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Relevant scenarios

General idea:

@ High energy neutrinos or particles from Cosmic Rays reach energies up to

E ~ 10! GeV.
@ Exotic particles may be produced!

v

@ Exotic particles are produced in pairs:

e.g. R-Parity conservation (SUSY): Pr = (—1)**3B+tL
or KK-Parity conservation (Kaluza-Klein): Pkk = (—1)"

@ Exotic pairs decay to long-lived, (electrically) charged particles:
e.g. stau (7) in SUSY with decay length

i 5 m\ 7
crs ~ 1.7 x 10° km (wg’ﬁf (1TEV) (1 = —5‘) > Re

ms m2

This talk: Only supersymmetric models, but arguments applicable to Kaluza-Klein!
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Relevant scenarios

Neutrino interaction case Hadronic interaction case p

@ Staus may be produced by @ Staus may be produced in air
neutrinos inside the Earth: showers:
v+ N — SUSY pair + X h+ N — SUSY pair + X
X (h=N,=,K) l
4 2
NLSP pair + X NLSP pair + X
X3 i
LSP pair + X LSP pair + X

(N)LSP: (Next-to-) Lightest-Supersymmetric-Particle

[1] ILF.M. Albuquerque, G. Burdman, Z. Chacko, 2006 [arXiv:hep-ph/0605120]
[2] J.1. llana, M. Ahlers, M. Masip, D. Meloni, 2007 [arXiv:hep-ph/0705.3782]
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Signatures in IceCube

After being produced SUSY particles decay to NLSP.
Opening angle of SUSY pairs:

0 ~ ngAl/.’SY/pboost = (10_2 — 10_4) < 1°

Since NLSP is charged, it emits Cherenkov light in antarctic ice.

Results in two parallel tracks in lceCube with track separations of

d ~ few x (10 — 100) m.

— We're looking for two parallel, coincident tracks in lceCube! J
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Signatures in IceCube

Simulated SUSY event (stau double track):

ype: unknaown
: 1.84e4+05
: 25.35 deg
i: 220.33 deg
c 2/2 shown, max EEGeV}
: 070 shown, max E(GeV

Tracks look like " dark muon tracks”.
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SUSY in IceCube

@ Direct SUSY detection! Different to all other analyses in IceCube
(e.g. WIMP annihilation).

o First analysis of this kind
— Everything needs to be developed from scratch.

@ General idea model-independent:

Excess of double tracks is signal of BSM physics! J
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Challenges in SUSY search

Reconstruction

@ Allocation of individual hits to each track is a big challenge.

@ Good angular resolution extremely important!

— Complex reconstruction methods

Background

@ Production of exotic particles highly suppressed

@ Extremely low SUSY event rate!

— Understanding of relevant background events crucial!

@ Cross sections and track separation distributions model-dependent

— How to apply the most general analysis?
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Reconstruction

Are two coincident tracks present and how to allocate the individual hits to each
track?

Do general fit (LineFit) for each event

Look for clusters in LineFit direction using different splitting algorithms
Iterate and look for " best fit"

Reconstruct tracks with LLH-fit, that forces the tracks to be parallel
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Reconstruction

(dreco
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Over 70% better resolution than 1° (after cuts)
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Reconstruction

1000 Track Distance Reconstruction

400 F-

reco. track distance [m]

200 |-

0 200 100 500 00 1000
MC track distance [m]

— Works well and ready to reconstruct...
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Outline

© Background
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Which SM processes can cause similar signatures in lceCube?

