
Air	
  showers	
  in	
  IceCube	
  

Cosmic	
  rays	
  
Neutrinos	
  

Gamma	
  rays	
  



Cosmic	
  rays	
  

•  Cosmic	
  accelerators	
  produce	
  rela9vis9c	
  
protons	
  and	
  nuclei	
  (cosmic	
  rays)	
  
– CR	
  sources	
  (such	
  as	
  SNR,	
  AGN,	
  GRB)	
  are	
  likely	
  
neutrino	
  sources	
  

–  Iden<fying	
  CR	
  sources	
  by	
  detec<ng	
  high	
  energy	
  
astrophysical	
  neutrinos	
  is	
  a	
  main	
  goal	
  of	
  IceCube	
  

•  Cosmic	
  rays	
  interact	
  in	
  the	
  atmosphere	
  and	
  
produce	
  a	
  million	
  to	
  one	
  background/signal	
  in	
  
IceCube	
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Good!	
  

Problem	
  and	
  opportunity	
  



Neutrinos	
  

High-­‐energy	
  neutrinos	
  are	
  produced	
  in	
  the	
  
Universe	
  wherever	
  protons	
  etc.	
  interact	
  with	
  
gas	
  or	
  light:	
  

– Near	
  the	
  sources	
  of	
  cosmic	
  rays	
  
– During	
  propaga<on	
  of	
  cosmic-­‐rays	
  in	
  the	
  CMB	
  
– But	
  also	
  locally	
  by	
  cosmic-­‐ray	
  interac<ons	
  in	
  the	
  
Earth’s	
  atmosphere	
  

– Atmospheric	
  neutrinos	
  are	
  background	
  –	
  but	
  also	
  
•  Calibra<on	
  source	
  and	
  
•  Beam	
  for	
  study	
  of	
  neutrino	
  proper9es	
  (e.g.	
  oscilla9ons)	
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Gamma	
  rays	
  
•  Gamma-­‐rays	
  are	
  a	
  standard	
  probe	
  of	
  high	
  energy	
  
astrophysics	
  

•  Cosmic	
  ray	
  sources	
  produce	
  γ-­‐rays	
  in	
  two	
  ways	
  
–  From	
  radia<on	
  by	
  accelerated	
  electrons	
  
–  From	
  decay	
  of	
  π0	
  produced	
  by	
  interac<ons	
  of	
  accelerated	
  
cosmic-­‐ray	
  protons	
  or	
  nuclei	
  with	
  gas	
  or	
  photons	
  

•  High	
  energy	
  ν are	
  produced	
  only	
  in	
  hadronic	
  collisions:	
  
–  From	
  decay	
  of	
  π/K	
  produced	
  when	
  cosmic	
  rays	
  interact	
  
with	
  gas	
  in	
  or	
  near	
  their	
  sources	
  

–  Or	
  from	
  photo-­‐pion	
  produc<on	
  on	
  CMB	
  or	
  EBL	
  
–  Neutrinos	
  are	
  uniquely	
  of	
  hadronic	
  origin	
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IceCube Collaboration Meeting Banff, Alberta, Canada-March 2014
Wisconsin IceCube Particle Astrophysics Center, WIPAC!

Here:  
120 strings 
1.35 to 2.7 km 
80 DOMs/string 
300 m spacing
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Cosmic	
  ray	
  showers	
  from	
  
above	
  

Neutrinos	
  from	
  all	
  direc9ons	
  

•  Cosmic rays after propagation 
•  Neutrinos from cosmic ray sources 
•  νe:νµ:ντ = 1:2:0 à 1:1:1 
  

South	
  Pole	
  
	
  2835	
  m.a.s.l.	
  

Atmospheric	
  muons	
  and	
  neutrinos	
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Example...

