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. The Dark Matter Mystery

. . Since Zwicky observed
P o - the Coma cluster
. i < i ¢ ' evidence has hardened

. - v RE 1Y . .‘ Structure formations
. - Cosmological
; ' ) ® simulations

a iz el S . AT Gravitational lensing

‘. ‘ A, Rotation curves

Cosmic microwave
. | : background

- >
Dark Matter already gravitationally “observed”, but ...
What is it ?

What are it’s properties ?

-F - -
.




® (Colliders

® Indirect Searches

® Dark Matter Decay

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

~ = \/W+,Z,T+9b>"'=> ei,v,'}/,p,D,... o A s electrons
P RGL O )

| ¢ . ' : ~.:( .
J:C »* \W',Z,r' b,..=e"v,y,p.D,... ! ti-matter; ...

® Annihilation signals from VWIMPs
captured in the Sun (or Earth)

Electron Recod
(gammas)

(Neutrinos™

® Direct Searches

Nuclear Recod
L (neutrons, WIMPs)

® WIMP scattering of nucleons
— Nuclear recoils

J\

Y
UOI1129S SSO.UD

|
U0I3103S SS0JD

3u149338edg

® Production q/ s‘\ Y
I

Production

Dark Matter Lifetime

uolle|lyluue-435
49338, MJe(]

bulianeog
UOSINN- N
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® |dentify overdense regions of dark

matter JQ Q
$ - O
= self-annihilation can occur at QQ‘Q’ 2 q',o &
© o @ <P qg’
significant rates & QW S
SN . H S
® Pick prominent Dark Matter target <

. Q
® Understand / predict backgrounds X \\\\/W+,Z,T+,b,...=> ei,v,y,p,D,...

® Exploit features in the signal to better
distinguish against backgrounds '

’ l l ZC/’///\W_,Z,T_,B,,..=>€$,U,)/,]_?,D,...

non-relativistic

MW Halo + Atm.

Atmospheric Neutrinos

Beacom, Bell, Mack (2006)

10°¢
20 50 100 200
E[GeV ]
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Atmospheric Neutrinos

IceCube Collaboration

Cosmic rays interact
in the upper
atmosphere:

P + A — 178 (Ki) +
other hadrons ... TT
fo TV etvevyvy

Y
Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2

Y]

‘/E Super-K v,

S

y

L

@, [GeV cm2s'sr}
q

2
v

m Frejusv
Oo/) 0 Frejus v,
9, AMANDA v,

&00 S unfoldin? _
1 forward folding

E
3

3

lceCube Ve

3

|||| lllllllll UL L Illllllll lllllllll 1T T

!

'R

§

| | | | | | | l | | | | | | |

IceCube vy

unfoldin(}; _
] forward folding

1%
e

S

5
Iog10 (Ev [GeVD

Sources of High Energy Neutrinos

Astrophysica
p+ (py)=m =y

Active Galactic Nuclei

pHyg>A*
(GZK)

SCIPP Seminar - UC Santa Cruz
December 13,2016

T lllllll

--—- power laws
— power laws + smooth function

Auger Collab, arxiv: 1002 1975v |

Energy [eV]
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Principle of an optical Neutrino Telescope

Array of optical 1
sensbrs g: pturstheg

f ,’?’I’Pi

J ’
Cherenkov
Radiation

W
V| " I! Vi ] " A7(/O/7
interaction, "/ /4
W, Z ...°.. (/fﬁ.
vV //70
O hadronic

shower
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South-Pole, Annual Temperature

0
I - e 0 e el - R K= S =
20

0
(-]
[
AN
N

Temp deg C
=
[
Bt

50 i_ ) - /=Z

o
o
*

Month

—e— Average daily temperature °C
—=— Mean daily max °C

Mean dsily min °C

Geographic South Pole

Amundsen Scott
South Pole




The IceCube Neutrino lelescope

Strings Dataset
| 2005-2006
® Gigaton Neutrino Detector at the ? 2006-2007
. 22 2007-2008
Geographic South Pole 4 20082009
59 2009-2010
® 5160 Digital optical modules o 20200
. . . lceCube Lab 78 + 8 2011 - ...
distributed over 86 strings g
e e e IceTop
] . 90 :_-:.-:.131;_-;;_ .-’:T:_: = 812$|tat|$ns, ce:Ch V\I!(ith dotector tank
e Completed in December 2010, start 5°"‘—\ ----------------- 2 optical sensors per tank
. . , 324 optical sensors
of data taking with full detector May TR '°
| | 1|
2011 | 1| IceCube Array
. . . 1 86 strings including 8 DeepCore strings
® Data acquired during the construction | 80 ey sonmore o eech kg
l optical sensors
Phase has been analyzed | i ; December, 2010: Project completed, 86 strings|
e Neutrinos are identified through __ Ethr ~ 100 GeV
Cherenkov light emission from
' ' : DeepCore
secon.dar?' partlc.les PI:'OdUCG(.:l In the /'8 strir?gs-spacing optimized for lower energies
neutrino interaction with the ice it 420 optioal vecors
Ethr~ 10 GeV
2450 m _
2820 m
Dark Matter Searches A%
® Galactic Center is 29° above =1
the horizon p
' -
® Sunis at +/- 23° .
Vi’

SCIPP Seminar - UC Santa Cruz | 2
December 13,2016 % 13 {S Carsten Rott



 South . s R
! Pole p +A — 11* (K*) + other hadrons .. T" > Ve VeVuVy

lceCube Depth:
|.5-2.5 km

Upgoing [ el 1 e
Muons ®&." : Rtospheric

B S L trinos

-

| North Pole

I Atmospheric muons ~ 10''/year
Atmospheric neutrinos ~ 10°/year
+ Astrophysical neutrinos ~ 100/year

