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•  High	
  energy	
  neutrinos	
  are	
  absorbed	
  in	
  the	
  earth	
  

•  Above	
  10	
  TeV	
  neutrino	
  energy	
  we	
  expect	
  as	
  many	
  down-­‐going	
  neutrinos	
  as	
  up-­‐going	
  

•  Most	
  down-­‐going	
  neutrinos	
  are	
  rejected	
  by	
  the	
  self-­‐veto	
  since	
  they	
  interact	
  above	
  
instrumented	
  volume	
  	
  

•  A	
  surface	
  veto	
  array	
  could	
  help	
  detect	
  twice	
  as	
  many	
  neutrinos	
  as	
  IceCube	
  alone	
  

Up-­‐going	
  

Down-­‐going	
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An	
  extended	
  surface	
  array	
  
•  IceCube	
  is	
  planning	
  an	
  extension	
  array	
  including	
  a	
  low	
  energy	
  infill,	
  a	
  high	
  energy	
  

in-­‐ice	
  array,	
  a	
  radio	
  component	
  and	
  a	
  surface	
  array	
  
•  Mul+ple	
  efforts	
  are	
  currently	
  underway	
  to	
  design	
  a	
  surface	
  array	
  able	
  to	
  serve	
  as	
  

veto	
  for	
  the	
  in-­‐ice	
  detector	
  [PoS(ICRC2015):	
  1070,1156]	
  	
  
•  This	
  talk	
  focuses	
  specifically	
  on	
  one	
  of	
  these	
  analysis	
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IceCube	
  
Gen2	
  

Surface	
  array	
  

White	
  paper:	
  
arxiv.org/abs/1412.5106	
  



Performance	
  of	
  IceTop	
  as	
  veto	
  for	
  IceCube	
  
•  IceTop	
  is	
  an	
  array	
  of	
  tanks,	
  equipped	
  with	
  DOMs,	
  

which	
  was	
  designed	
  primarily	
  to	
  study	
  cosmic	
  ray	
  
physics	
  

•  This	
  analysis	
  aims	
  to	
  study	
  its	
  efficiency	
  as	
  veto,	
  as	
  a	
  
reference	
  point	
  for	
  the	
  design	
  of	
  a	
  future	
  surface	
  
array	
  

•  Select	
  near	
  ver+cal	
  tracks:	
  

–  Number	
  of	
  pe	
  recorded	
  in	
  detector>	
  1000	
  
–  Track	
  length	
  >	
  800	
  m	
  
–  Surface	
  intersec+on	
  point	
  inside	
  IceTop	
  border	
  by	
  
75	
  m	
  

	
  è	
  CR	
  showers,	
  atm	
  ν,	
  astro	
  ν	
  

•  Use	
  IceTop	
  informa+on	
  to	
  separate	
  astro	
  ν	
  from	
  the	
  
rest	
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Weigh+ng	
  IceTop	
  hits	
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In-ice µ
energy  

Tank Hit probability  
depends on energy 

Time distribution 
of IceTop hits 
wrt shower front  
arrival time 

•  An	
  IceTop	
  hit	
  is	
  more	
  likely	
  to	
  be	
  correlated	
  to	
  a	
  CR	
  shower	
  if	
  close	
  in	
  +me	
  to	
  the	
  
shower	
  front	
  and	
  close	
  in	
  space	
  to	
  the	
  shower	
  axis	
  	
  

•  For	
  each	
  event,	
  every	
  IT	
  hit	
  recorded	
  gets	
  two	
  weights	
  
•  Each	
  event	
  gets	
  a	
  global	
  weight	
  given	
  by	
  the	
  sum	
  of	
  hits	
  (“sum	
  of	
  weighted	
  

IceTop	
  hits”):	
  this	
  is	
  used	
  as	
  cut	
  variable	
  

Distance	
  from	
  shower	
  axis	
  [m]	
  	
