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Atmospheric Neutrino Generation 

•  Cosmic rays strike air nuclei; decay of 
outgoing hadrons result in neutrinos 
 p + A → N + π+ + X 
    ↳ µ+ + νµ → e+ + νe + νµ 

•  Isotropic about Earth 
–  Path length to detector spans 

~10-10,000 km 
•  Large range of energies 

–  ~100 MeV – many TeV+ 

M.	  Honda	  et	  al.,	  	  arXiv:1102.2688v1	  [astro-‐ph.HE]	  
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Atmospheric Neutrino Generation 

•  Mass hierarchy affects neutrinos and 
anti-neutrinos differently  

•  Effects are present in both νe and νµ  
–  Some detectors can see one, the other, or 

both 

•  Atmospheric neutrinos are free and 
contain both νe and νµ and antineutrinos	


	


•  Global neutrino program is using 
proven, well-understood technology for 
the most part 

M.	  Honda	  et	  al.,	  	  arXiv:1102.2688v1	  [astro-‐ph.HE]	  
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Why didn’t we try to measure MH 
with atmospherics before? 

•  Size of matter effect scales with size of θ13 (value unknown 
until very recently), and sensitivity also depends on θ23 
octant and true value of δCP. 

K.	  Abe	  et	  al.,	  	  arXiv:1109.3262	  [hep-‐ex]	  

Hyper-K sensitivity for possible θ23 
octants (green, red, blue) and range of 
θ13 values (indicated by band for each 
color). 
 
Effect of change in δCP not shown here. 
 
If sin2 2θ13 had been < 0.01, it would 
take a very long time to measure this 
effect (but in principle, possible). 
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Now that θ13 is measured to be large… 

•  Existing experiments: 
– Super-Kamiokande (Water Cherenkov) 
– MINOS (magnetized steel-scintillator calorimeter) 

•  Future possible experiments: 
– Hyper-Kamiokande (Water Cherenkov) 
–  ICAL @ INO (magnetized Iron Calorimeter) 
– PINGU @ IceCube (Ice Cherenkov) 
–  LBNE if underground and large enough (LArTPC) 
–  LBNO (LArTPC? Scintillator? WC?) 
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Super-Kamiokande 
•  50 kton total volume (22.5 kt 

fiducial) Ring Imaging Water 
Cherenkov detector 
–  Instrumented with 20” and 8” PMTs 

to form inner signal region and 4π 
veto, respectively 

•  Existing dataset 3903 days of 
atmospheric data (~34,000 
events) 

•  Currently statistics limited  
 
Probe mass hierarchy by looking 
for νe appearance. 
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So far, only a hint from SK… 
Hierarchy 	 Fit Result 	
Normal	 556.7 / 477 dof	
Inverted	 555.5 / 477 dof	

χ2min	  (NH)	  -‐	  χ2min	  	  (IH)	  	  =	  1.2	  	

Expected sensitivity to inverted 
hierarchy is Δχ2 = 0.9 

Data show 1σ preference for 
inverted hierarchy; not 
significant   

Plan is to continue collecting data for the next 10+ years. 
Can expect ~1-2σ sensitivity to MH in the next 5 years. 

from	  R.	  Wendell	  
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Hyper-Kamiokande 
20x SK volume 

Probe mass hierarchy by 
looking for νe appearance. 
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HK sensitivity w/10 yrs atmospheric data 
True	  NH	   θ13	  fixed;	  sin22θ13	  =	  0.10	

•  Thickness of band corresponds to uncertainty from δcp  
•  Weakest sensitivity overall in the tail of the first θ23 octant 
 

Challenges: scaling to larger detectors, PMTs are expensive. Want higher 
efficiency photodetectors at lower cost (Mayly’s talk later in this session). 

