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Talk Outline 
• Atmospheric neutrino flux 
•  IceCube-DeepCore-PINGU 
•  Three-flavor neutrino mixing parameters  
• Neutrino mass hierarchy determination with huge 

atmospheric neutrino detectors 
• Sensitivity to 2-3 mixing and CP phase 
• Search for light sterile neutrinos 
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Atmospheric neutrino flux 
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Nature’s neutrino beam 

Zenith angle 
(97-180 deg.) 
averaged flux 

IceCube Collab. [R. Abbasi et al. 2010] 

•  Measurements of muon neutrino 
flux from ~200 MeV to ~400 TeV 

•  Uncertainties are getting smaller 
to constrain models at > 100 GeV 

•  DeepCore/PINGU will reduce 
uncertainties at < 100 GeV 



IceCube ν Observatory at the South Pole 
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Sensitive to >10 GeV ν’s with its Deep Core sub-array 

Credit: IceCube 



ν detection techniques 
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3500 km 
Core 

Preliminary 
Reference 
Earth Model 
(PREM) 

Mantle 

IceCube 

ν	


νe/µ/τ + N  e/µ/τ + X   
Charge-Current interactions  

µ track 

Good angular resolution (<1° @ 1 TeV) 
for νµ –induced CC events 

Credit: IceCube 



IceCube and Deep Core sensitivities 
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IceCube Collab.  
[R. Abbasi et al. 2011] 

Oscillation physics requires good sensitivity 
below ~50 GeV which Deep Core provides 

oscillation •  Oscillation confirmation over large L/E 
•  Atmospheric mixing angle θ23 

•  Mass-square difference |Δm32|2  

•  Appearance of ντ	

•  Search for light sterile species 

νs search 

ντ appearance	


1st osc. min.	


Mena, Mocioiu and Razzaque 2008 



Next generation: PINGU sensitivities 
S. Razzaque 8 

    

      

          

      

      

ν3 

ν2 

ν1 ν3 

ν2 

ν1 

Δm32 

Δm31 

Normal Inverted 
X (m)

-100 -50 0 50 100 150 200

Y 
(m

)

-150

-100

-50

0

50

100
PINGU Geometry V6 (Dozier)

IceCube

DeepCore

PINGU (HQE)

PINGU Geometry V6 (Dozier) Additional strings ~20, denser array 
within IC/DC, threshold down to ~1 GeV 

Credit: D. Cowen, J. Koskinen, D. Grant, K. Clark, … 

Main oscillation physics: 
neutrino mass hierarchy 

Talk by J. Koskinen 



Three-flavor neutrino mixing parameters 
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Fogli et al. 2012 

sin2 2θ13 = 0.092 ± 0.016 (stat.)  
          ± 0.005 (syst.) 

All mixing parameters are known! 

Non-zero and somewhat large θ13 

•  Indicated by global fits 
•  measured by Daya Bay 

Interestingly non-maximal θ23  

CP phase is weakly constrained 

Mass hierarchy is unknown 

Great opportunity to determine with 
huge atmospheric ν detectors! 



Atmospheric ν oscillation probabilities 
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νe ντ	


νµ	


zenith 
angle 

Well-defined probabilities for given PREM density profile 



Atmospheric ν oscillation probabilities 
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Subtle differences between ν and ν probabilities when mass ordering is exchanged − 

νe 

νµ	


Solid – NH 
Dashed - IH 

ν ν − 



Neutrino oscillograms 
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(G
eV

) 
(G
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Equal probability contours 
in the energy-angle plane 

MSW 1-3 
resonance dip 

MSW 1-3 
resonance picks 

sensitivity to hierarchy 
in the µ channel 



Atmospheric νµ track events in PINGU 
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A metric to determine hierarchy from 
asymmetry in events in NH and IH  

Significance 

νµ CC-induced racking events 
follow the oscillation pattern 

The asymmetry of events arises mostly due to σ(ν) ~ 2 σ(ν)    − 



Asymmetry in νµ track events in PINGU 
S. Razzaque 14 

νµ events 

~ 5–10  ~ 5–10  

~ (1/2)×(1/1.25) ~ 1/2.5 

Original νe contribution is suppressed by a 
factor ~ (1/r)(1−ke) > (1/5)(1−1/2.5) ~  3/25! 

~ 1/2.5 

PA = 1− Pee = sin2 2θm13 sin
2 φm

31/2 Const. density 

Analytic 
curve 



Energy and angle reconstruction errors 
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σE = 0.2Eν, σθ = (mp/Eν)½ σE = 0.2Eν, σθ = 1.2(mp/Eν)½ 

Energy and angular reconstruction errors are expected to be sizeable 

Assume Gaussian smearing of true neutrino energy and angle with errors (σE , σθ)  



Effect of uncertain value of |Δm31|2 
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Degeneracy in 3-2 mass-squared difference can mimic hierarchy 
determination significance distribution in the Eν - θz plane       

After Gaussian smearing (Most sensitive 
region for hierarchy and |Δm31|2 are separate)  

If E and θ could be 
accurately reconstructed 



Hierarchy determination significance 
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Calculate total significance from binned data, after accounting for reconstruction errors 

