained
® Reconstructed event direction upward
® Reconstruction

® Full likelihood minimization in 8-d parameter
space (uses “‘MultiNest”)

® Interaction vertex (X,y,zt,E), outgoing muon
0, ©, track length

® Resolutions (improve with energy; given here
at Ey,true ~ 5 GeV):

e AE/E~0.27,06 ~ 13° (0: zenith angle;
track & cascade resolutions ~same)

® Three independent analyses: Fisher/Parametric,
Asimoy, LLR

® Very good agreement

10* Rencontres du Vietnam

0.5

0.1+

0.0
0

coszen Resolutions

= - PINGU v,
o o PINGU y,
- - DeepCore v,

- -o- DeepCore v,

Preliminary

5 10 15 20 25 30 35
Energy [GeV]

12

energy Resolutions

10

- - PINGU v,
e+ o+ PINGU y,
- - DeepCore v, ' e
e+ o« DeepCore v,

o (Ere(‘o* Elrue)
o

Preliminary

5 10 15 20 25 30 35

e Vietnam 2014 22
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Fraction of events identified as

Particle ID

1 1.0 I I — I . - §10-3 E| L} I L I LR | I | I L | I LI B I LI | I LI L] I L | I L lg
<3 = . : .
0.9 e W’“P*’**HP*‘** g ; e | cascadellke = _  track-like -
08 = o B bt b —
0.7 47V CC 107 - =
- \"e CC B - —~— —— ]
0.5 _; .___:_-_:____’_._,_._.._._:-_‘ S e gy PR L — _V
> g 3 V:CC 10 - e = . H
oy - S - =l
03 o mi% — - ~ L ATV
. S i L T
0.1 et *‘*’hﬁf - e ]
00 . |.. |. S 10-65_ '_H—iﬁ_;_ar_i_.—z
% 20 30 80 - e -
True Vv energy (GeV) -1 0 0 8 -0 6 0 4 -O 2 0 0 0 2 0 4 0M6VA0 8 1 .0
PR . score
Vu CC events distinguishable by
presence of muon track
30 1 1 I 1 OIZO 30 1 1 1 1
0.24
25+ Parametrized - 0.15 25¢ Parametrized .
— reconstruction, Jo.10 § — reconstruction, 0,16 §
%_, 20 :tracks ] 2 % 20k PID: cascades d 2.
&) 1005 Z &) 1908 ~
s 15 J 40.00 E 3 15¢ _ 4 0.00 /::f
- Z, bt =
o 10 17905 It B 1o 4-0.08 |m
L 4-0.10 g L —0.16 g
5L | —0.15 7 —0.24
1 1 1 1 —0.20 1 1 1 1
-1.0 —-0.8 —-0.6 —0.4 —-0.2 0.0 -1.0 —-0.8 —-0.6 —-0.4 —-0.2 0.0
cos(»9) cos(+)
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Systematics: Incorporated via Parametric Approach

Physics-related

A(m3)? (prior: £10)*
013 (x10)
02 (210)
cross sections (£ 15%)

® V,anti-V independently

Detector-related

Aeff(E, a(Vv), o(anti-V))
Energy scale (£5%)

[ice properties]

-~

* Apply all systematics
* Un-apply one,“impact” is the
observed increase in significance

v cross-section

A energy dependence
1'9'23

7 cross-section

Energy scale

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Impact [¢]

* Other (smaller) errors:
« A(m21)? 812, 8¢cp

* Scale factors for mis-ID,
overall flux normalization

*Prior = £ 1o error of world ave. msmt.