Tuesday, July 9, 13

5	
  μs	
  

Secondary	
  photons	
  
and	
  low	
  energy	
  
charged	
  par<cles	
  

TeV	
  muons	
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Cosmic	
  Rays	
  

•  Energy	
  content	
  of	
  CR	
  
determines	
  possible	
  
sources	
  of	
  neutrinos	
  

•  Extra-­‐galac9c	
  origin	
  is	
  likely	
  
•  Loca9on	
  of	
  transi9on	
  from	
  

galac9c	
  to	
  extra-­‐galac9c	
  
affects	
  energy	
  es9mate	
  

Galactic 

Extra-Galactic E
dN

d lnE
≈ 3× 10−8 GeV

cm2srs

	
  at 1010 GeV (1019 eV)




Neutrinos	
  from	
  sources	
  of	
  CR	
  

•  Galac9c	
  supernova	
  remnants	
  
– Accelerated	
  par9cles	
  collide	
  with	
  gas	
  in	
  or	
  near	
  
sources	
  and	
  produce	
  neutrinos	
  

•  Extra-­‐galac9c	
  sources	
  (e.g.	
  AGN,	
  GRB,…)	
  
– The	
  next	
  two	
  slides	
  show	
  two	
  generic	
  models	
  
– Neutrinos	
  likely	
  in	
  the	
  first	
  case,	
  
–  	
  	
  but	
  less	
  likely	
  in	
  the	
  second	
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Generic	
  model	
  I	
  
•  CR	
  accelera9on	
  occurs	
  in	
  jets	
  	
  

–  AGN	
  or	
  GRB	
  
•  Intense	
  radia9on	
  fields	
  

– Models	
  assume	
  photo-­‐produc9on:	
  
•  	
  p	
  +	
  γ	
  à	
  Δ+	
  à	
  p	
  +	
  π0	
  à	
  p	
  +	
  γ γ	
  
•  	
  p	
  +	
  γ	
  à	
  Δ+	
  à	
  n	
  +	
  π+	
  à	
  n	
  +	
  µ	
  +	
  ν	



•  Ideal	
  case	
  (	
  ~	
  “Waxman-­‐Bahcall	
  limit”)	
  
–  Strong	
  magne9c	
  fields	
  retain	
  protons	
  in	
  jets	
  
–  Neutrons	
  escape,	
  decay	
  to	
  protons	
  &	
  become	
  UHECR	
  
–  Extra-­‐galac9c	
  cosmic	
  rays	
  observed	
  as	
  protons	
  
–  Energy	
  content	
  in	
  neutrinos	
  ≈	
  energy	
  in	
  UHECR	
  

•  This	
  picture	
  disfavored	
  as	
  limits	
  go	
  below	
  W-­‐B	
  
	
  

http://www.ucd.ie/math-phy 
/rieger/science.gif 

 
Waxman, Bahcall, PRD 59, 
023002 (1998).  Also 
TKG astro-ph/9707283v1   
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Generic	
  model	
  II	
  
•  UHECR	
  are	
  accelerated	
  in	
  external	
  shocks	
  analogous	
  to	
  
SNR	
  
–  See	
  E.G.	
  Berezhko,	
  0809.0734	
  &	
  0905.4785	
  
–  mixed	
  composi9on	
  (accelerate	
  whatever	
  is	
  there)	
  
–  Low	
  density	
  of	
  target	
  material	
  
à	
  	
  lower	
  level	
  of	
  TeV-­‐PeV	
  neutrino	
  produc9on	
  

Diagram from Begelman & Cioffi, Ap.J. (1989) L21 



Toward	
  a	
  global	
  view	
  of	
  CR	
  

•  Popula9on	
  1	
  
– Galac9c	
  SNR	
  ?	
  

•  Popula9on	
  2	
  
–  Is	
  it	
  needed	
  ?	
  

•  Popula9on	
  3	
  
–  Extragalac9c	
  ?	
  
– What	
  sources	
  ?	
  

•  Focus:	
  107-­‐	
  109+	
  
transi9on	
  zone	
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Primary	
  spectrum	
  from	
  IceTop	
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GAMMA 2008
Tunka-133
Tibet III, SIBYLL 2.1

Phys.	
  Rev.	
  D	
  88,	
  042004	
  (2013).	
  	