3σ	  	 3σ	  	

True	  IH	   from	  R.	  Wendell	  
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The ICAL Detector 
Iron plates (target mass) separated by glass RPCs (active 
detector): 150 layers 
Magnetization: Charge-id through bending of muons 
Directionality through tracking and timing (1 ns resolution) 
 Modular structure, 

for ease of 
construction and 
modification 
Front end electronics 
chip developed at 
BARC Electronics 
Division 

Sushant Raut, VietNus 2012 

ICAL @ INO 
50 kton magnetized iron calorimeter 

–  150 layers of iron & glass RPCs 
 
 
 
Good L & E resolution 
Charge discrimination 
 
Lots of experience from 
past experiments 
 
 
Probe mass hierarchy by looking for νµ disappearance. 
Note that sensitivity to MH could increase if reconstruction of e-like events is 
also made possible in this detector. 
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ICAL @ INO Sensitivity to MH 
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Figure 7: The impact of systematic uncertainties on mass hierarchy sensitivity. The red lines are obtained
without taking systematic uncertainties in the ICAL@INO analysis, while the green lines are obtained
when systematic uncertainties are included. Long-dashed lines are for fixed parameters in theory as in
data, while solid lines are obtained by marginalizing over |!m2

e! |, sin
2 !23 and sin2 2!13.

7 Impact of systematic uncertainties

The atmospheric neutrino fluxes have large systematic uncertainties. In order to study the impact of these
systematic uncertainties on the projected reach of ICAL@INO to the neutrino mass hierarchy, we show
in Fig. 7 the mass hierarchy sensitivity with and without systematic uncertainties in the ICAL@INO
analysis. The !"2 is shown as a function of the number of years of exposure of the experiment. The data
was generated at the benchmark oscillation point. The red lines are obtained without taking systematic
uncertainties in the ICAL@INO analysis, while the green lines are obtained when systematic uncertainties
are included. The long-dashed lines are for fixed parameters in theory as in the data, while the solid
lines are obtained by marginalizing over |!m2

e! |, sin
2 !23 and sin2 2!13. The left panel is for true normal

hierarchy while the right panel is for true inverted hierarchy. The e"ect of taking systematic uncertainties
is to reduce the statistical significance of the analysis. We have checked that of the five systematic
uncertainties, the uncertainty on overall normalization of the fluxes and the cross-section normalization
uncertainty have minimal impact on the final results. The reason for that can be understood from the
fact that the atmospheric neutrinos come from all zenith angles and over a wide range of energies. The
overall normalization uncertainty is the same for all bins, while the mass hierarchy dependent earth
matter e"ects, are important only in certain zenith angle bin and certain range of energies. Therefore,
the e"ect of the overall normalization errors get cancelled between di"erent bins. On the other hand,
the tilt error could be used to modify the energy spectrum of the muons in the fit and the zenith angle
error allows changes to the zenith angle distribution. Therefore, these errors do not cancel between the
di"erent bins and can dilute the significance of the data. In particular, we have checked that the e"ect of
the zenith angle dependent systematic error on the atmospheric neutrino fluxes has the maximum e"ect

19

Challenges: 
•  Improve angular resolution of neutrinos (by improving hadron direction 

reconstruction) 
•  Need to lower energy threshold 
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Doug Cowen Fundamental Physics at the Intensity Frontier Nov-Dec 2011

IceCube and DeepCore

Digital Optical 
Module (DOM)

3

10” PMT

PINGU @ IceCube 

Doug Cowen Fundamental Physics at the Intensity Frontier Nov-Dec 2011

average energy of 180 GeV and zero predicted background from simulated cosmic ray 
muons.  A second analysis of the same data using looser cuts contains over 10,000 
neutrino-induced showers with about 600 ± 400 cosmic ray muon background events 
and an average energy of 40 GeV (with an energy distribution peaking at 30 GeV).  
With the latter sample we can measure νμ→ντ appearance with abundant statistical 
precision; the key factor will be our understanding of the systematics.   There is now no 
doubt that DeepCore can open the door to many interesting and fundamental 
measurements at “low” neutrino energies below about 100 GeV.

