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• Search for Dark Matter

• Search for Astrophysical Neutrinos
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The Cosmic Ray Mystery
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Victor Hess
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Cosmic rays
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• Cosmic ray spectrum extremely well measured (TA, Auger, …)

• Where are they coming from ?

• What cosmic sources accelerate these particles to energies 
well beyond that reached at LHC ?

Cosmic rays have been observed with energies up 
to 1020eV (100EeV) or 107 LHC beam energies

AUGER Collaboration ICRC2017

AUGER Malargüe, Mendoza

1600 Water Cherenkov Detectors (WCDs)

3000 km^2
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Victor Francis Hess 

Discovery of 
cosmic-rays

1936
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Sources of High Energy Neutrinos
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Astrophysical Atmospheric Neutrinos
Cosmic rays interact 
in the upper 
atmosphere:

p + A → π± (K±) + 
other hadrons  ... 
π+→μ+νμ→e+νeνμν
μ

IceCube Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
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Array of optical 
sensors capture the 

light

Principle of an optical Neutrino Telescope
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interaction

Charged particles (from a nuclear reactor in the  
picture) produce blue light in water 



Carsten Rott CAU Colloquium  Oct 8, 2018

Principle of an optical Neutrino Telescope
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Neutrino Telescopes
and IceCube
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Large Water/Ice Cherenkov Neutrino 
Detectors

KM3NeT

Super-K

ANTARES

Active
Prototype

 IceCube

Lake Baikal

Gen2/PINGU

Hyper-K / KNO

GVD

Planned   
Construction
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Sungkyunkwan University 
since 2013



Carsten Rott CAU Colloquium  Oct 8, 2018 13



Carsten Rott CAU Colloquium  Oct 8, 2018 14



Carsten Rott CAU Colloquium  Oct 8, 2018

IceCube

1 km

Laboratory at the 
South Pole
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The IceCube Neutrino Telescope
• Gigaton Neutrino Detector at the 

Geographic South Pole

• 5160 Digital optical modules 
distributed over 86 strings

• Detector completed in December 
2010 after 7 years construction

• Neutrinos are identified through 
Cherenkov light emission from 
secondary particles produced in the 
neutrino interaction with the ice

 16
νμ

μ

EThr ~ 100 GeV

EThr ~ 10 GeV
Sensor module in my lab
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Drilling & Deployment
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Drilling to 2500 m   < 40h 
String deployment   ~ 12h

• Hole size   ~60cm 
• Depth      ~2.5km 
• Straight to      1m
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Signals in IceCube

Downgoing 
Muons

IceCube Depth:
1.5-2.5 km

South 
Pole

North Pole
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μ

ν

Up-going events can be used to obtain 
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create 
irreducible neutrino background to 
extra terrestrial neutrino fluxes

μ

ν

μ

IceC
ube

p + A → π± (K±) + other hadrons  ... π+→μ+νμ→e+νeνμνμ

Atmospheric muons                  ~1011/year
Atmospheric neutrinos              ~ 105/year
Astrophysical neutrinos              >100/year

Atmospheric
Neutrinos

ν

μ
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Physics Potential and Selected Results
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IceCube Science
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Very diverse science program, with neutrinos from 10GeV to EeV, 
and MeV burst neutrinos

Astrophysical Neutrino Searches

Multi-messenger Observations

Cosmic Rays

Gamma-ray bursts

IceCube Collaboration - Nature Vol 484, 351 (2012)

Neutrino Oscillations

IceCube Collaboration - arXiv:1707.07081

Neutrino Tomography / Neutrino 
Cross Section Measurements

IceCube Collaboration - Nature Vol 551, 596–600 (2017)

IceCube/ANTARES/Auger/LIGO
          arXiv:1710.05839

Astrophys.J. 826 (2016) no.2, 220

Cosmic Ray anisotropy
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Typical Event Topologies in IceCube
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Electron Neutrino νe 

or Tau Neutrino ντ

Muon Neutrino νμ 

Track topology 
(e.g. induced by muon neutrino) 

Good pointing, 
 0.2° - 1° 
Lower bound on energy for 
through-going events

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

Good energy resolution, 15% 
Some pointing, 
10° - 15°
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Search for Dark Matter
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Synergy
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Dark Matter Signals

  

€ 

W −,Z,τ−,b ,...⇒ e ,υ,γ , p ,D,...
€ 

˜ χ 

€ 

˜ χ 
€ 

W +,Z,τ +,b,...⇒ e±,υ,γ , p,D,...

