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WHAT IS KNOWN

Δm221 ~ 7.6 x 10-5 eV2,  sin2θ12 ~ 0.31

|Δm232| ~ 2.4 x 10-3 eV2,  sin22θ23 almost maximal

θ13 is large

Mass Hierarchy (MH) determination will be easier

Possibility of  CPV determination is now opened up
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Fogli et. al.,1205.5254
 Valle, et. al.,1205.4018

T2K, Double Chooz, Daya Bay, Reno

Tuesday 5 June 2012



Neutrino 2012                                Sandhya Choubey                               June 5, 2012

WHAT IS UNKNOWN

Neutrino mass ordering is completely unknown - Probe it!!

Some hints of  θ23 being non-maximal - Probe it!!

If  θ23 is non-maximal, then what’s correct octant-Probe it!!

Whether CPV exists in the lepton sector - Probe it!!

3
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WHAT IS UNKNOWN

Neutrino mass ordering is completely unknown - Probe it!!

Some hints of  θ23 being non-maximal - Probe it!!

If  θ23 is non-maximal, then what’s correct octant-Probe it!!

Whether CPV exists in the lepton sector - Probe it!!

45

Atm nus
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ROLE OF THE LBL/REACTOR 
EXPERIMENTS

5
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REACH OF T2K+NOvA+Reactors 
(MH)
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MH can be discovered only 
at 90% C.L. for only about 
50% of  the δcp values

At 3σ these plots are almost 
empty and there is no MH 
sensitivity  :(

Huber,Lindner,Schwetz,Winter, 0907.1896

Projected sensitivity curve 
with expts specifications and 
timeline taken from LOI
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90% C.L.

90% C.L.
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REACH OF T2K+NOvA+Reactors 
(MH)
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Huber,Lindner,Schwetz,Winter, 0907.1896

T2K power increased to 
1.66 MW

NOvA power increased to 
2.3 MW

MH sensitivity at 3σ in 
2025 for 40% of  δcp values
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REACH OF T2K+NOvA+Reactors 
(θ23) 

8

T2K and NOvA measure this combination of  sin2θ23sin22θ13

Reactor experiments measure only sin22θ13

Combination of  the two data sets brings in some octant sensitivity

Tuesday 5 June 2012
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REACH OF T2K+NOvA+Reactors 
(θ23)
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Huber,Lindner,Schwetz,Winter, 0907.1896

Octant determination 
possible at 3 sigma

See talk by H. Minakata for LBL+Reactor prospects
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ROLE OF FUTURE ATMOSPHERIC 

NEUTRINO EXPERIMENTS

10
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THREE-FLAVOR EFFECTS IN 
ATMOSPHERIC NEUTRINOS

11

Petcov (1998), Chizov, Maris, Petcov (1998), Akhmedov (1999),Akhmedov,Dighe,Lipari,Smirnov 
(1999),Kim (1998),Peres,Smirnov(1999),Bernabeu, Palomares-Ruiz, Perez, Petcov, (2002), Gonzalez-
Garcia, Maltoni (2003), Bernabeu, Palomares-Ruiz, Petcov (2003), Peres, Smirnov (2004), Indumathi, 
Murthy (2004), Gandhi, Ghoshal, Goswami, Mehta, Sankar (2004), Gonzalez-Garcia, Maltoni, Smirnov 
(2004), Palomares-Ruiz, Petcov (2005), Choubey, Roy (2005), Fogli, Lisi, Marrone, Palazzo (2005); 
Huber, Maltoni, Schwetz (2005), T. Kajita (2005); E. K. Akhmedov, M. Maltoni and A. Y. Smirnov 
(2005), Petcov, Schwetz (2006), S. Choubey (2006); Indumathi, Murthy, Rajasekaran, Sinha (2006), E. 
K. Akhmedov, M. Maltoni and A. Y. Smirnov (2007), R. Gandhi, P. Ghoshal, S. Goswami, P. Mehta, S. U. 
Sankar and S. Shalgar (2007), E. K. Akhmedov, M. Maltoni and A. Y. Smirnov (2008), Gandhi, Ghoshal, 
Goswami, Sankar (2008), Mena, Mocioiu, Razzaque (2008), Peres, Smirnov (2009), Gandhi, Ghoshal, 
Goswami, Sankar  (2009), Samanta (2006 - 10), Samanta, Smirnov (2010), Conrad, de Gouvea, Shalgar 
(2010), Gonzalez-Garcia, Maltoni, Salvado (2011), Barger, Gandhi, Ghoshal, Goswami, Marfatia, 
Prakash, Raut, Sankar (2012), Blennow, Schwetz (2012), Akhmedov, Razzaque, Smirnov (2012), ..........

