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Golden Age of Neutrino Physics (1998 – 2022 & Beyond)  

Double Chooz, Daya Bay, RENO IceCube, DeepCore NOvA

Over the last two decades or so, marvelous data from world-class experiments 

Data from various neutrino 
sources and vastly different 
energy and distance scales 

Neutrinos change their flavor
as they move in space and time

We have just started our journey in the mysterious world of neutrinos
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The Standard Model: Massless Neutrinos 

• Only left-handed neutrinos 
• No right-handed neutrinos
• No Dirac mass term: 

Neutrinos are massless in the Basic SM  

q Over the past decades, excellent data from pioneering neutrino experiments 
firmly established that they change flavor after propagating a finite distance 

q Neutrino flavor change (oscillation) demands non-zero mass and mixing   

Non-zero ν mass: first experimental proof for physics beyond the Standard Model

!! An extension of the Standard Model is necessary !!

Helicity is the projection of the spin onto the direction of momentum
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Discovery of Neutrino Oscillations: Neutrinos have mass  

Neutrinos change their flavor è Neutrinos have mass

Takaaki Kajita solved this puzzle at Super-Kamiokande

The Nobel Prize in Physics 2015

Arthur B. McDonald solved this puzzle at SNO 
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Ø Flavor States :          νe and νμ (produced in weak interactions)   
Ø Mass Eigenstates :   ν1 and ν2  (propagate from source to detector)                            

A Flavor State is a linear superposition of Mass Eigenstates

If the masses of these two states are different, then they will take different times to
reach the same point and there will be a phase difference and hence interference

Neutrino Flavor Oscillations  
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Neutrino Flavor Oscillations  



Two Neutrino Mixing  
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Neutrino oscillation as a function of distance travelled
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Three Neutrino Mixing 
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Neutrino Oscillations in Matter: MSW Effect 

Neutrino propagation through matter modify the oscillations significantly

Coherent forward scattering of neutrinos with matter particles

Charged current interaction of νe with electrons creates an extra potential for νe

MSW matter term:        or

Ne = electron number density , + (-) for neutrinos (anti-neutrinos) , ρ = matter density in Earth

Matter term changes sign when we switch from neutrino mode to antineutrino mode

even if δCP = 0,  causes fake CP asymmetry

Matter term modifies oscillation probability differently depending on the sign of  Δm2

Resonant conversion – Matter effect

Resonance occurs for neutrinos (anti-neutrinos)
if Δm2 is positive (negative)
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Some Things We Know and Don’t Know
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Present Status of Neutrino Oscillation Parameters Circa 2021    

Capozzi, Valentino, Lisi, Marrone, Melchiorri, Palazzo, arXiv:2107.00532v2 [hep-ph]

See also, Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, arXiv:2007.14792v1 [hep-ph], NuFIT v5.1 w/SK

See also, de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortolla, Valle, arXiv:2006.11237v2 [hep-ph]

Preference for Normal Mass Ordering (~ 2.5σ), θ23 < 45 degree and sin𝛅 < 0 (both at 90% C.L.)
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Remarkable Precision on Neutrino Oscillation Parameters    
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Esteban et al. (NuFIT v5.1 w/ Super-K)

sin2θ12

 0.02  0.022  0.024
sin2θ13

NMO
IMO

 0.4  0.45  0.5  0.55  0.6
sin2θ23 

 6.8  7.2  7.6  8

1σ

3σ

Δmsol
2   x 10-5 (eV2) 

 2.4  2.5  2.6  2.7

|Δm31
2 |

|Δm32
2  |

|Δm31
2  |

|Δm31
2  |

|Δm31
2  |

|Δm31
2  |

|Δmatm
2   | x 10-3 (eV2)

 90  180  270  360
δCP    (°) 