II I CUuULvIviIC TI1CuUll 111U IJCI.\-I\SI Vuiid ww

extra terrestrial neutrino fluxes

Carsten Ro Seoul National University
t 14 Astronomy Collogquium Nov 10, 2016



Track topology

(e.g. induced by muon neutrino)

\f}.‘nx,

'C"’ngﬁ' 8% "f Y AN
Good pointing, |
0.2°-1°
Lower bound on energy for
through-going events

CC: vevr
NC: vevu vz

SCIPP Seminar - UC Santa Cruz
December 13,2016

 in lceCube

’T’

“ "'"v g
- GO Sy {
2L, ~w“\—,~:v; W LNl 4
e L N, A
P | \|‘ ‘?"\" ﬁ '\fi‘

Cascade topology
(e.g. induced by electron
neutrino)

Good energy resolution, 15%
Some pointing,
10° - 15°

Ve VT CC-int & vi NC-int

Carsten Rott



Dark Matter Self-annihilations
<O'AV>

16 6 Carsten Rott






Dark Matter Annlhllatlon

Measure Flux

Partlcle Phy5|cs

—---.. \

E%dN/dE (GeV)
8’—‘

[S—
)

17 OA?J}Z Bf

47T 2‘m§< AR )

-1 . ..1"/.'....I Ll
10
10" 10’ 10%
Neutrino Energy EvlLl (GeV)

X Dark Matter Di

line of sight (los) integral

l 4
L 4
-
L 4
L 4
L 4
'f
g

. 4

L 4
- L 4

T 10°¢ s
! 3 — Einasto ]
' — 105;_ o — Isothermal_;
! > E : - | — Burkert |3
' = otk | Kravtsovl ]
R 3 — Kravtsov2 |3
, ] 103;_ — | Moore i
' R 5 3 — NFW
. LW [pawydl gl TSSO
E , 1 E ]
10_2:_ — Einasto — Kravtsov2 : ] 1015 SR _
[| — lIsothermal ~— Moore X ] E ‘ C ]
10°H — Burkert — NFW Q: 100
[| — Kravtsovl I~
107 e R 107" S— o o
10 10 10 10 10 107 10° 10t 102
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Use IceCube external strings as a veto:
- 3 complete layers around DeepCore (~ 375m)
» Full sky sensitivity: access to southern hemisphere

sSCatterng
zk- !
>
F | 3
$ .
/ )

.
(, !
P4 lcec:.:bo
A

Al

log,o(J(¥)) for NFW

up-going

down-going

lyr of data

i ‘\‘ VQZ':;;’ 1039 S.en'sitivjit); (bb) — - Sjen.siéiviéy (frﬂ.-)l - S'en-sitivvity () |
. 0 K Limit (55) == Limit (+* 7 ) > Limit (v) E
?, § [();ne? : Two analyses, combined based on 10 o E
i  best sensitivity (dotted). —_ § >
— 5 - :%
250 m : Both analyses observed lm . P %
: underfluctuations e 107F 3% E
3 v “ow o
i “High energy” analysis: 0.5 o — g qg ,
_. “Low energy” analysis: 20 \bj 102 L I;,E, s
''''''''''''''''''''''''''''''''''''''''' 53
Separate Low energy and High energy optimizations:
GC is above the horizon 102 L
— Fiducial volume in central strings
— refined muon veto from surrounding layers | NFW
. . )2y 10l . )2y
Use scrambled data for background estimation 10! 102 10° 10°
m, [GeV]
SCIPP Senunar - UC Santa Cruz
December 13,2016 19 6:5 Carsten Rott



Neutrinos test lepton anomalies

; + -
XX T T -.‘./g,,%
” T
: (/
107} NFW z
: oy
10‘21 g W “. 'c“‘
Tr “
S T e ¢ A g, 1
g, SRS <o & HES.S
R
~ ‘. 3] sut . ’
£ gamma-ray, . ..o utring
102 | (*Preliminary}
 Super-K 2015 (vv) |
" (*Preliminary¥®) Z
.25 |+ K5905phs ~#— 1086 Halo Casc,
107" ¢ " |=— K22Halo  —— ANTARES 2007-2012 |
- Natural scale / o g: :Z"’ —— Fermi+MAGIC 33% C.L. 3
10'?5 : ,/ Lo . m " T .
10" 10° 10° 10° 10°

m, GeV]

*DM interpretation by Meade et al.,

Nucl. Phys. B, 831 (2010) 178.

&

8

E? Flux [GeV3/(s sr m? GeV)]

-h —

o (4
lIIIIIlIIlIIIII'IIIIIIIl

)]

1 10 10

Figure 4 The AMS oosi flux measurement compared with theoretical models.

Fermi™ i (e*+e)
i S kb )

HEAT (2001)

BETS (2001) '4 + 5%
AE/E=_ 10%

Tm [ . X .
.E | - L]
N> +
w -~
&) e
p— - - ¥
—~ 100 X < 1
L i )
= EEa
) {

- — - - conventional diffusive model

10 100 1000
E (GeV)

Neutrino Telescopes can probe models motivated by the observed lepton anomalies
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December 13, 2016
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- -

ergy neutrinos

Dataset / Results

(670days of IC79/1C86 data)
expected 0.08 events

observed 2 events (— 2.70)
-4

® Ernie ~I.15 PeV (~1.9:10 J)
4

® Bert~ .05 PeV (~1.7-10 ))