  Bakh9yar	
  Ruzybayev	
  is	
  lead	
  author	
  

•  106	
  –	
  108	
  GeV	
  sets	
  normaliza9on	
  for	
  PeV	
  ν	


•  Directly	
  for	
  background	
  atmospheric	
  ν	
  	
  
•  At	
  sources	
  for	
  astrophysical	
  ν	
  

•  107	
  –	
  109	
  GeV:	
  transi9on	
  from	
  galac9c	
  to	
  extragalac9c	
  	
  
•  Model	
  dependent	
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Spectrum measured by IceTop 
                              2.67 yrs livetime 

total	
  10859	
  events	
  	
  
above	
  100	
  PeV	
  

Δlog10E	
  =	
  0.05	
  	
  

Δlog10E	
  =	
  0.1	
  	
  



u  Predefine	
  “New”	
  arrays	
  with	
  250m	
  and	
  500	
  m	
  spacing	
  
u  Count	
  sta9ons	
  from	
  the	
  “New”	
  list	
  par9cipa9ng	
  in	
  the	
  event.	
  
	
  

300-­‐350m	
  spacing	
  
seems	
  op9mal	
  
for	
  ~50	
  PeV	
  threshold	
  

500	
  m	
  spacing:	
  
threshold	
  moves	
  to	
  100	
  PeV	
  
è	
  too	
  high	
  

250	
  m	
  spacing:	
  
too	
  low	
  threshold	
  

Note:	
  Auger	
  infill:	
  85	
  detectors	
  in	
  two	
  grids	
  of	
  750m	
  (covering	
  23.5	
  km2)	
  and	
  433m	
  (covering	
  5.9	
  km2)	
  spacing.	
  
	
  	
  	
  	
  TALE:	
  100	
  scin9llator	
  counters	
  at	
  400m	
  spacing	
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Tunka-133 2011
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TA 2011
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Order	
  of	
  magnitude	
  increase	
  is	
  achievable	
  in	
  
Galac9c-­‐extragalac9c	
  transi9on	
  region	
  	
  

Threshold	
  with	
  300	
  m	
  tank	
  spacing	
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Multi-messenger paradigm
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Binary PWN Shell, SNR/Molec.Cloud, Composite SNR Starburst Others [TeVCat’14]

Markus Ahlers (UW-Madison) Physics Goals March 3, 2014

Slide	
  from	
  Markus	
  Ahlers	
  



IceCube	
  selected	
  sources	
  
(13	
  galac9c	
  SNR	
  etc,	
  30	
  extragalac9c	
  ac9ve	
  galaxies,	
  etc.)	
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The Astrophysical Journal, 778:1 (17pp), 2013 ??? Aartsen et al.

Figure 13. Distribution of the smallest p-value in (left) the Northern Hemisphere and (right) the Southern Hemisphere, obtained from randomized data. The observed
p-values of the two hottest spots in the data are indicated by the two dashed vertical lines.

hypothesis indicating that our data are compatible with only
atmospheric muons and neutrinos.

Figure 13 shows the p-value distribution for the hottest spot in
the Northern Hemisphere (left) and for the Southern Hemisphere
(right). The observed p-value in the data is indicated in both
distributions, and the final posttrial is given by integrating the
right-hand side of the distribution from the observed values.

The results of the point source search in the direction of the
44 search selected a priori according to the positions of known
objects is summarized in Tables 2 and 3. None of the sources
had a significant p-value, so we set upper limits for all of them.
The smallest p-value in the northern sky is found in the direction
of HESS J0632+057 with a probability of 5.8%; however, this
value is translated into a posttrial probability of 65% once it
is compared with an ensemble of randomized sky maps. For
the southern sky, the highest significance is observed at the
position of PKS 1454−354, with a pretrial p-value of 23%,
which corresponds to a posttrial probability of 70%. The fourth
column of Tables 2 and 3 shows the upper limits for an E−2

flux of νµ + ν̄µ calculated at a 90% C.L. based on the classical
(frequentist) approach (Neyman 1937) for each of the selected
objects. The same values are indicated in Figure 14 together with
the IceCube sensitivity defined as the median upper limit and
the discovery potential. Also shown are the ANTARES upper
limits for a list of locations (Adrián-Martı́nez et al. 2011).

The stacking analysis of the six Milagro TeV sources resulted
in a posttrial p-value of 20.4% with a best fit n̂s = 17. In
the GC stacking searches, fewer events than expected from the

Q4 background were observed for all four models tested, meaning
that the p-value is at least 50%. Also, the SNRs associated
with molecular clouds and the starburst galaxies both resulted
in negative fluctuations of the background in every case with
n̂s = 0. Finally, the black hole stacking search produced a
posttrial p-value of 44.3%, with 12 signal events as the best fit.