Basic PINGU Geometry and Technology

Most of the 20 additional strings will be deployed with standard IceCube photon detector 
technology, i.e., using “Digital Optical Modules” (DOMs) whose functionality and high 
reliability in situ have been demonstrated by IceCube.   Although some of the DOM 
electronic components have become obsolete, they remain available for purchase from 
specialized vendors, and the relatively small number of DOMs to be built makes 
keeping them as identical as possible to the existing DOMs the most attractive option 
from the financial and risk standpoints.  Assuming only minor changes to the DOM main 
board, approximately two years would be needed to have DOMs ready for deployment.  
Thus the earliest deployment starting time is the 2014/15 season.  The additional strings 
could be deployed in the geometry shown in Fig. 1.  Although the geometry will be 
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Figure 1: A possible geometry for PINGU, showing existing 
IceCube and DeepCore strings.  The PINGU strings shown in 
the figure have been placed farther apart than the 10 m 
distance currently considered acceptable by drilling experts.  
Studies are underway to determine whether that 10 m 
distance may be lowered.

Example PINGU Geometry

The Next Step: PINGU
• Further increase sensor density

• ~20 additional strings
• Mostly IceCube technology plus some 

R&D modules

• Include new low-E calibration devices

• Aims:
• Physics program at Ethr ~ few GeV

• R&D: Cherenkov ring segment 
reconstruction

• Calibrate for light levels at E ~ 1 GeV

• Collaboration
• IceCube +, U.M.-Duluth, U. Erlangen, T.U.-

Muenchen, NIKHEF, U. Wuerzburg

• 2nd workshop early January, regular 
conference calls, wiki, listserv

9

IceCube: 1km3 ice Cherenkov detector (30 Mton DeepCore) 
PINGU: region of increased photosensor density 

 aim for ~few GeV threshold 
 

Probe mass hierarchy by looking for νµ disappearance. 
If e PID is developed (to distinguish from NC & τ), greater sens to MH here too.  
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PINGU MH significance 

This option is actually not very expensive…  
Estimated at ~$50M. 
 

Challenges:  
•  Need to demonstrate reconstruction capabilities 
•  Need to understand effect of systematics 

Ken Clark - Penn State University Viet Nus 2012

Time to Significance

• Caveats:

• no systematic 
effects

• no νe 

component

• no mis-
reconstruction 
of downgoing νμ 
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from	  K.	  Clark,	  Viet	  Nus	  2012	  

Caveats: 
 Considers νµ disappearance only 
 No systematic effects 
 No misreconstruction of 
  downgoing νµ  
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LBNE or LBNO, but only if underground! 

•  Can’t study atmospheric neutrinos on the surface 
•  If LArTPC, detector will have excellent tracking/

reconstruction/PID capabilities 
 
Challenges: 

 Haven’t built LArTPCs on this scale yet, although 
we’re heading in the right direction 

 Need to demonstrate reconstruction/PID 
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And by the way.. 

•  If your detector is underground AND it’s a 
giant detector, your physics portfolio is 
greatly enhanced 
– Searches for proton decay 
– Supernova neutrino detection 
– Solar neutrinos 
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Summary 
•  Measuring δCP requires knowledge of mass hierarchy. 

Mass hierarchy will be measured by at least one of 
these options. 

•  For the most part, all options involve well-understood 
detector technologies; no need to develop new, but 
possibly may improve old… 
–  Light detection in Cherenkov detectors (want higher 

efficiency, lower cost) 
–  Calorimeters (RPCs well-understood) 
–  LArTPCs (demonstrated on small scale, need to go bigger) 

•  Atmospheric neutrinos are free 
–  Make sure the next generation experiments are 

underground so we can use this source 
•  Other interesting physics are then accessible too! 
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Questions 

On	  what	  ^mescale	  can	  we	  expect	  a	  mass	  
hierarchy	  measurement?	  At	  what	  cost?	  	  