  Δt from	
  shower	
  front	
  [ns]	
  



No events in  
this region 

The higher the energy 
 the more hits in IceTop 

IceTop	
  signal	
  vs	
  in-­‐ice	
  muon	
  energy	
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100	
  days	
  of	
  data	
  (2012/2013/2014):	
  400k	
  events	
  	
  

Proxy for muon energy at surface of in-ice detector 

Number of events 
normalized  

for each  
energy bin 

 
Red : more events 
 Blue: fewer events 
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•  Simula+on	
  of	
  neutrino	
  with	
  energy	
  range	
  from	
  102	
  to	
  109	
  GeV	
  	
  and	
  zenith	
  angle	
  from	
  0	
  to	
  
180	
  deg	
  processed	
  through	
  same	
  cuts	
  as	
  data	
  

•  Weighted	
  to	
  flux	
  model	
  from	
  PoS(ICRCR2014)1064	
  to	
  determine	
  rates	
  

	
  
	
  
•  Since	
  neutrinos	
  won’t	
  have	
  hits	
  in	
  IceTop,	
  IceTop	
  hits	
  in	
  data	
  	
  

are	
  replaced	
  by	
  random	
  noise	
  hits	
  to	
  simulate	
  noise	
  	
  
ànoise-­‐gramed	
  neutrino-­‐like	
  sample 	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  

Simula+on	
  of	
  neutrino	
  signal	
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GlobalFit	
  (ICRC)	
  
PoS(ICRC2015)1064	
  

φ 1/3*7e-­‐18	
  GeV-­‐1s-­‐1sr-­‐1cm-­‐2	
  

γ -­‐2.49	
  

Differen+al	
  flux	
  



Data	
  vs	
  randomized	
  data	
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10	
  %	
  of	
  2012-­‐2013-­‐2014	
  

Data	
   Randomized	
  data	
  
Signal-­‐like	
  signature	
  

in-­‐ice	
  muon	
  energy	
  proxy	
  	
  

Red : more 
events 

 Blue: fewer 
events 
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10	
  %	
  of	
  2012-­‐2013-­‐2014	
  

Data	
   Randomized	
  data	
  
Signal-­‐like	
  signature	
  

in-­‐ice	
  muon	
  energy	
  proxy	
  	
  

	
  HESE	
  event	
  
	
  0.005	
  sWhits	
  	
  
~180	
  TeV	
  MuEx	
  
PoS(ICRC2015)108	
  
	
  

Red : more 
events 

 Blue: fewer 
events 



The	
  neutrino	
  candidate	
  vs	
  a	
  typical	
  shower	
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Similar	
  in-­‐ice	
  muon	
  energy	
  proxy	
  (180	
  TeV)	
  

Similar	
  zenith	
  angle	
  (3	
  degrees)	
  
	
  

Many more IceTop hits 



Where	
  to	
  draw	
  the	
  line	
  	
  

1.  Assume	
  power	
  law	
  distribu+on	
  for	
  
CR	
  (just	
  because	
  it	
  looks	
  like)	
  

2.  Establish	
  desired	
  rejec+on:	
  	
  
R=	
  99.999%	
  

3.  Establish	
  cut	
  such	
  that	
  fit	
  leaves	
  	
  
to	
  the	
  lem	
  (1-­‐R)	
  of	
  the	
  total	
  CR	
  
è	
  Everything	
  to	
  the	
  right	
  	
  
of	
  cut	
  line	
  is	
  vetoed	
  

4.  The	
  frac+on	
  of	
  neutrinos	
  
accidentally	
  vetoed	
  are	
  	
  
to	
  the	
  right	
  of	
  cut	
  line	
  
(in	
  this	
  example	
  energy	
  slice,	
  3.3%	
  
neutrinos	
  are	
  lost)	
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3.	
  Vetoed	
  neutrinos	
  1.	
  Unvetoed	
  CRs	
  