B Viernam 2014
2014
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Result

First octant only

(o))

*Final significance from

, , 1‘: Tst Octant, 1H true | | .
parametric analysis L= Ttk o A e
*Includes systematics from %*- — ety et
brevious slide & basic PID ‘§3 ------------------------------------------------------------------------
*Growth in significance as £ 7 L ——" -
shown (for IH true) ¥ i [Preliminary|

6 8 10

e Reach 3o In roughly 3.5 yrs PINGU livetime [yrs)

First Octant vs. Second Octant

* NH true: faster | —

e Livetime from partially built I S
detector not included 5 s
* would speed up result by gf: | [ Preliminary}

4 6
PINGU livetime [yrs]

about 0.5 yr

e Vietnam 2014 25 a Q; Carsten Rott




Advantages of PINGU

/ LBNE
Widths indicate main

physics uncertainty
« PINGU/INO/
HyperK: 6,5
« LBNE/NOvA: 6 p

® Well-established detector and , LBNE]|

construction technology (low risk)

® Relatively low cost: ~$10M design/
startup plus ~$1.5M per string

Sensitivity [o]
F=9

® Rapid schedule

® Provides a platform for more detailed

IIIIIIIIIITTI1!I]IIIIIIIITITT]TlllIIIII

° o 1

calibration systems to reduce PINGU 307 It octan

1 PR B R SR RN SR S R ST SN S 1 SN SR SR SR S S
detector systematics 0oz 2020 Shox 2030

Date
[ MUIt|PU rpose detector: Neutrino Blennow et al., arxiv:1311.1822, LBNE-doc-8087-v10, Hyper-K
. from arXiv:1109.3262 (2011) Hyper-K start date is 2025 (ICHEP14)

Properties, Dark Matter, Supernovae,
Galactic Neutrino Sources, Neutrino J Additional Project Concepts
Tomography, ...

« Concepts to address various aspects of neutrino oscillation physics via
alternative approaches were considered, including

® Opportunity for R&D toward other - RADAR
future ice/water Cherenkov — DAEJALUS and IsoDAR
— LAr
detectors — PINGU
— NuSTORM

. + These cannot go forward as major projects at this time, due to concept
® PINGU LOI released arXiv:1401.2046 maturity and/or program cost considerations. However, further
development of PINGU is recommended, and IsoDAR (precursor to
DAEdALUS) should be considered in the context of a short-baseline

oscillation program.
prog P5 Report May 2014

S| Vietnam 2014 26 s‘ ES Carsten Rott
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http://arxiv.org/abs/arXiv:1401.2046
http://arxiv.org/abs/arXiv:1401.2046

Calibration Devices

Flasher LEDs to
be deployed with
every pDOM:
already used in
lceCube to
measure ice
properties

Penetrator ——>

Old ice Old ice

Polar

310 |eA3U3)
321 M3U Je3|)

Polar

-27°

A\l

Penetrator = «

Under
development:

Cameras to investigate
refrozen ice in the hole,
verify degassing, check
orientation of pDOM

3
: Precision Optical
: Calibration
5 Module: diffuse
3 )
8 . multiwavelength
240 260 280 300 320 340 380 1380
Wavelength (nm) source
-~ Vietnam 2014 27
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PINGU Muon neutrino disappearance

J-PYanez (for the IceCube Collab.), v 2014

— IceCube 2014 [NH)  — T2K 2014 [NH]
——  MINOS w/atm [NH] — SKIV[NH]
Recent 40 o
38
90% CL contours IceCube Preliminary
ceCube s
2 34
DeepCore -
d- -%.,' 3.0
26
result
2.2
20 0.30 0.35 0.‘40 0.'45 0.50 055 0.60 0.65 0.;0 0
sin® (_023‘) 1 0
q, T ¢+ 1 1 1 T 1 T 1 T 71
— e e Ss PINGU
- T2K prel. !
o e T §§ 8 tiie v, [lorm=T1 -
. PINGU: ; > = U
= 280 solid NH i s & 6 P -
%z | dashed IH 1 Based on old sa f TPrelimi )
"l’c 2.6.- - - ] r‘eCODStrUCtIOD. SE ‘:‘ 4‘ e e re Imlnary -
= | i W o —— ~~"1 Updated result , P .
4:‘7‘:“' TR - P ag), 2 i -e-expected ||
£ 1 will be much o+
PP — 1 improved. 2 - T | Ot i
- | Preliminary : - Gaussian approximation o-o=Blimit |
2‘3.84'"o.'ss“'o.lss'“o.:.;o“;o.'sn“'o.lsul”o.lscs“'o.lgsu'l.oo 01 — ‘2' - '3l - ‘4 — '5' - '6
sin” (2653) Livetime (months)
vy, disappearance: Highly competitive after | yr v appearance: Exclude null hypothesis
Also: See IceCube resutt, PRL | 11,081801 (2013) at 5o with ~| month of data
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PINGU Dark Matter Sensitivity