– What	  are	  the	  largest	  systema^cs?	  
– What	  other	  challenges	  will	  we	  need	  to	  address?	  
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Extras	  
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Doug Cowen Fundamental Physics at the Intensity Frontier Nov-Dec 2011

Neutrino Mass Hierarchy

•For large θ13, we
might be able to 
exploit matter 
effects and ν-ν̅ 
asymmetries in 
σνN and y to 
determine the
hierarchy

•Very speculative,
and relies on large 
θ13, but it got us
thinking about ways
to go to even lower energy
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FIG. 2: left (right panel): Oscillation probabilities for !e ! !µ, !µ ! !µ transitions for c! = "1.

channel and therefore is in many ways complementary
to the appearance experiments. While the matter e!ects
are a small correction in the !µ survival probability, they
are su"cient to provide a di!erence between the di!er-
ent mass orderings because of the very large number of
events.

Note that in Fig. 1 the di!erence between event rates
for the two hierarchies increases (although the overall
rates decreases) for c! bins (!0.9,!0.8) and (!0.8,!0.7)
compared to the (!1,!0.9) bin. This is because the res-
onant matter density for neutrino energies in the first
energy bin < E! >= 15 GeV is "5 g/cm3 which is lower
than the densities that the neutrino crosses if c! is in
the (!1,!0.9) region, but gets closer to the ones in the
shallower c! region.

IV. BACKGROUNDS AND SYSTEMATIC
UNCERTAINTIES

The main backgrounds to the signal we are exploiting
in the current study are atmospheric downward going
muons from the interactions of cosmic rays in the atmo-
sphere and tau (anti)neutrinos from !µ,e(!̄µ,e) # !" (!̄" )
transitions. The cosmic muon background can be elimi-
nated by angular cuts and in the Ice Cube deep core is
significantly reduced compared to the IceCube detector.

The tau neutrino background can be included in the
analysis as an additional source of µ-like events. Tau
(anti)neutrinos resulting from atmospheric neutrino fla-
vor transitions will produce a " lepton by CC interac-
tions in the detector e!ective volume. The tau leptons
produced have an " 18% probability of decaying through
the "! # µ!!̄µ!" channel.

The secondary muons can mimic muons from !µ CC
interactions and must be included in the oscillated signal.
The energy of a !" needs to be about 2.5 times higher
than a !µ to produce, via tau decay, a muon of the same
energy. But the atmospheric neutrino flux has a steeply

falling spectrum, so one would expect this tau-induced
muon background not to be very large. It is however sig-
nificant (" 10%) due to the fact that, as seen in Figure 3,
the first maximum in the !µ # !" oscillation probability
(minimum in the !µ # !µ survival probability) falls ex-
actly in the energy range of interest and for a large range
the !" flux can be significantly larger than the !µ flux.
These events significantly change the energy spectrum of
the measured muon-like events and contain information
about the main oscillation parameters, #31 and #23.
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The uncertainties in the atmospheric neutrino flux
have been discussed in the previous section and they af-
fect the analysis. It is however possible to use the data
itself to improve some of the errors introduced by these
e!ects, by considering energy and angular bins where os-
cillation e!ects are not important as a reference and thus
canceling out some of these uncertainties in the analysis
(see also [26]).

The uncertainties in other oscillation parameters also
a!ect the possibility of determining the neutrino mass hi-

for neutrinos;
antineutrinos 

reverse IH/NH

Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)

28
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PINGU Neutrino Mass Hierarchy

Possible sensitivity to neutrino mass 
hierarchy via matter effects if θ13 is large

Exploit asymmetries in the neutrino/
anti-neutrino cross section, 
kinematics

Effect is largest at energies below 5 
GeV (for Earth diameter baseline)

Control of systematics will be crucial

Recent results suggest that nature may 
be kind and provide a sufficiently large 
θ13



MINOS	  
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Normal Mass Hierarchy Inverted Mass Hierarchy 
m1 < m2  <<   m3 m3  <<  m1  <  m2 ? 

2'.-(&:6$!"##'#$

    t is experimentally firmly established that neutrinos 
    have three flavours %*& *&  (and their anti-particles), 
    and three masses (m1*&m2*&m3). Flavour determines 
how they take part in the weak interaction, mass 
determines how they propagate through space. 