Relevant background in SUSY search

@ Background from two coincident neutrinos: Highly suppressed (~1/14.4 years)
@ Coincident "standard” air showers (CORSIKA)

@ Direct di-muon background
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Background

Coincident "standard” background (CORSIKA) and ~ 1 month of data
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Background

Direct di-muon background

From neutrino interactions:

@ Charmed decays:
vN — = He — ptp~ Hyev

From air showers:

Drell-Yan process:

@ Charmed/Bottom decays:
Produces high pr muons, laterally
separated from shower core

@ Drell-Yan processes:
9§ — 7v*/Z° = ptp

Simulations need to be developed from scratch!
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Simulation

@ Assume incoming particle spectrum (e.g. Waxman-Bahcall, CR spectrum)

@ Generate relevant processes with event generator (e.g. MadGraph/PYTHIA)

Obtain vertex and propagate particles (using CORSIKA for air showers)

Detector simulation (standard)

— Generally applicable to background and signal! J
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Track separations

Example: Had case, Drell-Yan

Drell-Yan di-muons (blue) and stau pairs (red) obtained from PYTHIA
Track separation, E~-2.7, 70° Track separation, E~-2.7, 80°
0.009 0.0045
staus ﬂ_q staus
0.008 = muons 0.0040 [ muons
0.007 00035 W
0.006 0.0030 !
T T ‘
H H
£ 0.005 £ 0.0025
g g 1
£ 0.004 £ 0.0020
g g
0.003 00015
0.002 0.0010
0.001 0.0005
0.0004 1000 1500 2000 0.00004 0 1000 1500 2000
track separation [m] < 2000m track separation [m] < 2000m
Interaction height: 15km
v
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Track separations

Example: Hadronic case, Drell-Yan

Drell-Yan di-muons (blue) and stau pairs (red) obtained from PYTHIA

Track separation, E~-2.7, 90° Track separation, E~-2.7, 100°
0.0018

I‘ [ staus
0.0016 | muons

0.0014

0.0012 L I

0.0010 | I

1
0.0008 - LILIIL
0.0006

0.0004

Events (normed)
Events (normed)

0.0002

500 0.00004 1500 2000

0 1000
track separation [m] < 2000m

1000 1500
track separation [m] < 2000m

Interaction height: 15km
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Background

Drell-Yan air shower (£ (Eprim = 10° GeV, 6 = 76.17°, H = 50 km)

pe: PPlus
1.00e+08
78.17 deg
126.14 deg
100/3457 shown, max (Ge\/) == 100000000.500
100/548 shown, max E{GeV) == 464 38

Other backgrounds in progress...
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Outline

Q Signal
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Signal simulation

Use the same method for background and signal!

@ Assume incoming particle spectrum (e.g. Waxman-Bahcall, CR spectrum)
@ Calculate model-dependent SUSY spectrum
@ Generate relevant processes with event generator (e.g. MadGraph/PYTHIA)

@ Obtain vertex and propagate particles (using CORSIKA for air showers)

Detector simulation (standard)
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SUSY models

Physical distributions (e.g. cross sections, track separations, ...) of staus depend
on model. Until now: MSSM models with different breaking mechanisms/mass
spectrum that provide long-lived staus as NLSP.

mSUGRA | My, [GeV] mp [GeV] tanf  sgn(u) Ao [GeV] | mg [GeV]
| 280 10 11 + 0 620
€ 440 20 15 + -25 940
GMSB Mpess [TeV] A [TeV] tanf  sgn(p) Nitess mg, [GeV]
I 70 35 15 + 3 800
SPS 7 80 40 15 + 3 900

S. Ando, J.F. Beacom, S. Profumo, D. Rainwater, 2008 [arXiv:hep-ph/0711.2908]

@ This analysis started before first LHC run.
@ Disfavored models due to LHC results.

@ "Toy models” for development!
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Track separations

Neutrino case (cmss sps7)

~ Rate [a.u.]

i
200 400 600 800 1000 1200

track separation [m]

— As expected!
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Cross sections / fluxes

10!
10* L
10°

E_ 10!

8 —
10° o=t
10! T
" o — sM ~ - mSUGRA «
10 .7 — mSUGRAT - - GMSBSPST

i — GMSBII
10-° = =
10 107 108
E[GeV]
v

Incoming flux (per flavour):
o,

mSUGRA \ events/yr H GMSB \ events/yr ‘

~10-8g—2_ %Y | <17 I <0.82
dE em? s sr € <05 SPS 7 <05

Effective area &~ 1 km?