® Solar WIMP dark matter
® Sensitivity reaches to WIMP masses of ~5 GeV
® World-leading limits for SD WIMPs with one year of data

® |ow mass WIMP region testable

Spm dependent scattering Spm mdependen’r sca’r’rermg

- Supe rK soft (2011)
i 3 — SuperK hard (2011) | 10.35 ______ DAMAILIBRA (2009) —_ LUX (2013)
37 \ u-u IceCube-79 soft (2013) —— CoGeNT (2010} =-m |ceCube-79 soft (2013)
10 E T =—a IceCube-79 hard (2013) B CoGeNT preferred WIMP models #—a |ceCube-79 hard (2013)
- snue_spadea areas indicate -—— PINGU 1yr sensitivity (soft) | --- XENON100 (2012) -== PINGU 1yr sensitivity (soft)
i fvei::m:lee p\::?f::ya::tl;sr::?elghmqu:s — PINGU 1yr sensitivity (hard) : 10-38 --- CDMS-1(2013) — PINGU 1lyr sensitivity (hard)
i i 7 Blue shdded areas indicate
— 10‘38 n sensitivifies possibly obtainable
“E 3 . with mofe powerful analysis techniques.
§ -
ol -
S 0¥ TENEEER _ _ _ _—_ 3 e e
10 ————t——— s F N~
11 1 1 1 1 1 L 1.1 1 1 1 1 1 1 1 I-l 3
101 102 10 L 1 11 1 1 1 1 1 1 L1 2 1 1 1 1 1 1.1 3
m, [GeV] 10 10 10
m. [GeV]
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Dark Matter Seal with lceCube

.o . T

oy F;,~
ke
e |
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IceCube Anisotropies in the Galactic Halo

22- strlngs Halo Analys|s ' Phys.Rev.D84:022004,2011

° Galactic Center (GC) on the southern hemisphere 90°
276 days (2007 - 2008) 60 """"
° large backgrounds from down-going muons 00 P s on-source/ / off-source
o P —
®  Search for anisotropy on Northern hemisphere S SV ThNTn
é_ SSO0L. NP SOOI AR R i Y
° high-purity neutrino sample (up-going muon S i
events) 0 S i S
00 Y A RA_180° ~’
®  Assume annihilation into vv, bb, UL, TT, WW S
10-17= | | ' TTTTT TTTT T LI B I i i = | bo - 0' """""""
= | T T T 11 = 1 =30
= IceCube 79 Strings |3 g . } —0.2
= , —_— W |3 _S g Galact|c Center
S s, A g o
10_19 B /élé B
= (o) N— U . . .
= ey A /9-strings multipole WIMP analysis ICRC 2013
10%° & . 316 days (2010 - 201 1) experimental skymap submitted EPJ
T A N\ multipole expansion of
mé 102 - Q‘lf‘;: - (@ V arrival direction
E - x : - MQ e
< = S L -
P . e :
£ \C* 1C22 bb
1020 LT e wen IC22WEW ]
=" o0 1C22 p*tp~ |
s [ w=x 1C22 1w ]
1077 natural scale -.-. Fermi bb E
Ferm| /,l,+ 'U,_ Equatorial
10726 Lol [ B N w s N
10° 10° 10° 10° ! ' T_m
R. Abbasi et al., Phys. Rev. D 84 (2011) 022004, M 1N GeV events/pix

M. Ackermann et al. Astrophys J.761 (2012) 91.
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Galactic Center Search

log,o(J(V)) for NFW

Use IceCube external strings as a veto:
- 3 complete layers around DeepCore (~ 375m)

* Full sky sensitivity: access to southern hemisphere :
up-going

Yim

down-going

. aoxira

| IC event selection bb
| s Velo cap

IC event selection W' W
IC event selection ™ u~
IC event selection v

DC event selection bb

DC event selection W' W
DC event selection u " u
DC event selection v#

1111

L} 1 ¢ 00 ] 1 I T I
18 s e
IceCube Preliminary

o0 L)
X [m)