I P 
From the neutrino oscillation data, in 
absolute value, one of the two 
independent neutrino mass squared 
differences m2

21 is much smaller than 
the second one m2

32 
     m2

21   =  m2
2- m1

2
    = 7.59  10-5 eV2 

    | m2
32|  = |m3

2- m2
2|  = 2.32  10-3 eV2 

One refers to m2
32 > 0 as normal mass hierarchy and m2

32 < 0 as inverted 
mass hierarchy. Its determination remains one of the outstanding problems in 
neutrino physics, and is the focus of this poster. 

            eutrino oscillation probabilities are significantly modified by          
              coherent forward scattering from electros in matter when   
              propagation through the Earth. This matter effects predominantly 
depend on the neutrino energy, the neutrino trajectory zenith angle, the 
electron number density of the earth medium, the atmospheric mass 
squared splitting m2

32, and the mixing angles 13, 23. 
      Matter effects alter neutrino and antineutrino oscillations differently, the 
sign of m2

32 determines whether neutrino or antineutrino oscillation 
probabilities are enhanced or suppressed. This matter induced neutrino-
antineutrino asymmetry causes neutrino induced muon charge asymmetry.  
      Median electron density in each region of preliminary reference Earth 
model (PREM) is implemented In MINOS Monte Carlo simulation. 
Spherically symmetric distributed piecewise constant radial matter density is 
modeled. The oscillation probability is calculated with the product of the 
transition amplitudes of each layer a neutrino travels together with the 
amplitude crossing the atmosphere. 

N 

           he choice of optimal binning scheme in the           
           two dimensional reconstructed energy and  
           reconstructed zenith angle is to keep the bin 
size close to half of angular resolution over the full 
energy range. 
      Two categories of atmospheric neutrino events 
are observed in the MINOS far detector, based on 
the neutrino interaction position inside the detector 
(contained vertex neutrinos) or in the rock (upward 
going muons). 2553 live-days (37.9 kton-years) of 
data contained vertex neutrino are accumulated for 
the analysis. The statistical sensitivities of 
contained vertex neutrinos with simulated 193,240 
kton-years Monte Carlo events are studied. 
      Figures on the right shows the Monte Carlo 
reconstructed zenith angle vs reconstructed energy 
with sin22 13 = 0.1 for normal hierarchy (NH) and 
inverted hierarchy (IH), and for + and - samples 
separately. The event rate ratio between two mass 
hierarchy hypotheses demonstrates the neutrino-
antineutrino asymmetry from the matter effects. 

T 

            he mass hierarchy determination sensitivity is estimated with  
            different analysis technique, before data is examined: 
            (1)  2 difference between two hypotheses, 2 = 2

NH -  2
IH . 

            (2) The probability to determine the correct mass hierarchy. 
            (3) The determine the correct mass hierarchy. 

T 
 2 Analysis 

     193,240 kton-years Monte Carlo contained vertex neutrinos events 
are generated for each set of oscillation parameters to ensure the 
statistical error is negligible, then they are normalized to current MINOS 
atmospheric neutrino 37.9 kton-years equivalent data exposure. Total 2 
[= 2( +) +  2( -) ] is calculated both for NH and IH. 2 is  marginalized 
over sin22 13 for both NH and IH with + and - separately for a given set 
of input data sin22 13 = 0.1. The 2 difference 2 = 2

NH -  2
IH  provides an 

estimation of mass hierarchy sensitivity. 2 is roughly 0.3 for MINOS 
37.9 kton-years contained vertex neutrinos events, and increases to 
around 0.6  for expected 66.5 kton-years of total exposure for the 
planed MINOS+ together with MINOS data. 

