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Neutrino Oscillations: Harbinger of New Physics

Neutrino flavor oscillations have been firmly established from:

ÅSolar neutrinos (Homestake, SAGE, GALLEX, Kamiokande, Super-
Kamiokande, SNO, Borexino,é)

ÅAtmospheric neutrinos (Super-Kamiokande, IceCube,é)

ÅReactor neutrinos (KamLand, DayaBay, RENO, DoubleChoozé)

ÅAccelerator neutrinos (T2K, MINOS, NOVAé)

Oscillations can happen only if neutrinos have non-zero masses

Ɇⱨ♪ В░ ╤♪░ⱨ░,         Ŭ= (e, µ, Ű)

ÅU is assumed to be unitary (Needs experimental check!)

ñMajorana phasesò (Ŭ, ɓ) do not affect the oscillation probabilities, while the 
single ñDirac phaseò ŭdoes

CP phase ŭis unknown 

ÅRecent T2K result (Nature, 2020): ŭ= Ȣ Ȣ
Ȣ

All three mixing anglesand two mass splittingshave been measured with few 
percent precision

There is a mass ordering ambiguity, normal ordering vs. inverted ordering 
(Sign of ȹm2

3l  is currently unknown)

Unitarity of UPMNS remains to be tested
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Neutrino mass generation

× ñTechnically naturalòin tôHooftsense. 

Small values areprotected by symmetry.  At a 

cut-off scale ȿ:

ñnaturalò- mf ~ g2/(16 2) mf ln(ȿ2/mf
2) 

ñunnaturalò- mH
2 ~ - yt

2/(8 2) ȿ2

Two ways to generate small values

naturally:

× Suppression by integrating out heavystates:

the higher dimension 1/ȿn, the lower ȿ canbe.

× Suppression by loop radiativegeneration:

the higher loops 1/(16 2)n, the lowercut off scale 

can  be.

{ŜŜ .ŀōǳΩǎ ǘŀƭƪ
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Testing Seesaw: prompt signature at the LHC

Testing type-III Seesaw

Testing type-I Seesaw Testing Inverse Seesaw 

Testing type-II Seesaw 



Neutrino masses from light physics 



Neutrino masses from light physics 

Bertuzzo, SJ, Machado, Z. Funchal (PLBô 2018)



Explanation of MiniBooNEõslow energy excess

Bertuzzo, SJ, Machado, Z. Funchal (PRLô 2018)

üThere is a dark sector with a novel interaction

üRight-handed neutrinos are part of the dark 

sector and are subject to new interaction

üMixing between RH and LH neutrinos leads to 

interaction in active neutrino sector

üMixing between ZD and photon leads to 

interaction with protons

üRelevant part of the Lagrangian: 



×Observation of a Significant Excess of Electron -Like Events in the MiniBooNE
Short Baseline Neutrino Experiment

×Double neutrino -mode data in 2016 -2017 (6.46 ×10 20 + 6.38 ×10 20 POT)

×Event excess: 381.2 ± 85.2 (4.5Ȓ)

MiniBooNE Collaboration hep-ex/1805.12028

Connection with MiniBooNE anomaly

https://arxiv.org/pdf/1805.12028.pdf


Constraints 

Bertuzzo, SJ, Machado, Z. Funchal (PRLô 2018)

ü ZD phenomenology is similar to dark photon case

ü LHC constraints are not expected to be stringent below 1 GeV

Model Independent Constraint on Heavy Sterile Neutrino 

4.7 Ƭtension between Appearance 

andDisappearance data sets under 

eV sterile interpretation

Cosmological bounds further threat 

the eV sterile ʉhypothesis

sin22ʃµe= 4 |Ue4 Uµ4 |2
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Neutrino Standard Interaction

(Wolfenstein)

(Mikheyev-Smirnov)



Neutrino NSI
Unknown couplings involving neutrinos.

Potentially observable effects in neutrino oscillation 
experiments. It can affect mass ordering and CP violation. 

NSI effects happen in the neutrino production, propagation 
through matter,  and the detection processes.

Most important effect of NSI is in neutrino propagation in 
matter                                                           Wolfenstein (1978)

There have been a variety of phenomenological studiesof NSI 
in the context of oscillations, but relatively lesser effort has 
gone into the UV completion of models that yield such NSI.