-

ol
N
o

-
-
-

-
-
-

L
"

sensitivity to reach down to WIMP
masses of 30GeV

<o v> [cm?s™!]
-
S
N
N

—

S
N
N

Separate Low energy and High energy optimizations:
GC is above the horizon

— Fiducial volume in central strings

— refined muon veto from surrounding layers

Use scrambled data for background estimation

natural scale

-
ol
- o
o
[y
> E
> |

10*

m, [GeV]
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Neutrinos test Iepton anomalies

S
S
e— |C22 Halo R.Abbasietal, Phys. e—e IC79 GC LE sensitivity | £ |
e—e |C40 GC  Rev-D 84011022004, -4 |C79 GC HE sensitivity | £ -
»--= |C59 Dwarf galaxy stacking, 'ppys Rev. D88 »—s Fermi § H %
=— |C59 Virgo cluster (subhalos) (2013) 12, 122001 # é{»+ 1
N T T T T T 11 T T T UL L B T T LR B 10'1 =i
18 R NG e - P i s e o AMS g
10 ; IceCube Preliminary aream
— + — AMS-01 —
XX T T oHmAT
: : 4 CAPRICES4
: : ® TS93 =
1020 —
10 % 107
mfn : positron, electron energy [GeV]
O s
e - - +
/\1022 s (e +e)
= e
& : xTs Ezom)) SN 5%
\/ | AE/E— 10%
-24 .
4 £ LR
Y %
— “gamma- ray g iy
'26 ; 1 b | 1 L L b L.l l 1 1 1 L - 1_- g T . \, (
107, 1 2 ¥ [
10 10 10 1‘ - - - - conventional diffusive model
m\, [GEV] *DM interpretation by Meade et al.,
’ Nucl. Phys. B, 831 (2010) 178. L |
10 100 1000

E (GeV)

lceCube can probe models motivated by the observed lepton anomalies
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lceCube Solar VWIMP Limits

PRL 110, 131302 (2013)
® |ceCube 79-strings configuration (partially completed " inter high energy .
DeepCore) NS .- -
40 l )| .
® 318 days (May 2010 - May 201 1) 20¢ :
C
. . 8t ) ]
® Search for an excess of events from the direction of the Sun p o Minter low energy
®  use track events for better pointing - 0 o move O Moo eSO SIS SO0
3 . 2’. 3 -
®  Separate summer and winter analysis 15 f 1
summer low energy
10
®  use outer detector to veto down-going muons for 50 SO VOO - el BN S
. St *
summer analysis
YT 0992 0994 099 0998
. . cos( \P)
Spm—dependen‘r scattering Spm mdependen’r sca’r’rermg
T -38
\ ' :| MSSMncLXENON I(2012)A'ILAS+CMS @012) l |:| MSSMnd.XENON (2012)ATLAS+CMS (2012)
35— [ | DAMA no channeling (2008) \ . [—__1 DAMA no channeling (2008)
' - - - COUPP (2012) R , — - CDMS (2010) —
S Simple (2011) N T \ - = = CDMS 2keV reanalyzed (2011)
e — — - PICASSO (2012) d —— CoGENT (2010)
-36 N\ e )] SUPEH—K(ZO“)M -40— ) =-= XENON100 (2012) ]
—~ \ 5 "\,_ — —— SUPER-K (2011) (W*W) e . —
e Lo . - ol VN N e -
© 37 —\'-_\ ' - 2
. ‘ ‘\ . a —
& S — ) & -2~ —
o 38— R T TSoF e — = e
g Tral L St §’ e I K \\“_—__./// h/.-’)”/‘\ N
-39 — — -44— N " .-—9"»‘" ™" —]
* -+ |ceCube TS ..‘u.n-*"”ypﬂ.:‘
L m&mg:iﬁm ' 45| ® " 1oeCube 2012 (B) . ! .
-40— " ~ ] s |caCube 2012 (W'W)*
o(t'rfOfmxdr\,-eo.AGeVIc“) J ~__ o(t't‘forrr\'dr;,,=&).dGeVlc’) |
L I L 1 l"’ 1 I 1 1 1 \'\ I 1 1 1 L _46 1 1 1 L 1 1 1 1 I 1 1 1 1
1 2 3 4 1 2 3 S
Iog10(ml/GeV c?) log10(mz/Gch‘2)
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Earth VWIMPs