Ann
ihi

lat
io

n 

Pr
od

uc
ts

Dec
ay

M
es

se
ng

er
s

e-,e+

γ

ν

p

• Identify overdense regions of dark matter 

⇒self-annihilation can occur at 

significant rates

• Pick prominent Dark Matter target

• Understand / predict backgrounds

• Exploit features in the signal to better 
distinguish against backgrounds
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Beacom, Bell, Mack (2006)
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Solar Dark Matter

νµ
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Carsten Rott

Search for Dark Matter in 
the Sun

!27

• Search for an excess in direction of the Sun

• Off source region used to reliable predict backgrounds from data

• Observed events consistent with background only expectations

Thermilization

IceCube Eur.Phys.J. C77 (2017) no.3, 146

5° 3°7°

Signal pdf:

Monovariate Fisher Bingham 
distribution from directional statistics

Background pdf:

Spectral part

Likelihood:

Observed events
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Neutrino 2016 Danninger

IceCube (2017)

PICO-60 (2017)

Solar Dark Matter Summary
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Spin-dependent scattering Spin-independent scattering

ANTARES

JCAP 1311 (2013) 032

and Phys.Lett. B759 (2016) 

69-74

IceCube

Phys. Rev. Let. 110, 131302 

(2013) and JCAP 04 (2016) 

022; Eur.Phys.J. C77 (2017) 

no.3, 146

Super Kamiokande

Astrophys.J. 742 (2011) 78 

and Phys. Rev. Lett. 114

(2015) 141301

Baksan

JCAP 1309 (2013) 019

Baikal NT200

Astropart. Phys 62 (2015)12-20

direct to be updated …

Dark Matter Mass (log(mDM/GeV)) Dark Matter Mass (log(mDM/GeV))

New Xenon1T results 
from Summer 2018
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Impact of astrophysical uncertainties
Interactive tool to study impact of 

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

https://mdanning.web.cern.ch/mdanning/public/Interactive_figures/
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Solar Atmospheric Neutrino Background
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Recent works on the Solar Atmospheric Neutrino 
Floor 
• Argüelles et al. [astro-ph/1703.07798] 

• Ng et al. [astro-ph/1703.10280]

• J. Edsjö, J. Elevant, R. Enberg, and C. Niblaeus, 

JCAP 2017 .06 (2017), p. 033, [astro-ph/1704.02892]

• M. Masip (2017), [hep-ph/1706.01290]  Expect ~2events per year


Significant discovery potential

Ng, Beacom, Peter, Rott Phys.Rev. D96 (2017) no.10, 103006CR electrons

γ

ν

Cosmic rays 

γ
γ

π±

π0

Sun χ

χ ν

• Solar Atmospheric give a new background to solar 
dark matter search

• However, energy spectrum expected to be different

• DM annihilation neutrinos significantly attenuated 
above a few 100GeV
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Solar Atmospheric Neutrino Search
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Sensitivity Solar Atm. Neutrinos 

Ingelman & Thunman (1996)

S. In & C. Rott [IceCube] ICRC2017 (965)

Theory prediction

Sensitivity

• Experimental searches have started at 
• Off-source data for background prediction 
• Cosmic-ray Sun shadow needs to be 

included as systematic uncertainty
E > 430GeV
ψ < 0.75º

• Solar Atmospheric neutrinos might be observable with IceCube
• Observing solar atmospheric neutrinos is important for:  

• Understanding solar magnetic fields;  
• Cosmic ray propagation in the inner solar system;  
• Improving models of cosmic ray interactions in the solar atmosphere;  
• Finding a high-energy neutrino point source 
• Better understand the background for dark matter searches 
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Astro-physical Neutrino Search

 32



Carsten Rott CAU Colloquium  Oct 8, 2018

Finding Astrophysical Neutrinos
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• How to overcome the 
large atmospheric neutrino 
background

• We need to rely on 
statistical methods to pick 
out neutrinos from this 
mess

• Do neutrinos cluster 
anywhere in space, time, 
or arriving in 
coincidence with 
astronomical events or 
objects ?