5.1. Implications for Models of Astrophysical Neutrinos

This analysis has not shown evidence of neutrino emission
from point sources in the sky. In the absence of a positive
detection it is, however, possible to constrain some models that
predict astrophysical neutrino emissions. IceCube is entering a
new stage in which a nondiscovery has meaningful implications
and can provide insight about the nature of these phenomena.
IceCube has provided the most constraining upper limits on
neutrino fluxes from sources like the Crab Nebulae (Abbasi et al.
2012a). Even though the Crab spectral emission seems to be
fully explained by electromagnetic phenomena (Hester 2008),
several γ -ray flares observed in recent years in the GeV region

Figure 14. Muon neutrino and antineutrino flux 90% C.L. upper limits and
sensitivities for an E−2 spectrum for an energy range of 1 TeV to 1 PeV in
the northern sky and 102 TeV to 102 PeV in the southern sky. Published limits
of ANTARES (Adrián-Martı́nez et al. 2011) are also shown. The different
likelihood function and method to derive upper limits used by ANTARES may
account for differences in the limits from the two experiments at the level of
20%. In the case of the IceCube method, negative values for the number of
signal events are not allowed in the minimization procedure. Therefore, for
those sources where there was an underfluctuation of the background, the upper
limit matches the median upper limit.
(A color version of this figure is available in the online journal.)

(Eγ > 100 MeV) challenge purely leptonic models (Abdo
et al. 2011). The impact of IceCube limits on different models
of neutrino emission from the Crab was already discussed in
Abbasi et al. (2012a) for the 40-string configuration of IceCube.
Here we update the upper limits based on this 3 yr analysis of
IceCube. Figure 15 summarizes a number of different predicted
muon neutrino fluxes at Earth according to several models
(standard oscillations have been taken into account). The green
solid line corresponds to the flux predicted in Kappes et al.
(2007) based on the γ -ray spectrum measured by H.E.S.S.
(Aharonian et al. 2006). As can be seen, the IceCube upper
limit is only a factor of two above the flux prediction. This
is interesting since it indicates that neutrino astronomy is at
the level of sensitivity of γ -ray astronomy experiments (the
factor of two corresponds to the muon neutrino flux lost due
to oscillations along the path from the source). The black line
represents the estimated flux based on the resonant cyclotron

12

Upper	
  limits	
  on	
  selected	
  sources	
  

NSF,	
  04/24/2014	
   Tom	
  Gaisser	
   18	
  

IC40	
  +	
  59	
  +79	
  
Ap.J.	
  779,	
  132	
  (2013)	
  



Compare	
  IceCube	
  limits	
  on	
  ν	
  	
  
to	
  TeV	
  photons	
  from	
  ac9ve	
  galaxies	
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Follow-­‐up	
  by	
  VERITAS	
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•  Look	
  for	
  TeV	
  gamma-­‐rays	
  from	
  two	
  HESE	
  events	
  (#5	
  and	
  #13)	
  

•  Both	
  are	
  star9ng	
  muon	
  tracks	
  with	
  ~	
  1	
  degree	
  resolu9on	
  

•  Event	
  5	
  has	
  a	
  Fermi	
  blazar	
  within	
  2	
  deg	
  (PKS	
  0723-­‐008,	
  z=0.128)	
  

•  Observe	
  each	
  for	
  several	
  hours	
  



•  3.5 hours on Event ID 5, offset by 0.7 degrees NSEW	


•  UL(99%) = 1.55 x10-8 m-2 s-1 above 300 GeV (~ 1.2% Crab)	


•  2.5 hours on Event ID 13	


•   UL(99%) = 2.00 x10-8 m-2 s-1 above 300 GeV (~ 1.6% Crab)	


•  Nothing elsewhere in the field(including PKS 0723-008)	



Event ID 5	

 Event ID 13	



Preliminary	

 Preliminary	



Jamie	
  Holder,	
  IceCube	
  Collabora9on	
  Mtg,	
  Mar.	
  2014	
  



Air	
  showers	
  from	
  cosmic	
  γ-­‐rays	
  

•  Signature:	
  few	
  µ	
  in	
  deep	
  IceCube	
  in	
  coincident	
  events	
  
•  Search	
  with	
  present	
  IceCube	
  limited	
  by	
  narrow	
  
aperture	
  for	
  coincident	
  events	
  (<30o	
  zenith)	
  and	
  high	
  
energy	
  threshold	
  

•  Larger	
  aperture	
  would	
  allow	
  beper	
  sky	
  coverage	
  
(closer	
  to	
  Galac9c	
  center)	
  