Dark Matter Captured in the Earth -- Look for vertical up-going
events from self-annihilating dark matter in the Earth’s Core

Sivertsson & Edsjo, 2012
1017 [ T T T T L T 71T I T T T T L IE
— Gusen | lceCube Sensitivity (1yr)
------- "Best” from LE 2004 i
0% /A | e— Unbound . 10° .
P Y A T '?'Oltmld (with hole) 3 ~—  Low Energy analysis : yy =W "W~ or7" 7
I\lﬂ ————— Tgtgl (with hole) i "-,. .-+ High Energy analysis : yx =W "W~ or7" 1
v 10%E - Total (with hole) red. SD | - B —— AMANDA : \x =W W or7" 7
= o3 \ -——=—= Total (with hole) red. SI . :
‘% v T ‘-\".‘;.'\ ] 104}
L: 1014 > -’ ".\.\\\ O = 10-42 cmZ .
J'S \\\ . Py
-E 1 3 ““‘ ."..\\\\ '_I.
() 107 N \\\ E >
g N 3
- NN o 10%
v N =
5 102 4 =
2 N\ 3
§ '- \\ KH
1onl  Analysis optlmlzed for Righ- 2
10%}
energy and Iow energy samp
1010 1 1 |'. L1 1 | T N B
10 1oo 1ooo 10* lceCube Prelimi
WIMP mass, M (GeV) celube rreliminary
10 1 2 3 4
10 10 10 10

m, (GeV)
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. D =l
cel ube W|th DeepCore has demonstgit‘éd‘s'eés Ivity to .
i tmospherlc neutrino phyS|cs

" INGU alill extension could measure NMH at 30 in 3. 5years

" echnology has been proven with IceCube, relatively low cost
ﬁ e a B w

ARalysis methoc are still being |mproved

’ ‘ . . ) '@
| PINGU is complementary to long baseline accelerator

w W/ : _experiments | i N

WL

'PINGU provides diverse physics potential , including indirect dark
matter searches and tau appearance

o IceCube provid@Aworld best limit on SD WIMP=Preton scatteri

cross section and PINGU will allow to coverWIWIP masses down to
5GeV | \>

| A |
N
® - | | /




10" Rencontres du Vietnam

Vietnam 2014 37 G - Carsten Rott

'VErY HiGH ENERGY PHENOMENA IN THE UNIVERSE 2014



Camera System

® Refrozen ice (hole ice) is a major
source uncertainty

® There is good reason to expect that
the situation for each sensor module

can be rather different

® Understand the ice conditions in
the vicinity of every sensor

® Where is the sensor with
respect to the hole ice !

® Are there any impurities,
cracks, bubbles, etc ...

® Where is the cable located ?

Old ice

|
|
- @

i
291 MU Jeap)

2107 |e

- Old ice

10™ Rencontres du Vietnam

& Vietnam 2014 38

a—és Carsten Rott



_ PINGU Costs

® Standalone PINGU
® US cost $60m: $2 I m startup, $1.6 I m per string
® Assume $25m non-US contribution

® PINGU as part of a facility at Pole
® US cost $40m: $/m startup, $1.44m per string
® Assume $25m non-US contribution

® Additional detectors (increasing from 60 to 96 modules per
string) improves the resolution at low energies significantly
moving the 3 year significance from 2.80 to nearly 3.30 for a
|0% increase in project cost
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Impact of astrophysical uncertainties

