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Outline 

• Introducing liquid argon TPC  
• Physics case 

o Accelerator neutrino physics 
o Study of atmospheric neutrinos 
o Nucleon decay search 
o Supernova neutrinos 
o Solar neutrinos 
o Indirect dark matter searches 
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LAr TPC concept 
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The Liquid Argon Time Projection Chamber: a new concept 
for Neutrino detectors, C. Rubbia CERN-EP/77-08 (1977) 

Trigger & t0 

Signals: 
1. Charge 
2. Scintillation light 
3. Cherenkov light 

(if 𝛽 > 1/𝑛)  



Some advantages of LAr TPC 

• Fully active homogeneous detector 
• Detailed 3D event topology reconstruction 
• dE/dx with high density sampling (2% 𝑋) Æ PID 
• Calorimetric energy measurement from contained 

showers 
• Low detection threshold (<100 keV with charge 

amplification in a double phase LAr TPC) 
• Scalable to large masses 
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Excellent 𝜈 detector 
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1.5 GeV 𝜋 

1.5 GeV electron 

e+e- = 2mips  

1 mip  

Separate electromagnetic 
tracks for electrons and 
photons based on 
<dE/dx> at the beginning 
of the track 

ICARUS-TM/03-05 (2003) 

Background from NC𝜋 is negligible 
• Event topology 
• Invariant mass 
• e/γ separation  

γ‘s  from  𝜋 

~100% 𝜋 rejection 

e- 

~2% mis-id 

Great for 𝜈ఓ → 𝜈 
measurements 



With  large  detectors  … 
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Supernova  Atmosphere Sun 

? 

Dark matter 

Nucleon decay Accelerator 



Proposals for very large 
LAr TPC detectors 

11/12/2013 V. Galymov - NNN2013 7 

LBNE  LBNO 

34 kton  Double-phase  LAr TPC 
22.8 kton Æ ~70 kton 

GLACIER 



Physics case 
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Physics with accelerator 𝜈  
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Two big questions 

1. Hierarchy of neutrino masses 
o Crucial to resolving leptonic CPV 
o Understanding origin of 𝜈 mass 
o Input to 0𝜈𝛽𝛽-decay experiments 𝑈ெேௌ = 𝑈ఏమయ

𝑐ଵଷ 0 𝑠ଵଷ𝑒ିఋ
0 1 0

−𝑠ଵଷ𝑒ఋ 0 𝑐ଵଷ
𝑈ఏభమ 

2. Leptonic CP violation 

If 𝛿 ≠ 0, 𝜋 Î CP violation in lepton sector 

Connection with  
Leptogenesis? 

Both questions can be addressed with conventional accelerator 
neutrino beams by studying 𝜈ఓ → 𝜈 & �̅�ఓ → �̅� oscillations 



Resolving MH & CPV 
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To determine MH & CPV disentangle matter-driven from 
CP-driven effects 

CP asymmetry increases towards 
higher order oscillation maxima  

Matter asymmetry dominates around 1st 
maximum and becomes clear at large L 



Resolving MH & CPV 
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NH 

IH 

NH 

IH 

𝑃ఓ @ 2300 km 
𝑃തఓ @ 2300 km 

Wide band beam + LAr TPC Æ Measure L/E behaviour over 
1st + 2nd oscillation maxima 
• Determine MH & CPV  
• Verify 3-neutrino mixing paradigm 

MH scenarios can be 
clearly distinguished 
due to suppression of 
�̅�ఓ → �̅� (𝜈ఓ → 𝜈) 
oscillations for NH (IH) 



MH @ 2300 km 
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LBNO Phase I: active mass 22.8 kton LAr TPC 
with 𝜈 beam from 700 kW CERN SPS sinଶ 𝜃ଶଷ = 0.440 ± 0.044 

Conclusive MH determination after 6-7 years  of running 
irrespective of true value of CPV phase 𝛿 



Statistical issue 
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Qian et al., PRD 86, 113011 (2012) 

PDF Δ𝜒ଶ = Gaus Δ𝜒ଶ, 2 Δ𝜒ଶ  

Overestimated if using naively Δ𝜒ଶ 

Interpretation of significance in MH determination is tricky 

Points: significance from 
LBNO toy MC studies 

Δ𝜒 = 𝜒ி௦ଶ − 𝜒்௨ଶ  

Distribution of Δ𝜒ଶ from toy MC 

Pr Δ𝜒ଶ ≥ 0 = න PDF Δ𝜒ଶ dΔ𝜒ଶ
ஶ


 

3σ: Δ𝜒ଶ = 30.96 
5σ: Δ𝜒ଶ = 94.66  



CPV @ 2300 km 
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Central 
value 