Incomplete list of  the literature:

My apologies if  your name is missing here - 
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CATALOGUE OF ATMOSPHERIC 
NEUTRINO EXPERIMENTS

12

Magnetized Iron Calorimeters: ➽   ICAL@INO

Water Cherenkov Detectors:  ➽  Hyper-Kamiokande

(Magnetized) Liquid Argon:   ➽  

Multi-Mton Ice Detectors:  ➽ ICDC, PINGU

Glacier

Tuesday 5 June 2012
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CATALOGUE OF ATMOSPHERIC 
NEUTRINO EXPERIMENTS 

13

Magnetized Iron Calorimeters: ➽   ICAL@INO

Water Cherenkov Detectors:  ➽  Hyper-Kamiokande

(Magnetized) Liquid Argon:   ➽  

Multi-Mton Ice Detectors:  ➽ ICDC, PINGU

✔Charge identification capability
✔Good energy resolution 

✘Poor electron sensitivity
✘Relatively high threshold

Glacier
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CATALOGUE OF ATMOSPHERIC 
NEUTRINO EXPERIMENTS
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Magnetized Iron Calorimeters: ➽   ICAL@INO

Water Cherenkov Detectors:  ➽  Hyper-Kamiokande

(Magnetized) Liquid Argon:   ➽  

Multi-Mton Ice Detectors:  ➽ ICDC, PINGU

✔Charge identification capability
✔Good energy resolution 

✘Poor electron sensitivity
✘Relatively high threshold

✘No charge identification✴

✘No ν energy reconstruction 

✔Low threshold    ✔Huge size
✔Electron event

Glacier
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CATALOGUE OF ATMOSPHERIC 
NEUTRINO EXPERIMENTS

1516

Magnetized Iron Calorimeters: ➽   ICAL@INO

Water Cherenkov Detectors:  ➽  Hyper-Kamiokande

(Magnetized) Liquid Argon:   ➽  

Multi-Mton Ice Detectors:  ➽ ICDC, PINGU

✔Charge identification capability
✔Good energy resolution 

✘Poor electron sensitivity
✘Relatively high threshold

✘No charge identification
✘No ν energy reconstruction 

✔Low threshold    ✔Huge size
✔Electron event

✔Best reconstruction capabilities
✔Both electron and muons visible

✘Magnetization could be a 
   challenge

Glacier

✴
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CATALOGUE OF ATMOSPHERIC 
NEUTRINO EXPERIMENTS
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Magnetized Iron Calorimeters: ➽   ICAL@INO

Water Cherenkov Detectors:  ➽  Hyper-Kamiokande

(Magnetized) Liquid Argon:   ➽  

Multi-Mton Ice Detectors:  ➽ ICDC, PINGU

✔Charge identification capability
✔Good energy resolution 

✘Poor electron sensitivity
✘Relatively high threshold

✘No charge identification
✘No ν energy reconstruction 

✔Low threshold    ✔Huge size
✔Electron event

✔Best reconstruction capabilities
✔Both electron and muons visible

✘Magnetization could be a 
   challenge

✔HUGE ✘poor e,✘no charge id,✘bad E resoln,✘threshold?

Glacier

✴

Tuesday 5 June 2012
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INDIA-BASED NEUTRINO OBSERVATORY 
(INO) 

17

INO Lab Layout

RPC fabrication at Asahi Glass Co.