A major challenge in generating sizable NSI: charged lepton 
flavor violation 



Type-I Radiative Mechanism

Classification: Babu, Leung (2001),

de Gouvea, Jenkins (2008)

Dev, Babu, SJ, Thapa(2019){ŜŜ .ŀōǳΩǎ ǘŀƭƪ



Type-II Radiative Mechanism



NSI in Zee model 



NSI in Zee model 

Babu, Dev, SJ, Thapa(2019)



Babu, Dev, SJ , Thapa(2019)

Summary of NSI in radiative models 



Zee-Burst: A new test of NSI at IceCube

Babu, Dev, SJ , Sui (PRLô 2019)



Neutrino NSI at the LHC

Overwhelming SM background

NSI contains both flavor-changing and flavor-diagonal interactions

Signal: small enhancement in the tail of MET distribution

Big challenge: requires precise estimation of background

For collider studies on NSI: See

Friedland, Graesser, Shoemaker, Vecchi (2011), 

Choudhury, Ghosh, Niyogi (2018), 

Babu, Gonçalves, SJ, Machado (2020), é



From EFTs to Simplified Models

NSIs are generally parametrized in the EFT 
framework as:

Adopting a simplified model approach, we 
parametrize the NSI as:

Neutrino NSIs arise in the simplified model as:

Babu, Gonçalves, SJ, Machado (2020)
Coloma, Esteban, Gonzalez-Garcia, Maltoni (2019)



Validity of this EFT at the LHC

Babu, Gonçalves, SJ, Machado (2020)

We can identify the EFT regime for the LHC when the mass of 
the mediator is much above the scale of the process involved.

For any fixed ratio ũZô/MZô, we can write the following 
inequality

This constraint originates from the fact that the total width of 
ǘƘŜ ½Ω ǎƘƻǳƭŘ ōŜ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŜ ǇŀǊǘƛŀƭ ǿƛŘǘƘǎ ǘƻ qiqi and ˄ :˄

/ƻƴǎƛŘŜǊƛƴƎ ƴŀǊǊƻǿŜǊ ½Ω ƳŀƪŜǎ ǘƘŜ ŎƻƴǎǘǊŀƛƴǘ ǎǘǊƻƴƎŜǊΣ ǿƘƛƭŜ 
ōǊƻŀŘŜǊ ½Ω ƛƳǇƭƛŜǎ ƴƻƴ-perturbativity

Traditional EFT analyses at the LHC using four-fermion 
operators will typically not be valid, at least having 

simple/minimal UV completions in mind.



Complementarity between LHC and 
neutrino experiments

Differently from the LHC, the effects of NSIs in neutrino 
oscillations strongly depend on the flavor structure of the NSI and 

the oscillation channel being studied.

The effects of different NSIs and/or variations of the standard 
oscillation parameters can, in some cases, compensate each other 

and lead to well known degeneracies. 

Disentangling those is a difficult task at neutrino facilities.

In contrast, the mono-jet signal at the LHC, does not distinguish 
between different choices of flavors

Besides constraining the currently allowed NSI parameter space, 
this feature can be further exploited to break relevant 

degeneracies.
Babu, Gonçalves, SJ, Machado (2020)
Coloma et al. (2016) , Liao et al. (2016)



Complementarity between LHC and 
neutrino experiments

The LHC sensitivity displays a strong dependence on the mediator 
mass, but it is free of parameter degeneracies. 

Neutrino oscillation measurements, on the other hand, exhibit the 
opposite behavior: significant degeneracies and no mediator mass 

dependence.

The matter potential induced when neutrinos travel through a 
medium is not affected by a diagonal, universal contribution (as 
this just induces an overall phase shift on the neutrino state). On 

the other hand, LHC data is sensitive to each and all NSI 
parameters independently.

Neutrino oscillations are not sensitive to axial interactions, while 
LHC data is sensitive to both vector and axial new physics 

contributions.

All these features show the synergies between oscillation 
measurements and collider data on probing new physics in the 

neutrino sector.Babu, Gonçalves, SJ, Machado (2020)
Coloma et al. (2016) , J. Liao et al. (2016)



Towards a UV complete scenario

K.S. Babu, D. Gonçalves, SJ, P.A.N. Machado (2020)

Any UV complete model of neutrino NSI is 
expected to provide a more extensive 

phenomenology, especially since neutrinos are 
in the same SU(2)L doublet as chargedleptons.

In this UV completion the B ī L number is 
gauged, but only for the third family.

Heavy mediators are strongly constrained by 
LHC data.

Low mediators constrained by low-energy 
experiments. 



Towards a UV complete scenario

Babu, Gonçalves, SJ, Machado (2020)
Babu, Friedland, Machado, Mocioiu(2017)
Elahi, Martin (2019)

Low energy constraints, dedicated LHC searches, and 
missing energy signatures provide strong constraints for 

different masses of the mediator.