• Do we see any spectral 
features ?

1 evt 3 evt
2 evt

1 evt

1 evt

Time

Events

single dominant source

cumulative flux

1. Point Source

transient source
2. Time clustering

3. Spectral feature
#e

ve
nt

s

energy

background

signal
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Point Source Search

 34
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Search for highest energy neutrinos

• Ernie ~1.15 PeV (~1.9·10-4J)

• Bert ~ 1.05 PeV (~1.7·10-4J)

• Topology of the events - 
cascades

• Angular resolution on 
cascade events at this 
energy ~10°

• Energy resolution is about 
15% on the deposited 
energy

 35

IceCube Coll. Phys.Rev.Lett. 111 (2013) 021103 / arXiv 1304.5356

In two years of data expect 
0.08 events at high energies, 
but observed 2 events !!
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up-going down-going
Northern Hemisphere Southern Hemisphere

Veto and Self-veto
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veto

µ

dust layer

90m

10m

80m

edge strings

10
00

m

Atm. neutrino

νµ

Down-going high-energy neutrinos 
can be nearly background free 

identified as astro-physical neutrinos 

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



Carsten Rott CAU Colloquium  Oct 8, 2018

High-energy neutrino search 6years 
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HESE 6yrs 80 events (track-like & showers) 
observed
Expected from the Earth atmosphere ~41events
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HESE7.5yrs results

 38

 IceCube Collaboration, Science 342, 1242856 (2013)

~2.0 PeV

~1.1 PeV

~1.0 PeV

No. 14

No. 20

No. 35

High-Energy Starting Events (HESE) – 7.5 yr

up-going
dow

n-going

• Recently unblinded 1.5 additional years of data (new calibration)

• Topology ID added (Cascades, Tracks, Double Cascades)

• Above 60TeV: 60 events - 17 new events in 2016/2017 season

• All energies: 102 events - 31 new events in 2016/2017 season
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HESE 7.5years Energy spectrum
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• Compatible with benchmark single power-law model.

• Best fit spectral index (E-ɣ): ɣ=2.91+0.33-0.22

• E2ɸ = 2.19+1.10-0.55 x 10-8 x (E / 100TeV)-0.91 GeV cm-2 s-1 sr-1
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HESE 7.5yrs Zenith angle distribution
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• Compatible with benchmark single power-law model.

• Best fit spectral index (E-ɣ): ɣ=2.91+0.33-0.22

• E2ɸ = 2.19+1.10-0.55 x 10-8 x (E / 100TeV)-0.91 GeV cm-2 s-1 sr-1
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Arrival directions (highest energy events)
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 IceCube Collaboration, Science 342, 1242856 (2013)

~2.0 PeV

~1.1 PeV

~1.0 PeV

No. 14

No. 20

No. 35

Isotropic distributed

No. 27*

High-Energy Starting Events (HESE) – 7.5 yr

No evidence for point 
sources, nor a correlation 
with the galactic plane
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Heavy Dark Matter Decay
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Two flux contributions:   
Galactic and Extra galactic 

• Characteristics of the signal components:

• (1) Dark Matter decay in the Galactic 
Halo (Anisotropic flux + decay 
spectrum)

• Dark Matter decay at cosmological 
distances (Isotropic flux + red-shifted 
spectrum)

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923

‘Heavy-loop’

Garny, Ibarra, Tran, 
Weniger 1011.3786

Gravitino DM

Rott, Kohri, Park
1408.4575

example: B. Feldstein, A. Kusenko, S. Matsumoto, 
and T. Yanagida arXiv:1303.7320v1 / Phys.Rev. D88 
(2013) 1, 015004

Decay process might produce mono-
energetic neutrinos

equatorial
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Dark Matter Decay with IceCube