•  ID	
  of	
  muons	
  at	
  the	
  surface	
  improves	
  sensi9vity	
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From Fig. 6, it is known that the energy cut corresponds to
a threshold of 1.2 PeV for gamma rays and 1.3 PeV for
protons. Given that, at L3, the sample is dominated by CR
showers and assuming a CR and gamma-ray power law of
! ¼ "2:7, a 90% C.L. upper limit of 1:2# 10"3 on the
ratio of gamma-ray showers to CR showers in the source
region can be derived in the energy range 1.2–6.0 PeV. The
upper bound of 6.0 PeV is the value for which 90% of the
events are inside the energy range. This value falls outside
the range for which gamma-ray showers were simulated.
However, there is no indication that the energy relation
plotted in Fig. 5 behaves erratically above 3 PeV.

This is a limit on the average excess of the ratio of
gamma rays to CRs in the source region with respect to
the rest of the sky, i.e., a limit on the Galactic component of
the total gamma-ray flux. A possible isotropic component
is not included. Systematic uncertainties lead to a 18%
variation of the upper limit, as determined in Sec. V.

D. Unbinned point source search

An additional search for pointlike sources tests the
possibility that a single source dominates the PeV
gamma-ray sky. This source does not necessarily lie close
to the Galactic plane. An unbinned point source search is
performed on the sky within the declination range of"85$

to "60$, using a method that follows [21]. The region
within 5$ around the zenith is omitted because the method
relies on scrambled data sets that are produced by random-
izing the RA of the events. Close to the zenith, this ran-
domization scheme fails due to the small number of events.

The data is described by an unknown amount of signal
events on top of a flat distribution of background events. In
an unbinned search, a dense grid of points in the sky is
scanned. For each point, a maximum-likelihood fit is per-
formed for the relative contribution of source events over
background events.

For a particular event i, the probability density function
(PDF) is given by

PiðnSÞ ¼
nS
N

Si þ
!
1" nS

N

"
Bi; (2)

where nS is the number of events that is associated to the
source, Bi is the background PDF, and

Si ¼
1

2"#2 exp
!
"!"2

2#2

"
(3)

is the two-dimensional Gaussian source PDF, in which!"
is the space angle between the event and the source test
location and # ¼ 1:5$ is the angular resolution of IceTop.
The background PDF Bi is only dependent on the zenith
angle and is derived from the zenith distribution of the data.
For each point in the sky, there is a likelihood function

LðnSÞ ¼ #iPiðnSÞ (4)

and associated test statistic

$ ¼ "2ðlog ðLð0ÞÞ " log ðLðnSÞÞ; (5)

which is maximized for nS. In the optimization procedure,
nS is allowed to have a negative value, which mathemati-
cally corresponds to a local flux deficit.
The procedure is similar to the search method for the

neutrino point sources with IceCube [22], except that the
source and background PDF do not contain an energy term.
Because the range of energies in the event sample is
relatively small (90% of the events have an energy between
1 and 6 PeV), an energy PDF is unlikely to improve the
sensitivity.
Figure 9 displays a map of the sky with declination

between"85$ and"60$ showing the events in this region
and contours of the test statistic $. The maximum value is
$ ¼ 2:1 at % ¼ "65:4$ andRA ¼ 28:7$, corresponding to
a fit of ns ¼ 3:5 signal events. The overall significance of
this value for $ is found by producing 10,000 scrambled
data sets by randomizing the RA of each event. Figure 10
shows the distribution of $ associated to the hottest spot in
each scrambled data set. The median test statistic value for
the hottest spot in the scrambled data sets is $ ¼ 2:7, so the
actual data set is consistent with a flat background.
Upper limits on the gamma-ray flux can be derived