® Energy is the visible energy
of the cascade, could

originate from NC event, V.
CC,orv, CC

Tue Jan 3 03:34:01 2012

® Angular resolution on
cascade events at this
energy ~10

® Energy resolution is about
5% on the deposited
energy

Ernie & Bert are not GZK, but ...
QAS Carsten Rott

SCIPP Seminar - UC Santa Cruz
December 13,2016 22



_ Dark Matter

(a)

® Intriguing overlap in energy of

the two | PeV cascade events >
of lceCube high energy event :
sample
FIG. 4. The two observed events from (a) August 2011 and
. (b) January 2012. Each sphere represents a DOM. Colors
C O u I d th I S be d a rl( m atte r ? represent the arrival times of the photons where red indicates
early and blue late times. The size of the spheres is a measure
for the recorded number of photo-electrons.

example: B. Feldstein, A. Kusenko, S. Matsumoto, !
i i and T. Yanagida arXiv:1303.7320v1 / Phys.Rev. 12
Evidence: : pss (2013) 1, 015004 g 10 r — — .
- 2.4PeV Dark Matter Particle mass Line signal

- Flux can be related to the lifetime tpwm

™y~ 1IN, x 10%° s
® Models

10—16.

-—
|

N

o

® Singlet fermion in an extra dimension

® Hidden Sector Gauge Boson

Flux (cm=2s~1 sr' GeV-1)

® Gravitino Dark Matter with R-Parity 10-24 . L .
Violation 104 10° 108
Neutrino Energy (GeV)

SCTPP Seminar - UC Santa Cruz !
December 13,2016 23 5 Carsten Rott



Veto and l{ru\//et@

lceCube Collaboration Phys.Rev. D91 (2015) no.2, 022001 (arxiv:1410.1749)

Atm. neutrino Down goinghgh-energy neutrinos

' . can be nearly background free |
|dent|f‘ ed as astro-physical neutrinos

up-going  down-going

Southern Hemisphere -

E Northern Hemisphere

i ‘ i .
i i 7
i i —I*w
i i &
= i i )

o 1 i 5

o NO

2| | - ' :
[ 5 | g

hY
r g
i =
|
I —
\ Conventional v,
B B B B B B B OB O
10—4 L |
—1.0 —0.5 0.0 0.5 1.0
edge strings
SCIPP Seminar - UC Santa Cruz 24 6 Carsten Rott
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Science

High-energy neutrino search 4yrs

54 events (|5 track-like, 39 showers) observed o Mesons including charm quarks in

Expectation from conventional atm. the atmosphere decay immediately

d : ~21.6 to produce neutrinos, known as
muons and neutrinos ) prompt neutrinos which are not

! ' observed yet.
20 ...... 3 Background Atmospheric Muon Flux I
ok [ B Amspiric Neiics (549 e  ERS,or Enberg et al. Phys. Rev. D 78,
: ~) Background Uncertainties . )
| = Atmospheric Neutrinos (90% CL Charm Limit) 043005 (2008) is used as a baseline
g - Bkg.+Signal Best-Fit Astrophysical (best-fit slope 1.::""“) prompt m OC|€|
© i , - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E#)
0 10" | = T & _ 1 e Significance are based on the exact
N~ : . lceCube Preliminary . . .
| L neutrino flux model, not including
b é the uncertainty of the model.
N =- - = ro
S 10° NN —4= T T+ T| e Atmospheric Bkg:CR Muon
0 | ( 12.6%5.1), Conv. Neutrino
§ (9.0+8'0-2.2)9
g A1 | | [| e Over60TeV <E<2000TeV,the
| spectrum best fit with E2>8
— e E? spectrum predicts too may
102 103 — 10* neutrinos above ~2 PeV. So, a cutoff
Deposited EM-Equivalent Energy in Detector (TeV) or steeper spectrum needed.
ICRC 2015 proceedings . . .
IceCube Collaboration, Science 342, 1242856 (2013), ~7 sigma rejection of
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014) atmospheric-only hypothesis

SCIPP Seminar - UC Santa Cruz !
December 13, 2016 25 5 Carsten Rott



.........................................

x track event

ICECUBE PRELIMINARY

~__ Skymap HESE-4yrs

'+ shower event: o

no significant correlations -- spacial or temporal
p-value for cascade events “clustering” 44%

4% { bkl
& 8 < . i § %3
17 §3 16 11 26+ 3 &% R 2
+ 2 o
7 +a9 46 140
36 48+ + :
R+ a0 %t %
'.\14 A S + 3x
-‘—24—+ ¥ ‘__33 3_9 2 e &
= I ki,
- - #:30 Brasigss: .
12+ 1 1
21 1 Ei
2 : 8 8 :EE” $oe
a.!_'(.) H g’ '.g é:gg. a:
18 42 » o 8§ 8§
X 7 . :
21 10 + Galactic
+H
e
TS =2log(L/LO) 109
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Origin of the hlgh-energy heutrinos !

[ J
Extra Galactic Galactic
Gamma Ray Burst
10° ‘
- = Waxman & Bahcall 110°
= —  IC40 limit
T == IC40 Guettaetal.  ______ PEEPCTE T L mmmma
n ___ 1C40+59 Comblned' ——— Al " -
i limit 'y ' '
% __ 1C40+59 Guetta, . \ §
7 et al. ' . >
S % A ' v
O S Y ' S
%.) I' ‘\‘\ ‘\ u_ﬁ
9 10_9 'l' ‘\‘\ ‘\ 19y Galactic
o P AN A ?‘,f‘. ....... t‘. 1 10 ...........
- IceCube Collaboration - Nature Vol 484, 351 (2OI2) TS - 2l0g(L/LO) 10
o M —— Galactic Plane
Neutrino energy (GeV) o0 Galactic Plane with |b| <6, ..
. Y Y et 3yr
0.35 eoo 4yr
Active Galactic Nuclei / |
© 0.25
° ? L4
Starburst Galaxies
Starburst|M82 148.97| 69.68 [0.07] 0.15 S . '
Radio |NGC 1275 49.95 | 4151 [0.0| - I
Galaxies |Cyg A 200.87 | 40.73 | 0.9| 0.03 o0 . ¢ o
3C 123.0 69.27 | 29.67 [0.0| - 0.05| . ,
M87 187.71| 1239 [0.0| - oo R |
Cen A 201.37 | -43.02 |0.03| 0.49 S 3
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—leavy Dark Matter IDecd