M. Danninger & C. Rott “Solar WIMPs Unraveled” - Invited
Review for Physics of the Dark Universe (submitted)

‘interactive tool to stu

dy iImpact o

astrophysical parameters
I

—35 \ | |
v XENON100 (2013)
- \
direct-detection e DAMA
_36 B - \ -
Y .-~ .. COUPP (2012)
signal-regions o y L= e
N N - iR
— [ A \ - T
Al e \ = et . lceCube-soft
g 38 IceCube-hard
& Pingu-soft L
IceCube 8‘ -
time (y):| |0.00 B
S _aol—
PINGU 'En' 39
time (y):| 10.00 O Pingu-hard
SuperK -40
time (y):| |0.00
. Baksan 41
time (y):| |0.00
ANTARES
time (y):! |0.00 -42 ' | | |
Al ' 1 2 3 4
log10( WIMP mass / GeV )
ocal sun velocity (bm +™: - [
ccalort density ()
Dark-disk fraction (p.,/p,):
Halo models: 0.00
SMH | Ling et al. | Aquarius et al. |  Maoetal. Reset
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Role of Neutrlnos

__________________________________________________________________________________________________________________ CN/ e /X

® C(Colliders

® Indirect Searches

® Annihilation of Dark Matter in
Galactic Halo, ...

° Annihilation signals from WIMPs
captured in the Sun (or Earth)

Electron Recod
(gammas)

® Direct Searches

® WIMP scattering of nucleons
— Nuclear recoils

Annihilation

(7))
(o)
o))
(as
| (o
: ("]
| 3,
=
0Q

® Production CI/\\ Y
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~ Dark Matter Annihilation Signals

|dentify overdense regions of matter

Q
’
=self-annihilation can occur at @ : o{\
o@ R \'b's} %
. . o) 'b"& .\ 6 @
significant rates @’bid@‘% {:\,\\ 0(.}, é\%
Pick prominent Dark Matter target OIN SIS N
Y"QQO & {\e?
Understand / predict backgrounds 5(\ . . Q .
~. W21 b,.=evy,pD,.

Exploit features in the signal to better
distinguish against backgrounds ,

ZC,////\W_,Z,T_,B,...: e;,U,%]_?,D,---

non-relativistic

107

MW Halo + Atm.

Atmospheric Neutrinos

» Beacom, Bell, Mack (2006)

10559 50 100 200
E[GeV ]
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The lceCube Neutrino Telescope

see talk by Aya Ishihara | . 20052006
9 2006-2007
. . 2 2007-2008
Gigaton Neutrino Detector at w0 2006-2009
59 2009-2010
the Geographic South Pole i 102011
IceCube Lab 78 +8 2011 - ...
5160 Digital optical modules \,ﬂ__ﬂ/wp -
. . . m— - ,—t‘_-_.-__.:_— ........ ceTop Cherenkov detector tanks
distributed over 86 strings \ bt 428 2B1calsensorsper
T (PR
Completed in December 2010, (it CaCube Aray
start of data taking with full L T B0 oplcalsesore SRS
' 5160 optical sensors
deteCtor Ma)' 20' I l ? ' December, 2010: Project completed, 86 strings

FThr ~ 100 GeV

Data acquired during the wusom
I i
construction phase has been | Decpore |
analyze d i [ ms) J;?csal-s;g:scg\sg optimized for lower energies
Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzom
secondary particles produced in
the neutrino interaction with
the ice S
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outh p+A — 11* (K*) + other hadrons ...

Pole
/]\ | TP UtV e VeV
u

lceCube Depth:
|.5-2.5 km

Downgoing

IceCube

CC Muon Neutrino

g{‘;

2 * 2 Bis P
o §  BE R |
L P A 1
o
D‘. °
Fg.
b4 e o
o
Ll
L

o P s L TR w * .
R, ™ e e S ple . AW
S R AT ST A Py .\
N Ty e L) R P R /\/ X
o & S ¥ S Ry 3 %
Muons B 2L = Sl Vp + K
\\ 28 - =" - R
A ] OB 7 N A4 \& S ;

Neutral Current
/Electron Neutrino

Atmospherlc muons O”/year

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

Atmospheric neutrinos ~ 10°/year
Astrophysical neutrinos ~ >| O/year

Aug3 -9
= Vietnam 2014
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Dark Matter Self=annihilations
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~ Sources

Dwarf b Clusters of .

Extra-galactic |
e Spheroidal = W Galaxies

Milky Way Halo@Galactic Center

,"
* 3

Coma Cluster *

HDF- H}Jbbl.e D?ep-Fiefd i \ o
—— - . 3 — .