 The probability to determine 
the correct mass hierarchy 

     Before looking at the data, the following 
strategy always gives better (> 50%) chance to 
choose the correct hierarchies:  2 < 0, choose 
NH;  2 > 0, choose IH. The current MINOS 37.9 
kton-years contained vertex neutrino events give, 
on average, the probability of 60.5% to determine 
the correct mass hierarchy. 

the correct mass hierarchy 
      For a given mass hierarchy hypothesis, an 
interval for the histogram of 2

NH -  2
IH  is filled from 

the most probable 2
NH -  2

IH to the less probable, 
until one side reaches the wrong determination 
region. This discrimination power is zero if most 
probable is zero, 100% if the entire histogram is on 
the correct side. The current MINOS 37.9 kton-
years contained vertex neutrino events give 24.2% 
for NH, and 19.1% for IH, the discrimination power 
to determine the correct mass hierarchy 

           statement may be made after the data sample  
            
           

2
NH -  2

IH is measured based on the Bayes' theorem. 

 The probability to determine the correct mass hierarchy 

correct mass hierarchy 
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Current	  +	  projected	  
Accumulated	  Data	  	

p Currently	  there	  are	  0.24	  	  Mton•yrs	  SK	  data	  on	  hand	  	  
p In	  another	  10	  years	  we	  will	  have	  about	  85%	  of	  1	  HK	  
year	  	  
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Sensi(vity	  (σ)	 sin2θ23	 SK	  Current	 SK	  +	  10	  years	

Hierarchy	
0.4	 0.70	 0.98	
0.6	 1.50	 2.10	  	

Octant	  	
0.4	 2.00	  	 2.60	
0.6	 1.61	 2.10	

p Super-K oscillation analysis has been updated to include constraints from 
global information on θ13  

p No decisive indication of the mass hierarchy, θ23 octant, or value of δcp yet 
… 

 
 
p   The Future  

p Still statistics limited  
p Constraints from external data may help focus the sensitivity of 

atmospheric neutrinos 
p Analysis incorporating global data underway  

p At Hyper-K exposures the sensitivity to oscillations can address many 
of the current unknowns (and all in combination with beam data) 
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Large Matter Effects in     Survival Probabilityνµ

Max effect for L~7000 km and 
E~6 GeV [E(spmax) = E(res)]

       decreases (increases) at the 
spmax (spmin) due to matter 
effects

sign of earth matter effects 
depend on both L and E

matter effects depend on the 
value of 

matter effects also depend on 
the value of 

most imp is to choose proper 
bins in both E and L

Pµµ
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Mass hierarchy determination 
Impact of resolutions 

Gandhi et al: 0707.1723; 
Also see  
Petcov, Schwetz: hep-ph/0511277  Sushant Raut, VietNus 2012 January	  10,	  2013	   J.L.	  Raaf,	  CPAD	   25	  



Doug Cowen Fundamental Physics at the Intensity Frontier Nov-Dec 2011

MICA: Supernovae

• SN neutrinos at 10-20 MeV would produce 
2000-4000 Cherenkov photons:
• Even few percent photocathode coverage enough 

to see a single SN neutrino 

• A burst of >=3 neutrinos in 1-10s would be 
above atmospheric neutrino background

• Have not yet looked at spallation daughters

• A ~5 MTon detector could see to ~10Mpc
• Roughly annual supernova neutrino detection!

• Other benefits:
• Early triggers for optical telescopes

• ...and gravitational wave detectors: bkgd. reduction 
~106 ; signal enhancement ~1000x

• Caveats: LOTS of uncertainties (reconstruction, 
particle ID, spallation rejection...)
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Doug Cowen Fundamental Physics at the Intensity Frontier Nov-Dec 2011

MICA: Proton Decay

•Very challenging.  To beat 
backgrounds from 
atmospheric neutrinos and 
muon spallation products 
one needs:
•energy (momentum) 

resolution

•particle ID via Cherenkov 
ring reconstruction

•high photocathode area

•Simulations just starting

17

1.5 MTon (5x1035 protons), 
10 MeV threshold,
240 photons/MeV, 
5% photons detected,
NO scattering

p → !0 + e+

S. Bohaichuk, D. Grant/U.Alberta
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