® Heavy Decaying Dark Matter (example

. . ~ 28
= Vh) Bound on lifetime ~104°s

derived with lceCube data
PRD 92 123515 (2015)

® Focus on most detectable feature

(neutrino line) 10%
® Backgrounds steeply falling with § L‘ﬁ-\ Y DM - Vry
energy, highest energy events provide | * %

(S107) 2Aquiey ‘uosseisnn) ‘uesty 4

best sensitivity f s
103 | A
e Continuum and spacial distribution ol K
. . . [ I
could help identify a signal 00|
® Bounds from Fermi-LAT and PAMELA — This Work
mmmm [ccCube

derived from search for bb annihilation 10}
channel (dominant decay channel of '

nggS) 1025 |

-------- HES.S.
----- Fermi

107 10° 10* 10° 10° 107 10°%
: : mpwm [GeV]
Dedlcat_ed IceCube analysis Heavy DM bounds with neutrinos, see also
should improve on these bounds Murase and Beacom JCAP 1210 (2012) 043
Analyses on-going Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034

El Aisati, Gustafsson, Hambye 1506.02657

SCIPP Seminar - UC Santa Cruz cA
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http://arxiv.org/abs/1506.02657

Dark Matter Capture in the

Sun

29 6 Carsten Rott



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



rs lceCube Solar WIMP AnalysSiS

: : : : « Up-goin « Up-goin
e Three years of data in 86-string configuration used . loaGube Dominated . D’ZG%CO‘; Dominated

(May 2011 - May 2014) « No Containment « Strong Containment
e Only up-going events (Sun below the horizon)
results in 532days of livetime
e Two independent analysis performed

e M IceCube: Higher energy focus (m, > 100GeV)-::-

¢ 2 DeepCore: Low-energy focus (m, = 30GeV - e
100GeV) Vi
Median anqular resolutions Effective Areas
— DeepCore Selection 10°/ | = DeepCore Selection
o @ — IceCube Selection — lceCube Selection
8 — 10"
= c
S s .
Z 10 - 10%} @
5 =
E Y 107
— =
= S
& a4
2 10
= 107
10° ‘ 1073 2 3
10 10° 10° 10 10 10
E,|GeV] E,|GeV]

SCIPP Seminar - UC Santa Cruz e"
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up-going

lceCube Solar VWIMB Analy

down-going------- >

Observed events

\&v

o
\—/ 'k—/

103 Me-total 1 bkg expectation ] limit: 1 TeV yy = 777
[ limit: 50 GeV yy — 777~ eee truedata
10° w300 ' | :
. 'E-')_r' . . = — e
T | p— MC-truth Satm. p 9730 — .
. 10° H|— reconstructed : EZOO o
2 y1|| 00 data o150 lceCube Preliminary
e y 2100 lceCub
L P P T LT L - A LTIV TP atm. v,+v, cecvupe
T L e R S R T T E -
S final-level  comrme oo s o0
— 0.992 0.994 0.996 0.998 1.000
2 107 i @ T0f = .« | _
= = WIMP-v, flux limits © < 60 l
£ 107 : p— . I-<I>IJJ g() : . N .
T _,
10 S §8 s
: WHW- = 30+
107 (1TeV) é 20| DeepCore
10575 -0.5 0.0 0.5 0 = 18 i
Signal pdf: costzentth) 0.002 0.094 0.996 0.003 1.000
' Spectral part 7.3° 6.3° cos(I) 3.6°
Si(lfi _fsun(ti)laEiam17cann) \

= <%/(|-¥z _fsun(ti)la K.l) X éomx,cann( i)

. . .
Monovariate Fisher Bingham Use track events for better pointing

distribution from directional statistics

® Search for an excess of events from the direction of the Sun

Background pdf: %i(ixi.,E:) = B(8;) x P

(Eil¢am) @ Observed events consistent with background only expectations
ng

Likelihood: Z(ns)=]] ( v Sit (1= N)‘%’)

N
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. . A . R 13 LSRR ]
. ' S
S
— s 7
TR ol ;o
54

©

dependent scattering Spin-independent scattering
—35 l I : —39 Neutrino 2016 Danninger
b B | Dam I | | mEmm bE
— T
—40- —
'c:::‘., , lceCube (2016) ,.*°
—41- '0-..._...:::‘.‘3[:?&’4( (2015) *PRELIMINA'R.Y:.' _

-
.
..--.. -
il R

\
g

log10( aSD'p/cm2 )
log10( agl,p/cm2 )

—43- SuperCDMS-LT —
—40-  5perk (2015) —44- XENON100 (2012) 7
lceCube (2016)

—41 *PRELIMINARY* _| _ 451 LUX (2013) _

—adl | | 1 _ | | |
42 1 7 3 4 46 1 > 3 4

log10( WIMP mass / GeV ) log10( WIMP mass / GeV )
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Impact of astrophysical uncertainties