RPC fabrication at TIFR

INOPeak @ Bodi West Hills RPC Test stand at TIFR

Prototype ICAL at VECC

2mx2m RPC stand at TIFR

ASIC for RPC designed at 
BARC

Tuesday 5 June 2012
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INO : THE LABORATORY
(SALIENT FEATURES)

18

Underground lab at Theni (9o58’ N, 77o16’ E), with ~1 km 
all-round rock cover accessed through a 2 km long tunnel. One 
large and several small caverns to facilitate many experimental 
programs.

In addition to ICAL, it will support several other expts such as 
neutrinoless double beta decay expts, dark matter search expts in 
the immediate future.

INO facility will be available to the international community for 
setting up experiments.

Tuesday 5 June 2012
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INO : THE LABORATORY
(SALIENT FEATURES)

Frontline neutrino issues will be explored in a manner 
complementary to the on-going efforts world-wide

Will be close to the magic baseline with respect to all major 
existing accelerator facilities - 

19

CERN-INO: ~7300 km
JPARC-INO: ~6500 km
RAL-INO:~7600
magic baseline ~ 7500 km
FNAL-INO: second magic

Tuesday 5 June 2012
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APPROVALS FROM INDIAN 
FUNDING AGENCIES FOR

Construction of  an underground laboratory and surface facilities 
at Pottipuram village in Theni district of  Tamil Nadu, India

Construction of  50 kton magnetized iron calorimeter (ICAL) 
detector to study neutrino properties

Construction of  INO center - The National Center for High 
Energy Physics (NCHEP) at Madurai

Human Resource Development (INO Graduate Training Prog)

Detector R&D
20
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CURRENT STATUS IN A 
NUTSHELL

21

RPC development

Electronics

Magnet:

Human Resource: 

INO Site:

✔Full size RPCs (2mx2m) are being  fabricated not just in the INO 
   labs but also by the industry

✔First batch of  ASIC front end designed by the INO electronics team
    and fabricated by Euro Practice IC Services being tested in the RPC lab

✔Prototype magnet at VECC/SINP, Kolkata running. 2nd engineering 
    module will be fabricated in the next two years

✔Graduate Training Program since 2008

✔Environment and Forest Clearances obtained
✔26 hectares of  land at Pottipuram provided by the TN Govt free!

Tuesday 5 June 2012
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PERT CHART

22
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PHYSICS WITH ATMOSPHERIC 
NEUTRINOS

Reconfirm neutrino oscillations from distortion in L/E

Measure |Δm231| and sin22θ23

Determine the neutrino mass hierarchy

Determine the deviation of  θ23 from 45o and its octant

Other (new) physics (sterile neutrinos, NSI, CPTV, LIV, Long 
range forces….)

Very high energy neutrinos and muons
23
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PHYSICS WITH ATMOSPHERIC 
NEUTRINOS

Reconfirm neutrino oscillations from distortion in L/E

Measure |Δm231| and sin22θ23

Determine the neutrino mass hierarchy

Determine the deviation of  θ23 from maximal and its octant

Other (new) physics (sterile neutrinos, NSI, CPTV, LIV, Long 
range forces….)

Very high energy neutrinos and muons
24
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SIMULATION FRAMEWORK

25

Simulation Framework

NUANCE

GEANT4

Neutrino Event Generation
νa+ X -> A + B + ...

Generates particles that result from a 
random interaction of a neutrino with 

matter using  theoretical models .

Output:
i)  Reaction Channel

ii) Vertex Information
Iii) Energy & Momentum of all 

Particles

Event Simulation
 A + B + ... through RPCs + Mag.Field

Simulate propagation of particles through the 
detector (RPCs + Magnetic Field)

Output:
i)  x,y,z,t of the particles at their 

interaction point in detector
ii) Energy deposited

iii) Momentum information

Event Digitisation
(x,y,z,t) of A + B + ... + noise + detector 

efficiency
Add detector efficiency and noise to the hits

Output:
i)  Digitised output of the previous 

stage (simulation)

Event Reconstruction
  (E,p) of ν + X = (E,p) of A + B + ...

Fit the tracks of A + B + ... to get their energy 
and

momentum.