D. Soldin (U Wuppertal) Direct SUSY detection in IceCube April 4, 2013



Cross sections / fluxes

proton-proton cross sections_‘_ 105 Estimated SUSY flux
L R . primary
100 0 — MSUGRAI
10* -~ mMSUGRA ¢
10° - = — GMsB I
o T T s N D -~ GMSB SPS7
120° k- 103
= [
g v == N ,,,S’ 10°
S = =
o == £ w0
107 T T alism g 0
10% //,,’ --- DrellYan E 101 — S
727, — mMSUGRA | 8 T L=
W -~ mMSUGRA ¢ 07 Fn s ST
w0l — GMsBII Jper e
P - - GMSB SPS7
10 v
0 10° 10° 107 10° 10° 10" o 10° 10° 107 10
E[GeV] E[GeV]
v
Incoming flux: [ mSUGRA | events/yr [[ GMSB | events/yr |
doy 18( E )72n7a nucleons | <15-1073 || 1l <6.3-107*
dE T \1Gev cm? s sr GeV € <11-107% || SPS7 | <209.107*
Effective area &~ 1 km?, Omax = 115° [2]

(1) Obtained from PYTHIA.
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Conclusions...

Double track reconstruction works well.

Understanding of relevant background crucial!

— Excess of double tracks is signature of BSM physics!

@ Method for background simulation works well and simulations will be
finished soon.

Signal simulations model-dependent.

All toy models and "simple” MSSM scenarios are already ruled out or
disfavored.

Relevant scenarios (long-lived stau NLSP) within MSSM left?

v
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Going beyond...

SUSY beyond MSSM?

Kaluza-Klein models?
Different interesting scenarios?
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Going beyond...

SUSY beyond MSSM?

Kaluza-Klein models?
Different interesting scenarios?

Thank you!
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Backup
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Background

Primary fl
1072 10%° T T T T T T
5 s ° unflavored —— . o 1 i
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[J.1. iana, M. Masip, D. Meloni (2009), arXiv:hep-ph/0907.1412, arXiv:hep-ph/0611036]
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Staus from cosmic rays
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[Ahlers, lllana, Masip, Meloni, '07]

z.B. E=10" GeV, 25 km (w.e.) — 0, ~82°
(X=8.,4) = 0z =
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Drell-Yan Background

Eprim = 107 GeV, 6 = 33.49°, H = 35 km

e: PPlus

: 1.00e+07

: 33.49 deg

i: 45.86 deg

: 100/212 shown, max E{GeV) == 10000000, 00
1 100/1703 shown, max E(Ge\f’) == 779.34
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Drell-Yan Background

Epvim = 108 GeV, 6 = 73.64°, H = 50 km

pe: PPlus

o 1.00e+08

: 73.684 deg
i: 170.85 deqg

: 100/3348 shown, max E(GeV) == 100000000.00
: 100/850 shown, max E{GeV) == 574 80

D. Soldin (U Wuppertal) Direct SUSY detection in lceCube

April 4, 2013 5/ 10



Track separation
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Track separation

0.05 : DreII-!Yan 10E81 GeV
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SUSY signal

Suppose MSSM with Gauge Mediated Symmetry Breaking (GMSB):
A =40TeV, Myjess = 80TeV, tan(B) = 15, u = +1, N = 3, cgray = 1.5 - 10*2

(SPS7 with heavy G = stable 7)

>
@ Spectrum calculator: & 1200 .
SPheno 2
E 1000 g_
@ SLHAfile 5 B
800 - —h
@ Generate SUSY processes
with PYTHIA 6 G|
All processes allowed — Decay to 7
400l H° HE 0 ot
R yu Xy X2
@ Obtain energy and 4 o M T— .
momentum 2001 g " "
-0
7 [ Lt L
o

v
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Higgs exclusion

~140—————— —
2 - — NUHM —— no scale 1
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[A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi, J. Quevillon (2012) ,arXiv:1112.3028v2]
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Energy loss

a(E): lonisierung < Bethe-Bloch-Formel
B(E): Strahlungsverluste (Bremsstrahlung, Paar-Produktion, Photo-Nuklear)

-5

dE

dx

=o(E)+B(E)E

(), <
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