M. Danninger & C. Rott “Solar WIMPs Unraveled” --
Physics of the Dark Universe (Nov 2014)

Interactive tool to study impact of

astrophysical parameters
-35 ~ 3 | l l |
= v XENON100 (2013)
- \
direct-detection ) ‘\ il s
-36 \ - - l
— _-="_. COUPP (2012)
signal-regions PR y _e® el
“N \ _ T
— I \ \ .- 2 e ]
37 . 5 et . lceCube-soft
8 38 [~ IceCube-hard _]
= Pingu-soft  ~< _
IceCube 8 -
time (y):| 10.00 S
&  _aol —
PINGU 'En' 39
time (y):| 10.00 o Pingu-hard
SuperK -40 [ .
time (y): | 10.00
. Baksan 41+ —
time (y):| |0.00
ANTARES
time (y):! 10.00 -42 l l l l
yr: ; 1 2 3 4
log10( WIMP mass / GeV )
local Sun velocity (km s'): _k' 520.00
ocal bt density () 0.30
Dark-disk fraction (p,,/p,): 0.00
Halo models: 0.00
SMH | Ling et al. I Aquarius et al. |  Maoetal. Reset

https://mdanning.web.cern.ch/mdanning/public/Interactive_figures/
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Spin-dependent scattering  jeecuse Coltasoration 2016

:\10-33 - T T rrrrry T T T rrrrry T T T rrrrr
.-' e K bb senns JeeCube bb
10—3‘ "-’ *~— - K Wiw- = Mubew}'_v-
e *~— Kr'r™ w—— leaCuber'7
—— PICO-2L (2015) —— PICO-60 (2015)

107%
107%
107

10°%

1079

S
&

Dark matter-proton cross-section ogpy (cm
' .I

10° 10° 101
Dark matter mass m, (GeV)

[e—
<

(5] @ () nulike.hepforge.org. @ Q search wB 9 3 » =

nulike is hosted by Hepforge, IPPP Durham

Home
Download
Source Code
Report issue
 Mailing list

o Contact

nulike

neutrino telescope likelihood tools

Nulike is software for including full event-level information in likelihood
calculations for neutrino telescope searches for dark matter annihilation.

nulike

10—33

[—y [—y
| |
w o
o i

10—36 !
10—37 I

10—38

Dark matter-proton cross-section ogp, (cm?)

Spi'n-dependen’r scattering
F I SRS L L

IceCube Collaboration 2016
— ——

W W~

[N [SN [SN [EN
| | | |
W - - w
[3V] — o (=]

[—y
-
[y
o
)
3~

Dark matter mass m, (GeV)

® Likelihood
includes:

® energy and
directional
information

Probability
o

o
—
a

0.05

0.1

3.8 = log10(E(u )/GeV) < 4.0

3.6 < log10(E(u )/GeV) <3.8 _|
3.4 < log10(E(u )/GeV) < 3.6
3.2 < log10(E(u )/GeV) < 3.4
3.0 s log10(E(u )/GeV) < 3.2
2.8 < log10(E(p )/GeV) <3.0
2.6 < log10(E(u )/GeV) < 2.8
2.4 < log10(E(u )/GeV) < 2.6
2.2 < log10(E(u )/GeV) < 2.4
2.0 =< log10(E(u )/GeV) <22 -
1.8 < log10(E( )/GeV) <2.0 ]
1.6 < log10(E(u )/GeV) <1.8 |
1.4 < log10(E(u )/GeV) < 1.6
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http://arxiv.org/pdf/1601.00653.pdf

56 In preparation Ng, Beacom, Peter, Rott

107" ¢ i I i
10'37 :_ \Direct Detection (Nuclear Recoil)| =
38 |
1078 b
-39 [
—10% L
= i
-40
Qo i
RERGIPS iy ‘
L 10 — Untested, but Testable Space 4 -
42 [ = LA e —— -
10 o =
B TT wWW
a3 [ &3 SK-like detector IC-like detector
107 F =5 E
-3 § 4 | Solar Atmospheric Neutrino Floor |
o 10-44 1 :1’ 1 ||nl L1 llllll T | llllll L1 i
Nov 12 2015 Kenny C.Y. NG, 6th Fermi Symposium 100 101 102 103 104

m, [ GeV ]

® CR interaction in the Solar atmosphere result produce gamma-
rays and neutrinos

® Background to dark matter search from the Sun, that soon will be

relevant (and first high-energy neutrino point source ??)
see K. Ng, J. Beacom, A. Peter, C. Rott PRD 2016
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Low Energy Neutrinos from the Sun

C. Rott, J. Siegal-Gaskins, J.F.Beacom Physical
Review D 88, 065005 (2013) (arXiv1208.0827)
C.Rott, S.In, J. Kumar, D.Yaylali JCAP11 (2015)039
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Low-Energy Neutrinos from the Sun

g:qq,gg,cc ss,;bb t, W*W-, ZZ, T+ T, u U, vv e*elYY

“few neutrinos

Se-- amememmmmema=a -‘.,._._._._._._._._._._._._._._._._._._._._._._._._._._._. B L AR

t i some “high energy” neutrlnos in decays
=> basis of present day searches

dominant decay into hadrons 1T+

Charged pions and kaons
decay at rest producing
mono-energetic neutrinos

™ — ptv, E= 29.8MeV
K+ = Vll u"‘ Ey,=235.5MeV 1T° Lifetime too short to interact

— - . M
P’+ — €+I/6V“ ' Interaction length short compared to losses
® Produces secondary particles in collision with
protons
0
® Dominant energy loss term is Tt production
SCIPP Seminar - UC Santa Cruz
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Neutrino signals - Example VV-Boson

W' — eV Wp). TV ~33%
—> ~67%

Let’s have a closer look at this:

ITT*  Neutrinos from pion

decay at rest
~ 20-50MeV

e"Ve | high energy v + em shower
SRAVAY | high energy vV + muon fro
TV | high energy Vv + tau decay decay of annihilatio .
final states
qdq hadronic shower
MeV
SCIPP Seminar - UC Santa Criz 39 6 Carsten Rott
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Pion and Kaon yields

it r-value - fraction of center-of-mass Kt r-value fraction of center-of-mass
energy which goes into mt* energy which goes into K*
C.Rott, S.In, J. Kumar, D.Yaylali JCAP11 (2015)039
g 1
§ é ?§§3
® . E
- 5. -1 §. 2 Bng
107 5. 107 2 E E82
E?< B Q. E?< 2 = NTE
N N
-~ ~
> = X T
£ E [ )
c c
O )
2 2 ,.~,'~" : :
g g '
"l S
102 107
— - — uu,dd [ — xx,—>ss — Yy —> UU,dd
n g—-oc — &—-bb XX —>CC —— X — bb
| -- xx—rtt «ess %% - hh - )O(-:'tt seee X% —> hh
- | o KK e
1 1 1§11|||l 1 1 |||1|!§|§ l S S | 1 lgllllli .......... FRRSACTTY PPN T B B | i | é| Lo
1 10 107 10° 1 10 10° 10°
m, [GeV] m, [GeV]

For low dark matter masses difference between flux from
stopped pion and kaon decay at rest can be used to disentangle
annihilation final states
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://lwww.dunescience.org/

""s, Long-Baseline Neutrino Facility (LBNF)

DUNE

Deep Underground Neutrino Experiment

:Seou |

11200

e

.\..“::;\;},‘_ 3?\l¢11fe‘)|":round Fermiab (O B e
T T T T T T 1 A I \\ I I I L] I I
DUNE Directional Previous Sensitivities
e s —-— DUNE (34 kTyr) -,
B ¢ —-— Super-K (240 kTyr) *. 4 ]

—-— HyperK (600 kTyr) *?}q%e

- }CbHyper-Kamokande

% e———— DAMA/MNal
o8

Residuals (cpd/kg/keV)
bbbl cosse

0W0kg —> <—— DAMA/LIBRA =250 kg ——>
(0.87 tonxyr)

=1
(0.29 tonxyr)

'l‘l‘x'l‘lle‘iday)

!/ y
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Chage

orea (T2HKK

Matter profile along
the Tokai-to-Korea baseline

Oki Island

,T
1000km

Physics Potentials with the Second Hyper-Kamiokande Detector
in Korea

(Hyper-Kamiokande Proto-Collaboration)

K. Abe,’"5? Ke. Abe,?* H. Aihara,’%% A. Aimi,'® R. Akutsu,*® C. Andreopoulos,?®43
. \ 1. A11g11<31.21 L.H.V. 1—\11thonv.28 M. Antonova,?’ Y. Ashida,?®* M. Barbi,** G.J. Barker,%
@ mp?”al pa'ace T( G. Barr,® P. Beltrame,'! V. Berardi,'® M. Bergevin,®> S. Berkman,? T. Berry,*

/—”"0 S. Bhadra,™ F.d.M. Blaszczyk,! A. Blondel,!? S. Bolognesi,® S.B. Boyd.®® A. Bravar,!2

: | o < | | B arXiv:1611.06118

@,'I_ m“uge © 2005 EarihSat® | \ * @3S Ie~

™
35°54'50 44" N 130°50°0102° E
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Mt. Bisul ~1.3°
Mt. Hwangmae ~1.8°
Mt. Sambong ~1.9°
Mt. Bohyun  ~2.2°
Mt. Minjuii ~ ~2.2°
Mt. Unjang  ~-2.2°

® Baselines length 1,000 ~ 1,200 km e el

Candidate Sites in Korea

1088 km
1140 km
1180 km
1040 km

1140 km
1190 km

e Off axis angle |.3° ~ 3°

® Considering tunnel entrance positions overburdens are
expected to be greater than 820 m (2,200 m.w.e.)

1084 m
1113 m
1186 m
1126 m

1242 m
1125 m

Granite porphyry,
Andesitic breccia

Flake granite,
Porphyritic gneiss

Porphyritic granite,
Biotite gneiss

Granite, Volcanic rocks, | |
Volcanic breccia '

Granite, Biotite gneiss

Rhyolite, Granite

porphyry,
Quartz porphyry
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True Normal Ordering

= 10: _ JD+KD at2.5°
— JD+KD at 2.0°
— JD+KD at 1.5°

® |Improved CP Precision, Mass

hierarchy, ...

® Better control of systematics

® Potential site benefits (larger over

burden)

® Non-standard neutrino interactions

True Normal Ordering

Tokai-to-Hyper-K & Korea (T2HKK)

1611.06118

OA 25 B 1 1 I T | T 1 T 1 I T T T 1 I |||||||| | 1 T 1 T I
~ i — JDx2

& F — JD+KDat25°
@) 20 - —— JD+KD at 2.0° N

——— JD+KD at 1.5°

15]

10}

[
T

Fraction of 3,

1] S - — JD+KD at 2.0°
06 :_ .......................
04 E_ ........................

02N\

Wrong Ordering Rejection Significance (0)

FIG. 19: The fraction of ., values (averaging over the true mass ordering) for which the wrong

hierarchy can be rejected with a given significance or greater.
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Future Plans for IceCube ...
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Events per 1347 Days

Beyond Standard Model Physics at the PeV scale

F— §IC tracks (6yr)§

3.0 o HCMESE i\

IC HESE (4yr) ®

..............................