Output:
i)  Energy & Momentum of the 

initial neutrino

35

Thursday 31 May 2012
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DETECTOR PERFORMANCE

26

Inhomogeneous magnetic 
field mapping implemented 
in the ICAL code

Resolution functions for 
hadrons also obtained but not 
used in results shown here

Effect of  iron thickness on 
efficiencies and charge id 
under study

Proposed figures for showing resolution in energy and angle of muons
at Neutrino conf
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Figure 1: Energy resolution σ/E (Left) and angle resolution (Right) for muons injected into ICAL.
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Figure 2: Reconstruction and relative charge id efficiency for muons injected into ICAL.

Proposed figures for showing resolution in energy and angle of muons
at Neutrino conf

 (GeV)µP
0 5 10 15 20 25

µ
/P

µ
P

!

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24
=0.35"Cos 
=0.55"Cos 
=0.85"Cos 

Momentum Resolution

 (GeV)µP
0 5 10 15 20 25

"
!

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045
=0.35"Cos 
=0.55"Cos 
=0.85"Cos 

) Resolution"cos(

Figure 1: Energy resolution σ/E (Left) and angle resolution (Right) for muons injected into ICAL.

 (GeV)µP
0 5 10 15 20 25

R
E

C
 E

ff

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

=0.35"Cos 
=0.55"Cos 
=0.85"Cos 

Reconstruction Efficiency

 (GeV)µP
0 5 10 15 20 25

C
ID

 E
ff

0.95

0.96

0.97

0.98

0.99

1

=0.35"Cos 
=0.55"Cos 
=0.85"Cos 

CID Efficiency

Figure 2: Reconstruction and relative charge id efficiency for muons injected into ICAL.

INO Collab, 2012
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 PHYSICS REACH OF ICAL@INO

27

Matter effects fluctuate rapidly with E and cosθzenith

ICAL has good E and cosθzenith resolution
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Effect will also be opp for nu and anti-nu...ICAL has charge id!
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LEADING ATMOSPHERIC 
PARAMERTERS @ INO

28

Precision not competitive with LBL expts, but complementary

Use priors on |Δm2atm|, θ23, θ13 from LBL+reactors projected reach

 INO Preliminary

INO Collab, 2012
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MASS HIERARCHY @ INO

29

~2σ sensitivity for sin2θ23=0.5, sin22θ13=0.1 by 2022 (5 yrs) 
~2.7σ sensitivity for sin2θ23=0.5, sin22θ13=0.1 by 2027 (10 yrs)

Events generated using Nuance and ICAL resoln in E and cosθzenith
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INO Collab, 2012
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MASS HIERARCHY @ INO

30

Data generated at δcp=0 and fitted at non-zero δcp

INO will give MH sensitivity almost indep of  δcp

What is the impact of  δcp on the MH sensitivity of  ICAL@INO
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Figure 8: ∆χ2 of the wrong mass ordering for sin
2
2θ13 = 0.09 including a finite ∆m2

21 in the INO

simulation as a function of the CP phase δ. Data is simulated for normal mass ordering and δ = 0. Those

data are fitted assuming the inverted mass ordering varying δ. When changing the sign of ∆m2
31 we

keep |∆m2
eff | constant, see Eq. 3, and all other oscillation parameters are fixed. For INO only statistical

errors are taken into account, corresponding to an exposure of 500 kt yr, and we show results assuming

high and low resolutions. The horizontal thin lines correspond to the ∆χ2 for ∆m2
21 = 0. For NOvA we

assume 3 yr nominal exposure for neutrinos as well as anti-neutrinos.

tion. However, we stress that once reliable detector properties become available it will
be necessary to include full three flavour effects in order to obtain accurate sensitivity
predictions.

In Fig. 8 we show also the δ dependence of the χ2 from NOvA data for the same
type of analysis. We see that for NOvA three-flavour effects are essential and there is a
significant dependence on the CP phase δ.2 Comparing the variation of INO and NOvA
we conclude that there is very little complementarity with respect to δ dependent effects.
The δ best fit point will be completely dominated by NOvA, and hence the small decrease
in sensitivity for INO might be somewhat lifted once combined with NOvA. This results
in χ2 values very similar to the one obtained in the approximation ∆m2

21 = 0.