• Two IceCube analyses have been 
performed on independent data samples

• Track-like with six years of data

• Cascade-like with two years of data

 43

Bound on DM lifetime at ~1027s 
obtained with IceCube data for 

mDM>10TeV

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
IceCube Collaboration arXiv:1804.03848v1

• Dark matter alone cannot explain the observed astrophysical neutrino flux in 
IceCube

• Scenarios with a PeV neutrino line became less attractive with IceCube’s 
observation of neutrino events well above this energy

Fermi-LAT

HAWC

Ice
Cube
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Search DM Decay with IceCube’s 
7years HESE Sample 
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• 7 years of IceCube’s HESE (High Energy Starting 
Events) Sample

• Events with energies above >60TeV

• Binned likelihood analysis

• Most competitive limits above 100TeV for a large 
number of channel

IceCube @ Neutrino 2018 / ICHEP 2018
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IceCube-170922A
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IceCube-170922A & TXS 0506+056
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• Real-time alerts. Since 04/2016, ≈6-8/yr

• Latency ~2 min.

• Improved selection summer 2018

• Good angular resolution (0.5° - 2° 
90% of events)

• 50% astrophysical fraction

Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115

First public ν Alert: IceCube-160427
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IceCube-170922A & TXS 0506+056
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115

• September 22, 2017: a neutrino alert issued by 
IceCube

• Fermi-LAT and MAGIC identify a spatially coincident 
flaring blazar (TXS 0506+056)

• Very active multi-messenger follow-up from radio to γ-
rays
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IceCube-170922A
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(Science 361 (2018) 6398, eaat1378)
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IceCube-170922A
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(Science 361 (2018) 6398, eaat1378)
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Future Plans

 50
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Next generation 
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• IceCube has provided an amazing sample 
of events, but is still statistics limited

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

• So far non of the analyses has shown 
any evidence for point sources

• Where are the point sources?

• What is the flavor composition?

• What is the spectrum? Cutoff?

• Transients ?

• Multi-messenger physics?

• GZK neutrinos?

• New physics or something unexpected  ?

• …

IceCube Gen2 Facility
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The IceCube Upgrade 
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First step to restart South Pole activities
- Tau neutrino appearance - Test unitarity 

of the PMNS matrix 
- Calibration devices 
- Platform to test new technologies 

“The IceCube Upgrade”  ~7strings

see also:
- PINGU LOI arXiv:1412.5106 
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The IceCube Upgrade 
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IceCube extremely competitive for neutrino oscillation parameter 
measurements using atmospheric neutrinos
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Sungkyunkwan Ice Camera System
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- Ice properties dominant source of 
sys. uncertainties for most analyses

- Solution: SKKU ice camera system
- Monitor freeze in
- Hole ice studies
- Local ice environment
- Position of the sensor in the hole
- Geometry calibration
- Survey capability

Special device Swedish Camera

Camera system key to comprehensive understanding of the detector medium
—> Retroactively analyze more than 10 years of IceCube data with substantially 
improved angular and energy resolution
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• High-energy astrophysical neutrinos have opened up a new window to the 
Universe

• What’s the origin of the high-energy neutrino

• Very strong bounds on dark matter scattering with nucleons

•  Very diverse science program, IceCube turns out to be a treasure throve 

• Neutrino astronomy is a central part of the multi messenger astroparticle physics 
field

• The IceCube Upgrade has just been approved and we can look forward to many 
exciting discoveries in the near future 
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Thanks

 56
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Event topologies
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HESE 7.5yrs Tau Search
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Sterile Neutrino Search
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HESE 7.5yrs Tau Search

 60
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IceCube Upgrade

 61
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IceCube Upgrade
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IceCube Gen2
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arXiv:1412.5106

Example 
geometry with 

120 strings
300m spacing

IceCube Coll. Gen2 LOI

Plan to use new sensor modules 

http://arxiv.org/abs/arXiv:1412.5106
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High Energy Starting Events (HESE) Analysis
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Signal

µ

νµ

dust layer

Background
veto

µ

dust layer

90m

10m

80m

edge strings

10
00

m
required that each event have fewer than three of its first 250 observed photoelectrons detected in the 
veto region. In addition, we required that the event produce at least 6000 photoelectrons overall