2.	
  Cut	
  value	
  

Co
un

ts
/b
in
w
id
th
	
  

Relative normalization  
not relevant  

One 
energy  

bin 

Data Neutrino-like 



Methods	
  limita+ons	
  
•  Above	
  60-­‐70	
  TeV	
  in	
  ice	
  muon	
  

energy	
  proxy	
  the	
  method	
  
seems	
  to	
  work	
  well	
  

•  At	
  lower	
  energies,	
  data	
  shows	
  
devia+on	
  from	
  power	
  law	
  
behavior	
  	
  

•  Reasons	
  (under	
  inves+ga+on):	
  
–  Small	
  error	
  in	
  the	
  reconstruc+on	
  

+ming	
  

–  Single	
  tank	
  hits	
  
–  Neutrinos	
  are	
  naturally	
  mixed	
  in	
  

sample	
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Separa+on	
  of	
  nu-­‐like/CR	
  popula+ons	
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In-­‐ice	
  muon	
  energy	
  proxy	
  

Method  
energy  
threshold  

100	
  days	
  of	
  data	
  (2012/2013/2014):	
  400k	
  events	
  	
  



With	
  one	
  year	
  of	
  data	
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Data	
   Randomized	
  data	
  

Preliminary	
  

1	
  year	
  of	
  data	
  (2012):	
  1.3M	
  events	
  :	
  30k	
  above	
  100	
  TeV	
  ,	
  8.5k	
  above	
  160	
  TeV	
  

In-­‐ice	
  muon	
  energy	
  proxy	
  
Neutrino candidate or  
tail of the distribution? 
A posteriori statistical  
analysis underway 



Signal	
  and	
  background	
  rates	
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CR before Veto 

Preliminary	
  

ν signal before veto 



10/26/15	
   Delia	
  Tosi	
  -­‐	
  TeVPA	
  2015	
   19	
  

CR after veto 

ν	
  after veto 

Preliminary	
  

Signal	
  and	
  background	
  rates	
  

CR before Veto 

ν signal before veto 
HP: 1e-5  
CR efficiency 



Implica+ons	
  for	
  a	
  large	
  surface	
  array	
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•  Remove	
  the	
  containment	
  cuts	
  and	
  accept	
  events	
  up	
  to	
  5	
  km	
  from	
  
IceTop	
  edges	
  (75	
  km2),	
  assuming	
  same	
  rejec+on	
  efficiency	
  

•  Calculate	
  increase	
  in	
  rate	
  over	
  one	
  year	
  for	
  both	
  neutrino	
  
simula+on	
  and	
  data,	
  and	
  assume	
  same	
  rejec+on	
  factor	
  

•  Simplified	
  approach,	
  not	
  taking	
  into	
  account:	
  	
  
–  For	
  a	
  fixed	
  in-­‐ice	
  muon	
  energy	
  proxy,	
  the	
  average	
  primary	
  energy	
  at	
  larger	
  

zenith	
  angles	
  is	
  higher	
  

–  From	
  corsika,	
  the	
  energy	
  threshold	
  of	
  a	
  flat	
  surface	
  detector	
  is	
  higher	
  for	
  
large	
  zenith	
  angles	
  

–  CR	
  showers	
  muon/em	
  content	
  depends	
  on	
  zenith	
  



Assume	
  same	
  rejec+on	
  factor	
  down	
  to	
  70°	
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Cosmic Rays  
(IceTop) 
 

Neutrino 
5.5 km 
radius 

Assume a surface array extended to 5.5 km) 

Neutrino 
( IceTop) 

Preliminary	
  

CR  
(5.5 km radius) 

Before veto 
 



Assume	
  same	
  rejec+on	
  factor	
  down	
  to	
  70°	
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CR  
(5.5 km radius) 