IcéeCubeiPreIin?inary ]

102

[
o
=

10"

16 1.8 2.0 22 24 26 28 3.0

’yastro

: [ Background Atmospheric Muon Flux
[oorenreensennnesoscosanenarcoes iseaees =1 Bkg. Atmospheric Neutrinos (n/K)

i I”77] Background Uncertainties
=== Atmospheric Neutrinos (30% CL Charm Limit)
—— Bkg.+Signal Best-Fit Astrophysical (best-fit slope )
, - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E~?)
N~ 7 ' 71 |e®e Data

IceCube Preliminary

107 10° 10*
Deposited EM-Equivalent Energy in Detector (TeV)

Intense interest in high-energy neutrino region

Observations defy any simple explanation
from a single generic source class

® Multiple sources classes ?
® Hints of new physics ?

e PeV Scale Right Handed Neutrino Dark
Matter

e Super Heavy Dark Matter

e Neutrino Portal Dark Matter

¢ Right-handed neutrino mixing via Higgs
portal

- ® Heavy right-handed neutrino dark matter
¢ |_eptophilic Dark Matter
) /' e PeV Scale Supersymmetric Neutrino

Sector Dark Matter

e Dark matter with two- and many-body
decays

e Shadow dark matter

e Boosted Dark Matter

SCIPP Seminar - UC Santa Cruz
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IceCube Gen2 arXiv:1412.5106

lceCube has provided an amazing
sample of events, but is still limited by
the small number of events

wre/PINGU

IceCube Gen2 Cosmic Ray Array (CRA)

Observed astrophysical flux is
consistent with a isotropic flux of equal
amounts of all neutrino flavors

® So far non of the analyses has shown |ceCube Gen2 FaCI|It)'

any evidence for point sources |

14 ! L] 1
: lceCube=86
200m

| IR ] o e

Where are the point sources?

240m
: 300m
p (1] SRR koo —  edge-weighted }---- 3T

What is the flavor composition!?

What is the spectrum? Cutoff?

Transients ?

projected area [km”2]

Multi-messenger physics!?

GZK neutrinos!?

cos(zen)
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PINGU - Precision lceCube N

IceCube PINGU Collaboration arXiv:1401.2046

® PINGU upgrade plan

® Instrument a volume of about = ¢ oo
S5MT with 20-26 strings ot

® Rely on well established drilling | ~."."- <.l
technology and photo sensors b * ... ¥ 0.

e Create platform for calibration “f ... . *-
program and test technologies fol = b oo
future detectors ?” g

P
® Physics Goals: -

® Precision measurements of - 1HE
neutrino oscillations (mass : 2 0N
hierarchy, ...) “:-_g_w 5

e Test low mass dark matter -t
models ;

PINGU LOI to be updated shortly T il
Absorption Length

Short version https://arxiv.org/pdf/1607.02671.pdf

© [2011] The Pygos Group
New PINGU Geometry

100

Y [m]

-100

-150

|
llllllllllllllllllllllllllll
L

T

_200-|m Il—5ollllollllsollll1mllll1wllll2m

Compared to 40 string geometry

1. One less drilling/deployment season
2. Fewer holes drilled (saves fuel)

3. Fewer holes and one less season
means we can refurbish drill rather than
build a new one.
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lce Camera System

- lce properties dominant

el | e source of sys. uncertainties
B P N s for most analyses

Illumination on camera sensor[lux]

P - Low cost camera system
T 5 TR\ - Monitor freeze in
N N . - Hole ice studies

Distance between LED and camera[m]

= Local ice environment
Tp— B GsEcaei - Position of the sensor in
the hole

- Geometry calibration

- Survey capability

Sensor

PCB 1
(Sensor+AFE)

S
t{%‘-

E&i V: [ ]
i) .~ Camera System to Study Properties of the Antarctic Ice"

\ D. Bose, M. Jeong, W. Kang, J. Kim, M. Kim, C. Rott.
| ICRC Proceeding 2015 arXiv:1510.05228 [astro-ph.IM]

(USB+Power) ‘

RAW Data Output Connector
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Conclusions

e Striking DM signatures might provide high
discovery potential for indirect searches

® Models motivated by positron excess and
gamma-ray observations can and have
been tested with neutrino telescopes

o Lifetimes of heavy decaying dark matter
can be constrained to |0728s using
neutrino signals

® Neutrino Telescopes provide world best
limits on SD WIMP-Proton scattering
Cross section

® Neutrinos extremely sensitive to test
low-mass WIMP scenarios at current and
future detectors

e Efforts underway to expand searches
beyond WIMP hypothesis ...

SCIPP Seminar - UC Santa Cruz
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ANTARES Neutrino 2016

Track channel
ata sample 2007 — 2015 : 2451 days

CIETT] = = = = Atmospheric neutrinos

<%

IceCube flux

—
<
~

E = = ANTARES sensitivity (2007-2015)

EREEE

E2 d®'/dE [GeV s sr'cm?)

Independent confirmation !

lceCube up-going muon analysis
lceCube Data May 2010 - May 2012

‘Conventional atméspheric I
Promgt atmospheric m——
E © astrophysical =
Sum of predictions "
Experimental data e

10° = =
1 0—9 L | L1 L L . | |
4 45 5 55 6 6.5 7 ,
log . 0(EV/GeV) 10
® Expected events: Muon Energy Proxy (GeV)
® Background: 13.5 £ 3 C%
® ASt rOPhYSicaI ~ 3 /-96) J‘Q/‘ IceCube Collaboration Phys.RéV.LettE. 115 (2015). 8, 081102
: L L
® Results: Qo(‘ GO’ Highest energy events are inconsistent with a hypothesis of
® Consistent with & solely terrestrial origin at 3.7¢
bacl d Best fit astrophysical flux consistent with High-Energy
ackgroun Starting Events
® Consistent with lceCube Normalization for E%: 0.997%4 43 108 E2 GeV cm?2 5! sr-!
SCIPP Seminar - UC Santa Cruz ) {S Carsten Rott
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1 hrough-going muon tracks