Large DM content,
nearby source, O(10)

small halo model
dependence, boost

Very dense DM
accumulation, nearby

large DM content, high

no astrophysical
Prys! boost factors from

larger flux than extra- backgrounds
factors ger f ) source J sub structure
galactic

Diffuse flux, spectral : .

Fuse f P Anisotropy Extended Source Point source Extended source
feature

signal weak compared relatively independent de :f\;ﬁ:;r;oonng OM cored profiles understanding of

to Galactic signal from DM halo profile P favored, less flux boost factors

density profile
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Dark Matter Annihilation

Measure Flux Particle Phy5|cs . 3
‘O'A”U> 5
= ‘Z B o

47’(‘ 2m§< de f)

10" 10%
Neutrino Energy EVlLl (GeV)

Dark Matter Distribution
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velocity distribution

v 1nteractions

' v oscillations

Vi
Uann
Oscatt F
capture
Fann
Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86

Gaisser, Steigman & Tilav ‘86 Gaisser, Steigman & Tilav ‘86



Solar WIMP Ca

Stan dard

pture

assumption

DM isotropic with Maxwellian
velocity distribution

. consequence of a density profile
p(r) « r2of collisionless particles

------

N N = ®

/3w 3(u —vp)? 3(u+ve)?
J(u) = 27 Ve Urms (exp (_ 202 ) B exp(— 202 ))
g
riGiMatter
__ Relative velocity to the Sun Galactlc frame (assume vsu,n=220km/s)
5/10GeV ~ e wnuns 5 / 10GeV
8 50/ 100GeV (@] — o 50 /100GeV
9 200 / 500GeV < e wunns 200 / 500GeV
o 1000 / 10000GeV o 1 E — uan 1000/ 10000GeV
] m“‘"*»i?\ e’ e i A A O e
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Q o I
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:§ | S 10
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= ——zaes 5/10GeV 3 e 24 )9GeV
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~— m——ans 200 / 500GeV ot — waas 200/ 500GV
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© 3 e I E -
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S 0" N S 107
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Choi, Rott, Itow arXiv:1312.0273 U[km/S] kaS]
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Impact of velocity distribution

® Explore the change in capture rate using different velocity  Choi,Rott, ltow JCAP 1405 (2014) 049
distributions obtained from dark matter simulations

f(v) in Galactic frame at solar circle

S SMH ~1.5 .
= 045 ——— \ogelsberger et al. () 1.4 === Lingetal.
= Lingetal. @ - == \/ogelsberger et al.
0.4 — ao et al. s 13
? — o et al.
0.35 8 1.2
0.3 2o 1.1
0.25 Q1
0.2 = 0.9
Q.
0.15 8 0.8
01 0.7
0.05 82
P INENEPEPE APEPTPEPE APEPEPEE AP - 2 3 4
100 200 300 400 500 600 700 1 10 10 10 10
vikm/s] WIMP mass(GeV)

® A comparison of captures rates for different WIMP velocity
distributions show that overall changes in the capture rate are

smaller than 20%
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Dark Matter Decay - s Dark Matter
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lceCube: High-energy neutrino events

arXiv:1405.5303v1

® 37/ events observed (2010-2013)

® ) years analysis found 28 events Science 342,
1242856 (2013)

“f_lducial vo@lua?né

" ® energy spectrum >60TeV harder than background
éducialvcilume.; : . o o .
BENRN ® atmospheric origin rejected at 5.70
-Siago meters - «-2450 m
Southern Sky (downgoing) Northern Sky (upgoing)
— . ————————y > 2 - . .
5 3 Background AWSPhe"F Muon Flux I&’ 10 i l @ Background Atmospheric Muon Flux
10° - |mm Bkg, Atmospheric Neutrinos (x/K) o i |Em@ Bkg. Atmospheric Neutrinos (w/K)
[ Background Stat. and Syst. Uncertainties o ; Background Stat. and Syst, Uncertainties
—— Atmospheric Neutrinos (90% CL Charm Limit) A i | — Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg, Best-Fit Astrophysical £~ Spectrum |1 L —— Signal+Bkg, Best-Fit Astrophysical £? Spectrum |
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