Agarwalla, Kundu, Prakash, Singh, JHEP 03 (2022) 206 

R
ob

us
t t

hr
ee

-f
la

vo
r n

eu
tr

in
o 

os
ci

lla
tio

n 
pa

ra
di

gm
Trem

endous boost to search for BSM
 physics in 𝜈

expts

2.3%

4.5%

1.1%

3% 6%

16%

S. K. Agarwalla, IceCube Bootcamp, Physics Dept. & WIPAC, UW Madison, USA, 15th June 2022 12/24



Several BSM possibilities can be introduced in the framework of Effective Field Theory (EFT)

d=5 Weinberg Operator: LLHH,  Λ: New Physics Scale 
S. Weinberg, PRL 43 (1979) 1566

Non-zero neutrino mass: first experimental proof (gateway) for BSM physics

Many models of BSM physics suggest: new fundamental particles and interactions,
new sources of CP-invariance violation, lepton number and lepton flavor violations

BSM Scenarios naturally arise due to different mechanisms for generating 𝛎 masses (e.g. seesaw)

Probing BSM Scenarios Across I8 orders in E and 25 orders in L 
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d=5 Weinberg Operator: LLHH,  Λ: New Physics Scale 
S. Weinberg, PRL 43 (1979) 1566

Non-zero neutrino mass: first experimental proof (gateway) for BSM physics

Many models of BSM physics suggest: new fundamental particles and interactions,
new sources of CP-invariance violation, lepton number and lepton flavor violations

BSM Scenarios naturally arise due to different mechanisms for generating 𝛎 masses (e.g. seesaw)

Probing BSM Scenarios Across I8 orders in E and 25 orders in L 

Probe BSM Physics at High Energies (TeV-PeV)

High-Energy (TeV-PeV) Astrophysical Neutrinos
coming from cosmic distances (Mpc-Gpc) 

Giant Neutrino Telescopes: IceCube@South Pole,
KM3NeT@Mediterranean Sea, future IceCube-Gen2

Novel Approach --
New Physics beyond the reach of modern Colliders
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Probing BSM Scenarios Across I8 orders in E and 25 orders in L 

Several BSM possibilities can be introduced in the framework of Effective Field Theory (EFT)

d=5 Weinberg Operator: LLHH,  Λ: New Physics Scale 
S. Weinberg, PRL 43 (1979) 1566

Non-zero neutrino mass: first experimental proof (gateway) for BSM physics

Many models of BSM physics suggest: new fundamental particles and interactions,
new sources of CP-invariance violation, lepton number and lepton flavor violations

BSM Scenarios naturally arise due to different mechanisms for generating 𝛎 masses (e.g. seesaw)

Probe BSM Physics at High Energies (TeV-PeV)

High-Energy (TeV-PeV) Astrophysical Neutrinos
coming from cosmic distances (Mpc-Gpc) 

Giant Neutrino Telescopes: IceCube@South Pole,
KM3NeT@Mediterranean Sea, future IceCube-Gen2

Novel Approach --
New Physics beyond the reach of modern Colliders

Probe BSM Physics at Low Energies (MeV-GeV)

Low-Energy (MeV-GeV) Accelerator & Atmospheric 
𝛎s travelling terrestrial distances (few m - 1000s of km) 

Accelerator: DUNE@USA, T2HK@Japan
Atmospheric: DeepCore, DUNE, Hyper-K, INO

Expected to measure oscillation parameters with a 
precision around a few % -- sensitive to sub-leading 
BSM physics at low energies

Complement BSM search @ High-Energy Colliders
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Landscape of BSM Scenarios affecting Neutrino Experiments  

Courtesy M. Bustamante
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Landscape of BSM Scenarios affecting Neutrino Experiments  

Alters neutrino flux

Agarwalla et al., JHEP 05 (2012) 154 
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Landscape of BSM Scenarios affecting Neutrino Experiments  

Alters neutrino flux

Agarwalla et al., JHEP 05 (2012) 154 

Alters neutrino flux, oscillation, mixing

L = 295 km

Agarwalla et al., JHEP 02 (2016) 111 
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Landscape of BSM Scenarios affecting Neutrino Experiments  