Up-going Track-like neutrino event
Edep= 2.6 £0.3 PeV

® Direction: 11.48° dec/ 110.34° RA
® Angular resolution <I°
® Deposited energy: 2.6+0.3 PeV
® Lower bound on the neutrino energy

® Neutrino energy significantly higher

SEREAS BB L iid #
BRI TH . 21
" . . » ‘9 .l:: .
" . : ' ' ", :‘.:b: 'y :
e @ T Se o HEENEERE P N
: A \ " 1 . .:: o.; :-. .
Cln i 30 ol RIS HILIS CRRE o
: e s8silesiens 3 : e DAl THREIR &
RS S e $ o NSRRI
B2 SRR B ' FE RS BF
SEEEUE L A I > 3
:  é s
Early )
Time

The event above was detected in IceCube on
June 11, 2014. Image: IceCube Collaboration.

Dust layer with
large absorption

-~ . - and scattering

v
-

Events per bin

unfolded data assuming unbroken best-fit power law

Assuming best-fit power law:

+++ Unfolding Bl Conv. atmospheric v, +v,
Bl Astrophysical v, +,
R W |
103 :_....l,,,,,j ........... ........... ......... |ceCubePre|iminary
: : z z S
................ é...........g............:r..é..l....."..........; 0.8
: : | |
100 T —l—kT-.-.ll ........ TRRPRNE fooonnnnens
1 | 2
1000 b reeens 1 0.6 X
| V)
10 L — JURT R =
! 045
1072F SRR e TP e =
s} _ _ Deutrino energy pdf | ;
107 ==+ (highest-energy event) [~ e 1o.2
10‘4'_.........5 ........... ........... ........... '_.. .......... o
10‘5.....i....i....;—.—.".?'....l.... 00
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

log,o(median neutrino energy / GeV)

5.6 sigma detection of
astrophysical neutrinos
with through-going
muons analysis
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2015

[ Previous | Next | ADS|]

Detection of a multi-PeV neutrino-induced muon event
from the Northern sky with IceCube
ATel #7856, Sebastian Schoenen and Leif Raedel (I11. Physikalisches Institut, RWTH Aachen
University) on behalf of the IceCube Collaboration

on 29 Jul 2015; 20:47 UT
Credential Certification: Marcos Santander (santander @nevis.columbia.edu)

Subjects: Neutrinos, Request for Observations

Related

7868 HAWC TeV gamma-ray
follow-up observation of the
sky region of IceCube's
multi-PeV neutrino-induced
event

7856 Detection of a multi-PeV
neutrino-induced muon event
from the Northern sky with
IceCube

ATel #7856

Tweet

We observed a muon event with an energy of multiple PeV originating from a neutrino interaction
in the vicinity of the IceCube detector. IceCube is a cubic-kilometer neutrino detector installed in
the ice at the geographic South Pole mostly sensitive to neutrinos in the TeV-PeV energy range. The
event is the highest-energy event in a search for a diffuse flux of astrophysical muon neutrinos using
IceCube data recorded between May 2009 and May 2015. It was detected on June 11th 2014
(56819.20444852863 MJD) and deposited a total energy of 2.6 +/- 0.3 PeV within the instrumented
volume of IceCube, which is also a lower bound on the muon and neutrino energy. The
reconstructed direction of the event (J2000.0) is R.A.: 110.34 deg and Decl.: 11.48 deg. For
simulated events with the same topology, 99% of them are reconstructed better than 1 deg and 50%
better than 0.27 deg. The probability of this event being of atmospheric origin is less than 0.01%.
The IceCube contact persons for this event are Leif Raedel (RWTH Aachen University,
raedel@physik.rwth-aachen.de) and Sebastian Schoenen (RWTH Aachen University,
schoenen @physik.rwth-aachen.de)

Follow-ups to ICECUBE-160427A

Fermi Gamma-Ray Burst Monitor - No detection
Fermi LAT — 5 unrelated blazars

HAWC — no detection
MASTER — no detection

VERITAS — no detection

IPalomar Transient Factory — 3 transients, all AGN

FACT Cherenkov TeV Telescope — no detection

Interplanetary Network — no detection

Pan-STARRS - 7 SN candidates, one consistent with type Ic supernova

See also https://gcn.gsfc.nasa.gov/amon.html

http://gcn.gsfc.nasa.gov/gcn/gen3/20247.gcn3
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Search for high-energy neutrinos from the Sun

® Absorption in the Sun relevant for neutrinos above 100GeV and
signals severely attenuated above | TeV

® All Solar WIMP searches optimised on neutrino fluxes well
below | TeV

® Why search for high-energy neutrinos from the Sun ?

Ml= 0.5 TeV, m’=l GeV

® Jest secluded dark matter scenarios 1

n? ,'Allowed R'egion
10 |
® Solar disk neutrinos £ 1]
S E 10}
— 2 :
. z 5 10|
® Anything unexpected ! Sl
o ~ 10 1
S 0l
8 :
|,/ AR
N | N Into
P~ | /. P H > v > @ = 10l 50 '2(?1 5 5 % 28
— a , ! 10 10 10 10 10 10
BYS ’ | b
7 )\ Annihilation of DM in the Sun x Branching ratio

ANTARES Coll. JCAP 1605 (2016) no.05, 016
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AMS-02 Syears result

25E AMS 2016 | 250 |— 16,500,000 ] —| 25
§. : electrons ]
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Figure 2. The electron flux and the positron flux are different in their magnitude and energy dependence.
Figure 4. The current AMS positron flux measurement compared with theoretical models.
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