Minimize over Δm23
2 fit values to 

the true unknown Δm31
2 value 

5 years of 
PINGU data 

If true Δm31
2 is known (dashed) 

or uncertain within ±1σ (solid) 



Cascade events in PINGU 
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Electron ν only Electron + tau ν 

Asymmetry for NH and IH for νe events arises from 

Cascade events from νµ - ντ oscillation reduce significance 



Sensitivity to θ23 
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Asymmetry in events for 2 different θ23 arises from 

Most sensitive 
region for 
hierarchy 

Most sensitive 
region for θ23 

1: sin2θ23 = 0.5 
2: sin2θ23 = 0.42 



Sensitivity to CP phase 
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Asymmetry in events for 2 different CP phases arises from 

δ = π/2 and 0, sin2θ23 = 0.5 δ = π/2 and 0, sin2θ23 = 0.42 



IceCube’s sensitivity to sterile neutrinos 
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Mixing of sterile ν with active ν affect probabilities of 
active-to-active ν flavor conversions 

MSW resonance condition 

•  MSW resonance effect appears in the antineutrino channel (‘-’ potential) 
 

•  Effects of 2-3 mixing and mass-splitting becomes dominant below ~0.5 TeV 
•  affect both neutrinos and anti-neutrinos   

Resonance energy for typical earth-crossing density: 

! 

E ~ (2 " 5) TeV (#m03
2 /1eV2)

IceCube energy range is 
well-suited to explore 
sterile ν signature using 
atmospheric ν flux 

Roughly the number of νµ events scales as 

! 

NE ~ Aeff E"# ;"# $ E %3.7 ; Aeff ~ Veff nN &nN ' det

Veff !Rµ
3 !

E3 ;<1TeV

(lnE)3;>1TeV

"
#
$

%$
1 TeV 

E 

NE 

α mixes ν4 
and ν3 states 

Nunokawa, Peres & Zukanovich Funchal 2003 
Coubey 2007 
Razzaque & Smirnov 2011 
Barger, Gao & Marfatia 2011 



Atmospheric νµ - νµ oscillation with sterile 
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Mass 
mixing 

Flavor 
mixing 

− − 



Zenith angle distribution of νµ events in IC 
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Integrated over E > 100 GeV in each bin 

Ice properties not 
well-understood 

Sterile ν mixing shifts the 
events up or down 
 
Simulate events with 
sterile ν mixing and 
compare with data 

IceCube Collab. [R. Abbasi et al. 2010] 

40-string data 



Suppression of νµ events in IC 
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Mass 
mixing 

Flavor 
mixing 

Ratio between events 
with and without νs  



Different sterile mixing schemes 
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Mixing angles between ν4 and ν2 , ν4 and ν3 can be different  

Effects of different mixing angles 



Sterile mixing effect in Deep Core 
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scheme 

First oscillation minimum for νµ - νµ	


~ 25.7 GeV (θz = π) 

•  Matter-induced shift due to νs mixing 
•  Implications for mass hierarchy 



Summary 
• Huge Atmospheric neutrino detector such as PINGU 

can determine mass hierarchy with high significance  
• Sensitivity to CP phase is rather low 

•  IceCube and Deep Core can be very effective to 
search for light sterile neutrinos 
•  10’s of thousands of events/year! 
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Go PINGU!!! 
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Back up slides 



Evolution of ν states 
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νe	
 νe	


ν3	


ν2	


 νf  = U23Iδ ν 

 Iδ  = diag (1, 1, eiδ ) 

νe	


νµ	


ντ	


νµ	


ντ	


νe	


ν2	


ν3	

~ 

Propagation  
basis 

~ 

~ 

~ 

~ 

projection projection propagation 

A(νe  νµ) = cosθ23 Ae2eiδ  +  sinθ23Ae3 

Ae3 

Ae2 

CP-violation and 2-3 mixing 
are excluded from dynamics 
of propagation 

CP appears in  
projection only 

For instance: 

A22 A33 A23 

For  E > 0.1 GeV 

A. Yu. Smirnov 



Oscillation probabilities 
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Reduces the depth  
of oscillations 
interference  

P(νe   νµ) = s23
2|Ae3|2   

Modifies 
phase 

φ = arg (A22 A33*)  

Reduces  
the average  
probability  

P(ν µ  νµ) =  1 – ½ sin2 2θ23
  - s23

4|Ae3|2  + ½ sin2 2θ23  (1 - |Ae3|2)  cos φ  

P(ν µ  ντ) =  ½ sin2 2θ23
  - s23

2 c23
2|Ae3|2  - ½ sin2 2θ23  (1 - |Ae3|2)  cos φ  

for hierarchy determination 

½  

½  



Bound on sterile ν parameter 
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Null hypothesis (without sterile ν mixing) fits data rater well 

Reject sterile ν mixing models: 

Null (MC) 

Models with large mixing of sterile ν 
with active ν's can be constrained  

! 

" #2 = #min,model
2 $ #min,null

2

! 

"min,null
2 =14.16 (20 dof);C = 0.98,# = 0.04

! 

|Uµ0 |
2= sin2"23 sin

2# $ 1
2 sin

2#

|Uµ0 |
2 ~ 0.02 % 0.04