for each point in the sky by assuming that all events are
gamma rays. Since many events are in fact muon-poor or
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FIG. 8 (color online). Equatorial map of the 268 candidate gamma-ray events of the IC40 data set superimposed on HI column
densities based on Ref. [14]. The dotted black curve encloses the source region, defined as within 10$ of the Galactic plane.
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accompanying muons above 1 TeV are removed from the151

sample. The most notable feature is that the up-down152

symmetry of the atmospheric neutrino flux is distorted153

for zenith angles smaller than 75◦. The effect is especially154

stark for the prompt neutrino flux, which would other-155

wise be completely isotropic, mimicking a diffuse flux of156

extragalactic neutrinos.157
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FIG. 5. Effective atmospheric neutrino flux obtained by ap-
plying the passing-rate calculation presented here to the con-
ventional flux calculation of Ref. [15] and the prompt flux
calculation of Ref. [16]. The dotted lines in each panel show
the total neutrino flux as a function of zenith angle for differ-
ent energies, while the solid (dashed) lines show the portion
of the νµ (νe) flux that can reach IceCube with no accom-
panying muons above 1 TeV. Above 100 TeV the up-going
neutrino flux is suppressed by absorption in the Earth; this
effect is not shown.
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all flavors.163

The authors are supported by grants from the National164

Science Foundation. The Monte Carlo simulations were165

performed using the compute resources and assistance of166

the UW-Madison Center For High Throughput Comput-167

ing (CHTC) in the Department of Computer Sciences.168

The CHTC is supported by UW-Madison and the Wis-169

consin Alumni Research Foundation, and is an active170

member of the Open Science Grid, which is supported171

by the National Science Foundation and the U.S. De-172

partment of Energy’s Office of Science.173

[1] M. Aartsen et al. (IceCube Collaboration), Science 342174

(2013), 10.1126/science.1242856.175

[2] S. Schönert, T. K. Gaisser, E. Resconi, and O. Schulz,176

Phys. Rev. D 79 (2009), 10.1103/PhysRevD.79.043009.177

[3] T. K. Gaisser, Cosmic rays and particle physics (Cam-178

bridge University Press, Cambridge and New York,179

1990).180

[4] J. W. Elbert, in Proceedings of the DUMAND Sum-181

mer Workshop (Scripps Institution of Oceanography, La182

Jolla, CA) (1979).183

[5] T. Gaisser and T. Stanev, Nucl. Instrum. Meth. A 235184

(1985), 10.1016/0168-9002(85)90260-8.185

[6] P. Lipari, Astroparticle Physics 1 (1993), 10.1016/0927-186

6505(93)90006-Y.187

[7] cos∗ θ is cos θ evaluated at the average altitiude of the188

first interaction parameterized as in Ref. [9]. The correc-189

tion is important for zenith angles larger than 70◦.190

[8] D. Heck, J. Knapp, J. Capdevielle, G. Schatz, and191

T. Thouw, CORSIKA: A Monte Carlo Code to Sim-192

ulate Extensive Air Showers, Tech. Rep. FZKA 6019193

(Forschungszentrum Karlsruhe, 1998).194

[9] D. Chirkin, (2004), arXiv:hep-ph/0407078 [hep-ph].195

[10] R. A. et al. (IceCube Collaboration), Nucl. Instrum.196

Meth. A 700 (2013), 10.1016/j.nima.2012.10.067.197

[11] E.-J. Ahn, R. Engel, T. K. Gaisser, P. Lipari, and198

T. Stanev, Phys. Rev. D 80 (2009), 10.1103/Phys-199

RevD.80.094003.200

[12] T. K. Gaisser, Astroparticle Physics 35 (2012),201

10.1016/j.astropartphys.2012.02.010.202

[13] J.-H. Koehne, K. Frantzen, M. Schmitz, T. Fuchs,203

W. Rhode, D. Chirkin, and J. B. Tjus, Computer Physics204

Communications 184 (2013), 10.1016/j.cpc.2013.04.001.205

[14] J. Ranft, Phys. Rev. D 51 (1995), 10.1103/Phys-206

RevD.51.64.207

[15] M. Honda, T. Kajita, K. Kasahara, S. Midorikawa,208

and T. Sanuki, Phys. Rev. D 75 (2007), 10.1103/Phys-209

RevD.75.043006.210

[16] R. Enberg, M. H. Reno, and I. Sarcevic, Phys. Rev. D211

78 (2008), 10.1103/PhysRevD.78.043005.212

4

accompanying muons above 1 TeV are removed from the151

sample. The most notable feature is that the up-down152

symmetry of the atmospheric neutrino flux is distorted153

for zenith angles smaller than 75◦. The effect is especially154

stark for the prompt neutrino flux, which would other-155

wise be completely isotropic, mimicking a diffuse flux of156

extragalactic neutrinos.157

−1.0 −0.5 0.0 0.5 1.0

cos θ

10−4

10−3

10−2

10−1

E
3
Φ

ν
[G

e
V

2
c
m

−
2
sr

−
1
s−

1
]