5 Conclusions

The recent discovery of a relatively large value of θ13 by the Daya Bay reactor experiment
opens exciting possibilities for the future neutrino oscillation program. In this paper we

2The NOvA curve in Fig. 8 depends strongly on the true value of δ, whereas the result for INO depends

only weakly on the assumed value.
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In WC detectors subdominant  
effects mainly in electron events

Matter effects in muons demands 
good resoln in both E and L

Matter effects in electrons does not 
vary so fast with E and L 
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Schedule
JFY2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

-4 -3 -2 -1 1 2 3 4 5 6 7 8 9
access tunnels, waste rock tunnels

cavity excavation

concrete, liner

PMT support, PMT installation

water filling

Operation

PMT production
preparation for glass valve, PMT production

photo-sensor R&D

Construction start

assuming budget being approved from JPY2016
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~4σ sensitivity for sin2θ23=0.5, sin22θ13=0.1 by 2033-34 (10 yrs)
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Change in gear...from full MC analysis using final leptons to 
analysis using neutrino energy and direction by phenomenologists

Assuming:

50-100 kton , 100% cid for μ and 20% for e in 1-5 GeV

 

Barger et. al., 1203.6012
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FIG. 1: Marginalized hierarchy sensitivity including priors in a Liquid Argon detector with 250 kT yr exposure as a function
of (sin2 2θ13)tr for (sin2 θ23)tr = 0.4, 0.5, 0.6. The green (dot-dashed) lines represent the Daya Bay and RENO best-fit values.
The left panel is for true normal hierarchy (NH) and the right panel is for true inverted hierarchy (IH).

σ(sin2 2θ13) χ2

NH χ2

IH

No Prior 25.6 11.7
0.02 33.5 26.8
0.01 35.8 36.8

TABLE I: Values of marginalized hierarchy sensitivity for various
values of σ(sin2 2θ13) with 250 kT yr exposure for (sin2 2θ13)tr =
0.1 and (sin2 θ23)tr = 0.5. The second column is for a true normal
hierarchy and the third column is for a true inverted hierarchy.

if the true hierarchy happens to be inverted.
In summary, it is evident that if the value of θ13 lies

within the 1σ range preferred by Daya Bay/RENO, then
with a 50 kT detector running for 5 years, a > 5σ de-
termination is possible if the hierarchy is normal, while
a ∼ 5σ determination can be achieved if it is inverted.
If the error in sin2 2θ13 is reduced by half, then the sen-
sitivity is enhanced to the 6σ level for both hierarchies.
In this case, a reduced exposure of 100 kT-yr results in
a 4σ hierarchy discrimination for (sin2 2θ13)tr = 0.1 and
(sin2 θ23)tr = 0.5 irrespective of whether the hierarchy is
normal or inverted.
Octant sensitivity: For this analysis, we adopt the

viewpoint that once the hierarchy is determined with 250
kT yr exposure, the octant may be tackled with addi-
tional exposure and a priori knowledge of the hierarchy.
We assume a total exposure of 500 kT yr and consider
the octant discrimination separately for NH and IH. As
with hierarchy discrimination, we include priors and per-
form a combined minimization of χ2

µ + χ2
e + χ2

prior. The
principal contribution to the octant sensitivity is again
from muon events due to the sin4 θ23 term in the survival
probability [23].
In Figure 2, we plot the χ2

min values indicating the
ability of the experiment to rule out the wrong octant
for two values of θ13 close to the Daya Bay and RENO

best fits. In the left panel the hierarchy is assumed to be
normal and for the right panel it is inverted.