Alters neutrino flux

Agarwalla et al., JHEP 02 (2016) 111 

L = 295 km

Alters neutrino flux, oscillation, mixing

Alters neutrino detection cross sections

Agarwalla et al., JHEP 02 (2020) 038  

Agarwalla et al., JHEP 05 (2012) 154 
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Novel Connections between Observables and BSM Scenarios in IceCube  
A new multi-dimensional approach → four key observables of astrophysical neutrinos 

energy spectrum, arrival directions, flavor composition, and arrival times to explore BSM Physics

Arguelles,
Bustamante, 
Kheirandish, 
Palomares-Ruiz, 
Salvado,  Vincent, 
PoS ICRC2019 (2020) 849

For applications, see:
Song, Li, Arguelles, 
Bustamante, Vincent, 
arXiv: 2012.12893 [hep-ph]
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Ultimate Bounds on Long-Range Interactions
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Ultimate Bounds on Long-Range Interactions

Huge Electron repositories in the local and distant Universe

Oscillations sensitive to long-ranged flavored interactions 
between neutrino and electron. Use flavor composition of
TeV-PeV astrophysical neutrinos at IceCube

Bustamante, Agarwalla PRL 122, 061103 (2019) 

ggravity ~ 10-19
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Test of Lorentz Violation with Atmospheric Neutrinos @ IceCube 

Nature Physics vol. 14, p 961-966 (2018) 
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2 years of IceCube data ~ 35,000 atmospheric muon neutrino events with E < 20 TeV and -1 < cos𝜃 < 0.2
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Concluding Remarks

High-energy astrophysical neutrinos detected by IceCube may reveal the
presence of new fundamental particles and interactions, probing energy and
distance scales far exceeding those accessible in the laboratory

Various BSM scenarios may affect the outcome of current or upcoming high-
precision neutrino oscillation experiments as the precision on the neutrino
oscillation parameters and CP violation measurements continue to improve in
the near future. IceCube/DeepCore and its upgrade are going to play a crucial
role along this direction

BSM physics may become the dominant physics topics of next generation
neutrino experiments

So, let us explore the vast landscape of neutrino oscillations and BSM physics 
with IceCube at South Pole                                                                                                   

Thank you!
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Motivation for BSM Searches in Neutrino Experiments

▸ Physics beyond the Standard Model (BSM) has manifested itself in one clear way
– neutrino masses are non-zero

▸ Rich experimental program in neutrino physics for the coming decade or two to
validate the three-neutrino paradigm and to have extensive search for BSM physics

▸ The upcoming high-precision neutrino oscillation experiments are expected to
determine the neutrino mass ordering, mixing angles, and CP violation at high C.L.
and to provide a rigorous test of the three-flavor neutrino oscillation framework at
various baselines (L) and energies (E) in the presence of Earth’s matter effect 

▸ These facilities are supposed to measure the mixing angles and mass-squared
differences with a precision around few % and therefore, these next generation
neutrino experiments may be sensitive to various BSM scenarios at low-energies

▸ BSM searches in low-energy neutrino experiments complement the quest for new
physics at the ongoing LHC and future collider facilities at high-energies



Few Interesting Issues in Neutrino BSM Physics
▸ To what extent does the three-flavor neutrino oscillation framework describe Nature?

▸ Can future high-precision neutrino oscillation experiments reveal the presence of new
fundamental particles or interactions? 

▸ How do the oscillation parameters get modified in the presence of flavor conserving and
flavor violating non-standard interactions (NSIs) of the neutrino inside the Earth matter? 

▸ Can we Improve the constraints on NSIs using upcoming scattering and oscillation data?

▸ How many neutrino species are there? Do sterile neutrinos exist? How can they affect the
measurements of various oscillation parameters in neutrino experiments? 

▸ Possibility of new sources of CP violation due to the new phases with a light sterile neutrino?

▸ How can we discriminate between various new physics models in neutrino experiments?

▸ Importance of second oscillation maximum, spectral information, near detector, highly
precise tracking and energy measurements, low energy thresholds, excellent timing
resolution, charge identification capabilities, hadron energy information (inelasticity)

▸Machine learning techniques in data analysis to develop improved selection criteria