Before veto 
 

HP: 1e-5  
CR efficiency 

 
CR (5.5 km 

radius) 
after veto 

Assume same efficiency 

Preliminary	
  

Neutrino 
5.5 km 
radius 



Conclusions	
  
•  The	
  IceCube	
  Collabora+on	
  is	
  inves+ga+ng	
  the	
  possibility	
  to	
  design	
  a	
  

large	
  surface	
  array	
  as	
  a	
  veto	
  for	
  a	
  future	
  IceCube	
  Gen2	
  array	
  	
  

•  A	
  first	
  veto	
  analysis	
  shows	
  that	
  with	
  IceTop,	
  not	
  op+mized	
  to	
  be	
  a	
  
veto,	
  it's	
  possible	
  to	
  achieve	
  rejec+on	
  factors	
  of	
  at	
  least	
  1e-­‐4/1e-­‐5	
  
above	
  a	
  muon	
  energy	
  (at	
  surface	
  of	
  detector)	
  threshold	
  of	
  about	
  
150	
  to	
  200	
  TeV	
  

•  More	
  improvements	
  to	
  this	
  analysis	
  may	
  be	
  possible	
  	
  

•  Preliminary	
  inves+ga+ons	
  suggest	
  that	
  a	
  large	
  surface	
  veto	
  
detector,	
  with	
  a	
  radius	
  of	
  several	
  km,	
  can	
  provide	
  a	
  background	
  
free	
  view	
  of	
  a	
  significant	
  frac+on	
  of	
  the	
  Southern	
  sky	
  above	
  an	
  
energy	
  of	
  about	
  one	
  hundred	
  TeV	
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Thank	
  you	
  

Auroras seen from Madison Wisconsin – August 2015 
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Neutrino	
  	
  
energy	
  

PoS(ICRC2015)1156	
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zenith	
  distribu+on	
  
pre/amer	
  cut	
  

sample	
  of	
  events	
  

single	
  µ energy	
  proxy:	
  
100	
  TeV	
  MuEx	
  ~	
  150-­‐200	
  
TeV	
  single	
  µ	
  energy	
  	
  
at	
  surface	
  of	
  detector	
  
for	
  E-­‐2	
  spectrum	
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Total	
  light	
  recorded	
  	
  
by	
  the	
  in-­‐ice	
  detector	
  

Final	
  sample	
  

Final	
  sample	
  

All plots are from data 



Signal	
  simula+on	
  II:	
  Randomized	
  data	
  
•  Since	
  simula+ons	
  of	
  high	
  energy	
  showers	
  are	
  lengthy	
  and	
  complex,	
  data	
  is	
  used	
  

to	
  generate	
  a	
  neutrino-­‐like	
  sample.	
  	
  
•  The	
  fixed	
  rate	
  triggers	
  are	
  used	
  to	
  extract	
  the	
  noise	
  frequency	
  of	
  each	
  IceTop	
  

DOM	
  on	
  a	
  seasonal	
  basis	
  (summer/winter).	
  
•  The	
  IceTop	
  pulses	
  in	
  the	
  final	
  selec+on	
  are	
  replaced	
  with	
  random	
  hits	
  whose	
  

distribu+on	
  is	
  taken	
  from	
  the	
  above	
  IceTop	
  DOMs	
  noise	
  distribu+on.	
  

•  This	
  distribu+on	
  is	
  not	
  normalized	
  to	
  any	
  flux	
  but	
  is	
  used	
  as	
  PDF	
  to	
  study	
  cut	
  
placement.	
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Contained	
  events	
  
which	
  pass	
  all	
  

selec+on	
  criteria	
  

Neutrino-­‐like	
  
Randomized	
  data	
  
With	
  same	
  energy	
  
distribu+on	
  as	
  data	
  

Replace	
  IceTop	
  hits	
  	
  
(mostly	
  shower	
  related)	
  

with	
  noise	
  hits	
  	
  

Fixed	
  rate	
  triggers	
   Noise	
  rate	
  for	
  each	
  
DOM	
  (summer/winter)	
  