1 TeV

10 TeV

100 TeV

Total flux

After veto

Conventional νµ

−1.0 −0.5 0.0 0.5 1.0

cos θ

10−5

10−4

10−3

10−2

E
3
Φ

ν
[G

e
V

2
c
m

−
2
sr

−
1
s−

1
]

1 TeV

10 TeV

100 TeV

Conventional νe

−1.0 −0.5 0.0 0.5 1.0

cos θ

10−5

10−4

10−3

E
3
Φ

ν
[G

e
V

2
c
m

−
2
sr

−
1
s−

1
]

1 TeV

10 TeV

100 TeV

10 TeV

Prompt νµ and νe

FIG. 5. Effective atmospheric neutrino flux obtained by ap-
plying the passing-rate calculation presented here to the con-
ventional flux calculation of Ref. [15] and the prompt flux
calculation of Ref. [16]. The dotted lines in each panel show
the total neutrino flux as a function of zenith angle for differ-
ent energies, while the solid (dashed) lines show the portion
of the νµ (νe) flux that can reach IceCube with no accom-
panying muons above 1 TeV. Above 100 TeV the up-going
neutrino flux is suppressed by absorption in the Earth; this
effect is not shown.
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FIG. 2. Solid lines show the passing rate as a function of
neutrino energy from the analytic calculation of Ref. [2] for
various cos θ. Dashed lines show the calculation of Eq. 8.
The passing rate in both calculations increases rapidly with
the depth of the detector.
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RESULTS115

In Fig. 2 we compare the analytic calculation of the116

veto by the muon produced in the same decay as the νµ117

evaluated at a depth of 1950 m in ice with the calcula-118

tion of Eq. 8 evaluated at the same depth. As might be119

expected, the more general veto is not as efficient as the120

same-decay veto, but it applies to νe as well as νµ.121

Fig. 3 shows a comparison of the analytic calcula-122

tions of the passing rate with a full Monte Carlo cal-123

culation. We simulated showers with corsika [8] and124

sibyll 2.1 [11] hadronic interactions, weighting the show-125

ers to the H3a spectrum of Ref. [12]. We then used126

proposal [13] to propagate the muons in each shower127

through ice to a vertical depth of 1950 m, and tabulated128

the fraction of neutrinos where no muons reached depth129

with more than 1 TeV as a function of neutrino energy,130

flavor, and zenith angle. Since νµ may be vetoed either131

by a muon from the same vertex or from the rest of the132

shower, we approximate the passing rate as133

Ptotal ≈ Pcorrelated × Puncorrelated, (10)

where the first factor is the passing rate from Ref. [2]134

and the second is from Eq. 8. While this approxima-135

tion counts the correlated muon twice, it nonetheless de-136

scribes the full Monte Carlo calculation quite well. For137

νe there is no partner muon, and the passing rate is de-138

scribed well by Eq. 8 alone.139

Fig. 4 shows a similar comparison, but only considers140

neutrinos from the decays of charmed mesons simulated141

with dpmjet 2.55 [14]. Here, the passing rate for νµ is142
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FIG. 3. Comparison of approximations (solid lines) with
Monte Carlo (crosses) for conventional neutrinos at 3 values
of cos θ. Left: νµ with solid lines showing the passing rate
from the analytic calculation of Ref. [2]. Right: νe with solid
lines showing the approximate calculation of Eq. 8.

nearly the same as in the conventional case, while for143

νe it is slightly higher. This happens because neutrinos144

from charm decay tend to carry a larger fraction of the145

shower energy than conventional neutrinos, and so come146

from a population of showers with less energy and fewer147

muons on average.148
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