Uncertainty 

L (km) 2300 Exact  

Δ𝑚ଶଵଶ (× 10ିହ  eVଶ)  7.6 Exact 

|Δ𝑚ଷଵଶ |(× 10ିଷ  eVଶ) 2.4 ± 3.75% 

sinଶ 𝜃ଵଶ 0.31 Exact 

sinଶ 2𝜃ଵଷ 0.10 ± 10% 

sinଶ 𝜃ଶଷ 0.44 ± 10% 

Average density 
𝜌  (g cmଷ⁄ ) 3.20 ± 4% 

Uncertainty 

Signal normalization (𝑓௦) ± 5% 

Beam electron contamination (𝑓ఔ) ± 5% 

Tau background normalization (𝑓ఔഓ) ± 20% 

NC and mis-id 𝜈ఓ (𝑓ே) ± 10% 



Other oscillation channels 
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O(103) NC events / 50 kton x year:  
𝜈௫ → 𝜈௫ in NC channel (disappearance into sterile) 
• Check for energy-dependent deficit in NC events in the far detector 
 
 
O(102) CC 𝜈ఓ / 50 kton x years:  
𝜈ఓ → 𝜈ఛ oscillations @ oscillation maximum 
Statistical determination of CC  𝜈ఛ events using several kinematic 
variables (e. g., 𝐸௩௦ & knowledge of beam direction to obtain 𝑝்௦௦) 
• Tau appearance measurement 
• Constraint on CC 𝜈ఛ cross-section 



Atmospheric 𝜈 
Expected rates 

o CC 𝜈ఓ + �̅�ఓ : ~150 / kton / year 
o CC 𝜈 + �̅� : ~85 / kton / year 
o CC 𝜈ఛ + �̅�ఛ : ~0.6 / kton / year 

 
• Measurements of osc. parameters complimentary to acc-𝜈 

program 
 

• 𝜈ఛ from oscillations of atmospheric 𝜈ఓ  
o ~12 events for 20 kton x years 
o Isolation of tau events with significance > 4𝜎 appears to be feasible (hep-

ph/1008.2984) 
 

• Make use of LAr TPC good energy and angular resolution to 
explore feature reach oscillation patterns of atm-𝜈 
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Probing Earth structure 
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For large sinଶ 𝜃ଵଷ, MSW 
enhancement for 3-10 GeV 
up-going neutrinos (anti-
neutrino) for NH (IH)  
 
Abrupt shift for 𝜈 not 
crossing the core 
 
A unique opportunity to 
obtain  information on the 
Earth density profile Å 
“radiography”  of  the  Earth’s  
interior 

hep-ex/1307.7335 



Nucleon decay 
• Running coupling 

constants Æ hint for grand 
unification (GU) 
 

• Direct signature of GU is 
nucleon decay 
 

• LAr offers good granularity 
and energy resolution  
o  Access many decay channels  
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Inaccessible with accelerators 

? 



Lifetime predictions 

Somewhere >1034 years 
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From 
hep-ph/0701101 



Expected efficiencies & backgrounds 
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LBNO  CERN-SPSC-EOI-007 

Background event numbers are 
normalized to 200 kton x years 

LAr detector can do well with many modes 
 

• High efficiency 96-98% and low background 
for modes with a charged kaon (e.g., SUSY 
favoured  𝑝 → 𝐾ା�̅�) 
 

• Clean measurement of modes with 𝐾ௌ 
 

• Multi-prong decay modes 
 

• High 𝑒/𝜋 separation Æ high efficiency for 
decays to single 𝛾 modes 
 

• Lepton + pion modes (e.g., 𝑝 → 𝑒ା𝜋) 
efficiency comparable to WCh Å nuclear 
pion absorption 
 
 

19 -- 98% efficiency   



LAr TPC imaging power 

11/12/2013 V. Galymov - NNN2013 21 

LAr MC 
𝑝 → 𝐾ା𝜈 

µ+ 

K+ 

e+ 

K+ 
e+ 

Real kaon decay event in ICARUS T600  

µ+ 



Expected sensitivity 

11/12/2013 22 

E. Kearns 

µ 

hep-ph/0701101 

20kton x 10y 

LAr 200 
kton x y 

LAr TPC with fiducial mass comparable to that of Super-K and running 
time of 10y can reach sensitivities 0.2 × 10ଷସ − 2.0 × 10ଷସ years depending 
on decay modes  

With O(100 kton) can reach ~1035 y limit for 𝑝 → 𝐾ା�̅� 



Supernova neutrinos 
~99% of the total energy carried by 
neutrinos 

 
Only particles to provide the 
information about  processes in the 
interior  

 
• Explosion dynamics 

 
• Proto-neutron star cooling 

 
• Neutrino-neutrino interactions 

effects 
 

• Flavour transformation in the core 
collapse supernova 
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Detecting SN 𝜈’s  in  LAr 
• Elastic scattering (ES): 

 
 

• Charged current interactions (CC): 
 
 
 
 

• Neutral current interactions (NC): 
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CC & NC channel separation via classification of photons from 
K, Cl, and Ar de-excitations / Absence of photons for ES 