For masses below about 10 GeV, low energy observables 
tend to dominate. 

In the intermediate regime 10 ī 100 GeV, dedicated 
searches for visible signatures at the LHC become more 

relevant.

Finally, from 0.1 ī 1 TeVLHC mono-jet searches, low 
energy observables and electroweak precision observables 

(up to the T parameter model dependence) play the 
leading role. 

This makes manifest the complementarities among collider 
data, oscillation measurements, and other low energy 

observables.



Towards a UV complete scenario

Babu, Gonçalves, SJ, Machado (2020) 
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Muon magnetic moment

Å Here, thousands of  muons zip around an giant 

~ 50 ft circular magnet at close to the speed of light. 

Å After making a few hundred laps in less than a millisecond, the 

muons decay and are soon replaced by another bunch. 

Å To understand the properties of muon: Specifically, to know 

about the muonsô  ñmagnetic momentòð

How much do they rotate on their axes in a powerful 

magnetic fieldðas they race around the magnet? 

PC: Fermilab

Neutrino magnetic moment

e

ɜŬ

e

ɔ

ɜɓ

PC: XENON collaboration

µɜ



Neutrino magnetic moments: experimental status

üThe quest for measuring a possible magnetic moment of the neutrino 
was begun even before the discovery of the neutrino. Cowan, Reines
and Harrison set an upper limit on in the process of measuring 
background for a free neutrino search experiment with reactor 
antineutrinos.

üReineswas awarded the 1995 Nobel Prize in Physics for his co-
detection of the neutrino with Clyde Cowan in the neutrino 
experiment.

Frederick Reines
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ÅKRASNOYARSK (1992):           µɜ < 2.7 Ĭ10-10 µB

ÅROVNO (1993):                           µɜ < 1.9 Ĭ10-10 µB

ÅMUNU (2005):                             µɜ < 1.2 Ĭ10-10 µB

ÅTEXONO (2010):                        µɜ < 2.0 Ĭ10-10 µB

ÅGEMMA (2012):                         µɜ < 2.9 Ĭ10-11 µB

ÅCONUS (2022):                           µɜ < 7.0 Ĭ10-11 µB

Reactor based experiments

ÅLAPMF (1993):                             µɜ < 7.4 Ĭ10-10 µB

ÅLSND (2002):                                µɜ < 6.4Ĭ10-10 µB

Accelerator based experiment

ÅBorexino (2017):                          µɜ < 2.8 Ĭ10-11 µB

ÅXENON1T (2020):                      µɜ ~ {1.4, 2.9} Ĭ10-11 µB

Solar  neutrino experiment

XENON Collaboration, E. Aprile et al. (2020)



Evolution of stars can provide indirect constraints on the 
magnetic moments. 

Photons in the plasma of stellar environments can decay either 
into ɜӶ’for the case of Dirac neutrinos or into ɜŬɜɓfor the case 

of Majorananeutrinos.

If such decays occur too rapidly, that would drain energy of the 
star, in conflict with standard stellar evolution models which 

appear to be on strong footing.

The best limit on Õɜ from this argument arises from red giant 
branch of globular clusters, resulting in a limit of  

µɜ< 4.5 Ĭ10-12 µB .   Raffeltet al.(2013, 2021)

There are also cosmological limits arising from big bang 
nucleosynthesis. However, these limits are less severe, of order  
10-10 µB .                                      Fuller, Balantekinet al. (2015)

Neutrino Magnetic Moments: from 
astrophysics and cosmology

Background courtesy: NASA
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Neutrino Magnetic Moments: from 
astrophysics and cosmology

Babu, SJ, Lindner (2020)

Neutrino Trapping Mechanism

ÅWe note that these indirect constraints from astrophysics may be 

evaded if the plasmondecay to neutrinos is kinematically

forbidden.

ÅWe closely follow the recent field theoretic evaluation of the 

medium-dependent mass of the neutrinoin the presence of a light 

scalar that also couples to ordinary matter in illustrating our 

mechanism.  Such interactions would provide the neutrino with a 

matter-dependent mass. 

ÅPhenomenological implications of this scenario, including long-

range force effects, were studied and phenomenological constraints 

from laboratory experiments, fifth force experiments, astrophysics 

and cosmology are analyzed. [Parke et al. (2018), Smirnov et 

al.(2019), Babu et al. (2019)]

Background courtesy: NASA