We see that a 2σ discrimination is possible for |θ23 −
π/4| > 3.5◦ for values of θ13 close to the present best-fit,
if the hierarchy is normal. That is, the octant discrimi-
nation is possible only if the value of sin2 2θ23 is less than
0.985. For larger values of θ23, octant discrimination is
difficult. For smaller values of sin2 2θ23, the value of χ2

min

increases rapidly and a 3σ octant discrimination is pos-
sible for |θ23 − π/4| > 5◦ or sin2 2θ23 < 0.97 for a normal
hierarchy. If the hierarchy is inverted, octant sensitiv-
ity is worse, and only a 2σ discrimination is possible for
|θ23 − π/4| > 4◦ or sin2 2θ23 < 0.98.

Conclusions: The nature of the neutrino mass hier-
archy and the octant of θ23 are vital to our efforts to
build theories beyond the SM. With regard to these two
issues, we have explored the implications of the recent
Daya Bay and RENO results on θ13 for the planning of
future experiments. In particular, we have demonstrated
the exceptional capability of a large mass LAr-TPC to
determine both the hierarchy and the octant to high sig-
nificance with moderate exposure times. Improvement
in the precision of the third leptonic mixing angle θ13
can dramatically lower the exposure needed to determine
mass hierarchy.
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With 250 kton-yr ~5σ sens to MH with these specs!

With 500 kton-yr 3σ sensitivity to octant for about 0.4>sin2θ23>0.6

Mass Hierarchy OctantBarger et. al., 1203.6012

With 250 kton-yr ~3σ sens to MH with toned down specs
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FIG. 2: left (right panel): Oscillation probabilities for νe → νµ, νµ → νµ transitions for cν = −1.

can be very different for normal and inverted hierarchies
(mostly due to changes in the first term in Eq. (15)).

As seen in Fig. 2, the νe → νµ probability is quite small
in the relevant energy range (negligible for inverted hier-
archy). Its contribution to the final muon-like event rate
is made even smaller by the fact that the atmospheric
νe flux at these energies is much smaller than the νµ

flux. The experiment we are considering is thus mostly
exploiting matter effects in the disappearance νµ → νµ

channel and therefore is in many ways complementary
to the appearance experiments. While the matter effects
are a small correction in the νµ survival probability, they
are sufficient to provide a difference between the differ-
ent mass orderings because of the very large number of
events.

Note that in Fig. 1 the difference between event rates
for the two hierarchies increases (although the overall
rates decreases) for cν 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 < Eν >= 15 GeV is ∼5 g/cm3 which is lower
than the densities that the neutrino crosses if cν is in
the (−1,−0.9) region, but gets closer to the ones in the
shallower cν 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 νµ,e(ν̄µ,e) → ντ (ν̄τ )
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 τ lepton by CC interac-
tions in the detector effective volume. The tau leptons

produced have an ∼ 18% probability of decaying through
the τ− → µ−ν̄µντ channel.

The secondary muons can mimic muons from νµ CC
interactions and must be included in the oscillated signal.
The energy of a ντ needs to be about 2.5 times higher
than a νµ 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 νµ → ντ oscillation probability
(minimum in the νµ → νµ survival probability) falls ex-
actly in the energy range of interest and for a large range
the ντ flux can be significantly larger than the νµ flux.
These events significantly change the energy spectrum of
the measured muon-like events and contain information
about the main oscillation parameters, ∆31 and θ23.
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FIG. 3: νµ survival probability and νµ → ντ oscillation prob-
ability for cν = −1, sin2 2θ13 = 0.1

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
effects, by considering energy and angular bins where os-
cillation effects are not important as a reference and thus

Mena,Mocioiu,Razzaque,0803.3044

hierarchy

ντ appearance

νμ disappearance

8 additional string 
+ 7 IceCube strings

Threshold ~ 10 GeV

Poster by A. Gross
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20 additional strings in the Deep Core, threshold reduced to ~ 1 GeV

Darren R. Grant - University of AlbertaNov 7, 2011 NNN11 - Zurich Switzerland

• Could continue to
fill in the DeepCore
volume

• E.g., an additional
18-20 strings (~1000 DOMs)
in the 30 MTon 
DeepCore volume

• Could reach O(GeV)
threshold in inner
10 MTon volume

• Price tag would likely be around $25M

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.

PINGU:  Possible Geometry
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FIG. 3: The fine binned distribution of the number of νµ like events in the (Eν − cos θz) plane that

can be collected by PINGU detector during 1 year.