𝜈 �̅� + 𝑒ି → 𝜈 �̅� + 𝑒ି 

𝜈 + 𝐴ସ 𝑟 → 𝑒ି + 𝐾ସ ∗, 𝑄௧ = 1.5 MeV 

�̅� + 𝐴ସ 𝑟 → 𝑒ା + 𝐶𝑙ସ ∗, 𝑄௧ = 7.48 MeV 

𝜈 �̅� + 𝐴ସ 𝑟 → 𝜈 �̅� + 𝐴ସ 𝑟∗, 𝑄௧ = 1.46 MeV 



Supernova 𝜈 rates in LAr 

• 380  events  from  “neutronization burst” 
• High statistics information on the total neutrino flux + 𝜈/�̅�ୣ 

components Æ decoupling of osc. physics from SN physics 
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hep-ph/0404151 

Distance to SN 5 kpc is  
Or  

100 kton & SN @ 10 kpc 

In principle, no 
threshold for electron 
detection Å burst 
occurs in narrow time 
window ~10sec 



Supernova relic neutrinos 
Detection of cumulative 
neutrino flux from all past SN: 
• Cosmic SN rate 
• Test average neutrino 

emission per SN 
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JCAP 0412:002,2004 

Principal mode: 
 𝜈 + 𝐴ସ 𝑟 → 𝑒ି + 𝐾ସ ∗ 

 
@ 0.5 Mton x years 
S/B = (40 – 60) / 30 in energy 
window 16 ≤ 𝐸 ≤ 40 MeV  

The sensitivity will depend on achieved level of 
backgrounds in the window 16 ≤ 𝐸 ≤ 40 MeV 



Solar neutrinos 
• Solar neutrino detection: 

 
 
 
 
 

• Threshold on primary electron energy at least 5 MeV Å reject 
background from natural rock radioactivity   
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𝜈௫ + 𝑒ି → 𝜈௫ + 𝑒ି, Elastic scattering 

𝜈 + 𝐴ସ 𝑟 → 𝑒ି + 𝐾ସ ∗, 𝑄௧ = 1.5 MeV, CC reaction 
ES CC 

~450 ~1600 

Events (>5MeV) 
 / kton /year 

Measure ES/CC  ratio for B8 neutrinos  
ÆAccuracy will depend on achieved 
threshold, depth, and size of detector 

nucl-ex/1109.0763 

1 MeV 10 MeV 

5 MeV 𝑃 
 



Indirect dark matter detection 
• Gravitationally trapped WIMPs  in the Sun Æ could 

annihilate to produce standard model particles Æ high 
energy neutrinos  

 

• Look for energetic (anti)-𝜈   pointing to the Sun 
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200 kton x years with 1fb DM-nucleon 
spin-dependent cross section 

LBNO  CERN-SPSC-
EOI-007 @ 200 kton x years:  

Sensitivity to WIMPS 
with 10 GeV mass:  
(BR × 𝜎) ≃ 0.21 fb at 
90% C.L.  



Conclusions 

• LAr TPCs are excellent in providing bubble 
chamber-like event details 
 

• A large scale LAr TPC will offer an access to a 
broad range of physics 
 

• Extensive R&D efforts are on-going towards 
building tens of kton scale detector 

11/12/2013 V. Galymov - NNN2013 29 



Acknowledgements  
• FP7  Research  Infrastructure  “Design  Studies”  LAGUNA (Grant 

Agreement No. 212343 FP7-INFRA-2007-1) and LAGUNA-LBNO (Grant 
Agreement No. 284518 FP7-INFRA-2011-1) 
 

• We are grateful to the CERN Management for supporting the LAGUNA-
LBNO design study. 
 

• We thank the CERN staff participating in LAGUNA-LBNO, in particular 
M.Benedikt, M.Calviani, I.Efthymiopoulos, A.Ferrari, R.Garoby, F.Gerigk, 
B.Goddard, A.Kosmicki, J.Osborne, Y.Papaphilippou, R.Principe, L.Rossi, 
E.Shaposhnikova, and R.Steerenberg. 
 

• We thank the HP-PS design study team J. Alabau, A. Alekou, F.Antoniou, 
M.Benedikt, B.Goddard, A.Lachaize, C.Lazardis, Y.Papaphilippou, 
A.Parfenova,  and R.Steerenberg. 

 
11/12/2013 V. Galymov - NNN2013 30 



Extras 
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Event numbers: LBN(E/O) 
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hep-ex/1307.7335 



Kaon identification in LAr 
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hep-ph/0701101 

𝑝 → 𝐾ା�̅� 
Nucleon decay via 

Expect K+ energy 
~106 MeV 



Supernova 𝜈 detector comparison  
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hep-ph/0705.0116 



Relic supernova: detector comparison 
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hep-ph/0705.0116 