B. Hierarchy asymmetry

Let us consider effect of the mass hierarchy on distribution of the νµ events. Using the

relations (16) we can write the density of events for inverted mass hierarchy in terms of the

oscillation probabilities for the normal mass hierarchy as

DIH

µ = σCCΦ0

µ

��
P̄µµ +

1

r
P̄eµ

�
+ κµ

�
Pµµ +

1

r̄
Peµ

��
. (24)

Then the difference of the numbers of events for the inverted and normal mass hierarchies

equals

N IH

ij,µ −NNH

ij,µ = 2πNAρT

�

∆i cos θz

d cos θz

�

∆jEν

dEνVeff(DIH

µ −DNH

µ ), (25)
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DIH
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µ = σCCΦ0

µ

�
(1− κµ)
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P̄µµ − Pµµ

�
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1

r
(1− κe)
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P̄eµ − Peµ
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, (26)

and

κe ≡
σ̄CCΦ̄0

e

σCCΦ0
e

= κµ
r

r̄
. (27)

9

FIG. 14: The smoothed distribution of the νµ events in the (Er − cos θr) plane. We use σE = 2

GeV and σθ = 11.25◦.

and it is shifted by smearing to higher energies. The tentaive estimation of the total (inte-

gral) significance is Stot = 16.5σ (f = 0, zero systematics), Stot = 14.2σ with f = 5% and

Stot = 11.1σ with f = 10%. [[we need to explain this]]. This can be compared with results

when no smearing is introduced: Stot = 52.9σ (no systematics) and Stot = 43.7σ (f = 5%),

Stot = 32.9σ (f = 10%). The integrated significance decreases with increase of smearing

widths: For σE = 3 GeV and σθ = 15◦ (Fig. 15) we obtain Stot = 10.4σ (no systematics)

and Stot = 9σ (5% sytematics). In Fig. 16 we use σE = 4 GeV and σθ = 22.5◦. In this case

Stot = 7.2σ (f = 0), Stot = 6.2σ (f = 5%), and Stot = 4.7σ (f = 10%)

C. Effect of degeneracy of parameters

In computations of the asymmetry we used precise values of ∆m32, θ13, θ23 and δ. Un-

certainties in these parameters can lead to the same effect as the effect of the hierarchy

change in certain kinematic regions. That is, the difference of distributions of events for

the true and assumed values of parameters may have the same pattern as the difference of

23

FIG. 16: The same as in Fig. 14 for σE = 4 GeV and σθ = 22.5◦.

FIG. 17: Effect of uncertainty in ∆m2
31. shown the difference of numbers of events for ∆m2

31 and

∆m2
31 + 1σ.

are reduced in the limit of∆m2
21 = 0 to the corresponding shift of the oscillatory pattern

in the energy scale. The strongest effect is in the strips of width (2 - 3) GeV along the

lines E/GeV = 25| cos θz| + 1, (| cos θz| < 0.5), E/GeV = 17| cos θz|, (| cos θz| < 0.5) and

E/GeV = 9| cos θz|. These regions have substantial overlap with regions of strong hierarchy

asymmetry, and so certain selection of integration regions (binning) is required to reduce

degeneracy and disentangle the two effects. Clearly further improvements of accuracy of

measurements of ∆m2
32 by T2K and MINOS will aleviate this problem.

D. The hiererchy and cascades

For cascades. Since no information about direction of cascades is expected, we perform

integration over the zenith angle. At the same time the energy of cascade can be determined

with relatively good accuracy. So integrating over θz in whole range and over energy with

25

20 additional strings in the Deep Core, threshold reduced to ~ 1 GeV
Akhmedov,Smirnov,Razzaque, 1206.7071

Multi-mton vol allows for 3σ to 11σ hierarchy sensitivity in 5 yrs 
for 10% and 5% bin-to-bin uncorr systematic errors respectively 

σE=2 GeV, σθ=11.25o σE=4 GeV, σθ=22.5oNo resolution

Veff=14.6x[log(E/GeV)]1.8 Mt
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TEV ATMOSPHERIC NEUTRINOS 
IN ICECUBE

42

Can be used to look for the (LSND) sterile neutrinos

Can be used to look for NSI and other exotic physics

Can be used for Earth tomography by neutrino absorption

Nunokawa,Peres,Zukanovic Funchal, 0302039
SC, 0709.1937
Smirnov, Razzaque,1203.5406

Gonzalez-Garcia,Halzen,Maltoni, 0502223

Gonzalez-Garcia,Halzen,Tanaka, 0711.0745

Can be done is any km3 neutrino telescope
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SUMMARY

43

Large θ13 has opened up the searches for MH and CPV

MH can be discovered in current LBL+Reactor experiments at 
90% C.L. only for 50% of  δcp values by 2019

Atmospheric neutrinos will play a crucial role for MH discovery

MH will be measured at INO at ~2σ by 2022 (250 kton-yr) 
and at ~2.7σ by 2027 (500 kton-yr data)

MH will be measured at HK at ~3σ by 2028 (2.8 Mton-yr) 
and at >4σ by 2033 (5.6 Mton-yr data)
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SUMMARY

MH sensitivity will go up with sin2θ23

Very good prospects for measuring MH with atmospheric 
neutrino detection in large liquid argon detectors

Very good prospects for measuring MH with atmospheric 
neutrino detection at IceCube (PINGU)

Variety of  other (new) physics searches (sterile neutrinos, NSI, 
CPTV, LIV, Long range forces….) can be performed using 
atmospheric neutrino detection in the range 1 GeV to 10 TeV

44
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BACK-UP
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ATMOSPHERIC NEUTRINO FLUX 
AT THENI
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MASS HIERARCHY @ INO

475131

Events generated using Nuance and ICAL resoln in E and cosθzenith
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MASS HIERARCHY @ INO

4831

Events generated using Nuance and ICAL resoln in E and cosθzenith
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ATMOSPHERIC NEUTRINO 
EVENTS IN HK

49

HK LOI, 1109.3262

56 III PHYSICS POTENTIAL

TABLE XI. Oscillation parameters are set to be these values in this section, unless otherwise noted.

∆m2
21 7.6×10−5 eV2

∆m2
32 2.4×10−3 eV2

sin2 θ12 0.31

sin2 θ13 0.025

sin2 θ23 0.5

δ 40◦

TABLE XII. Expected number of νe-like and ν̄e-like events in 10 Hyper-K years for each interaction com-

ponent.

CC νe CC ν̄e CC νµ + ν̄µ NC Total

νe-like sample 15247 2831 3731 4792 26601

- single-ring 6356 1086 1682 1740 10864

- multi-ring 8891 1745 2049 3052 15737

Percentage (%) 57.3 10.6 14.0 18.0 100.0

ν̄e-like sample 28309 17255 1232 4559 51355

- single-ring 20470 13401 444 2496 36811

- multi-ring 7839 3854 788 2063 14544

Percentage (%) 55.1 33.6 2.4 8.9 100.0

of Cherenkov rings, particle type (e-like or µ-like), the number of muon decay electrons, and so on

[25]. In addition, the multi-GeV single-ring and multi-ring e-like events are regrouped into νe-like

and ν̄e-like samples in the following manner. In the charged current (CC) non quasi-elastic (QE)

interaction components among the single-ring sample, π+(π−) is expected to be more copiously

produced in νe(ν̄e) interactions because the secondary charged lepton is e−(e+). The π+ decays

into µ+ which in turn produces a delayed signal of a decay electron, while in the case of π−

it is often absorbed in water before decaying into µ−, so no decay electron would be produced.

Therefore, events with more than one decay electron are classified as νe-like, while events having

no decay electron are classified as ν̄e-like. As for the multi-GeV multi-ring e-like sample, the events

are also divided into νe-like and ν̄e-like samples via a likelihood method. CC νe interactions tend

to have a larger Feynman y distribution than CC ν̄e, therefore CC νe is expected to have larger
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MASS HIERARCH @ HK_ATM 
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