
Particle and Astroparticle Theory Seminar 

MPIK

8th June, 2020



Outline

SUDIP JANA | MPIK

Intensity 
Frontier

νCosmic 
Frontier

Lifetime 
Frontier

Energy 
Frontier



Neutrino Oscillations

SUDIP JANA | MPIK



Neutrino Oscillations
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Neutrino masses and mixings: 
New physics beyond the SM
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 “ Technically natural” in t’Hooft sense. Small values are

protected by symmetry.  At a cut-off scale Λ :

“ natural” -𝛅mf ~ g2/(16𝛑2) mf  ln(Λ2/mf
2) 

“ unnatural” -𝛅mH
2 ~ - yt

2/(8𝛑2) Λ2

• Two ways to generate small values naturally :

 Suppression by integrating out heavy states:

the higher dimension 1/Λn, the lower Λ can be.

 Suppression by loop radiative generation:

the higher loops 1/(16𝛑2)n, the lowercut off scale can  be.

Neutrino Mass Generation
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Neutrino Mass Generation
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Seesaw Model
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Higher-loop models with DM

Krauss-Nasri-Trodden model

Aoki-Kanemura-Seto model

Gustafsson-No-Rivera model 
M. Gustafsson, J.M. No, and M.A. Rivera,

PRL110, 21802 (2013)

M. Aoki, S. Kanemura and O. Seto,

PRL102, 051805 (2009)

M.L. Krauss, S. Nasri and M. Trodden,
PRD67, 085002 (2003)

Many models of Which is the true one ?

SM

R. 1 loop

R. 2 loop

Seesaw I

Seesaw 

II III

R. 3 loop

SUDIP JANA | MPIK



Higher-loop models with DM

Krauss-Nasri-Trodden model

Aoki-Kanemura-Seto model

Gustafsson-No-Rivera model 
M. Gustafsson, J.M. No, and M.A. Rivera,

PRL110, 21802 (2013)

M. Aoki, S. Kanemura and O. Seto,

PRL102, 051805 (2009)

M.L. Krauss, S. Nasri and M. Trodden,
PRD67, 085002 (2003) SM

R. 1 loop

R. 2 loop

Seesaw I

Seesaw 

II III

R. 3 loop

1.Can we test / falsify these models at the experiments ?

2. Can we explore the new Physics Scale  M ?
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Testing type-I Seesaw at LHC 
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Testing Inverse Seesaw at LHC
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Testing type-II Seesaw at LHC 

SUDIP JANA | MPIK



1 •Radiative Neutrino Mass Model
(Babu 88; Zee 80)

2
•Type II Seesaw Model (Magg, Wetterich

80; Schechter, Valle 80; Lazarides et al 80; Mohapatra, 
Senjanovic 80; Gelmini, Roncadelli 80)

3 •Left Right Symmetric Model  (Pati,  

Jogesh C. et al. (74), Mohapatra (75), Senjanovic, (75)  )

4 •Little Higgs Model                          
(Arkani-Hamed, N.  (2002) )

5
•Dimension 7 Neutrino Mass 

Model                                       
(Babu, Nandi (2009), Nandi, SJ (2018))     

6 •Georgi-Machacek Model               
( Georgi, Howard et al.(85))

7 •Other Models                                
( Gunion (90), etc.)
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Testing type-III Seesaw at LHC 
, SJ, Okada and Raut (2019)
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Babu, Nandi, Tavartkiladze (2009)

T. Ghosh, SJ, Nandi (2018), 

K. Ghosh, SJ, Nandi (2017)

Testing Seesaw with d=7 operator at the LHC
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T. Ghosh, SJ, Nandi (2018), 

K. Ghosh, SJ, Nandi (2017)

Testing Seesaw with dim=7 operator at 
the LHC
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 Is it really sufficient to search for new physics scale

behind neutrino mass generation by looking at prompt signatures?

 If new particles are completely singlet under the SM gauge group, it 

can naturally explain the null search results at the LHC because 

SM singlet particles cannot be directly produced at the LHC 

through the SM interactions. Such particles may be produced 

through new interactions and/or rare decay of the SM particles. 

 However, if a new particle is long-lived, it can leave a displaced 

vertex signature at the collider experiments. Since the displaced 

vertex signatures are generally very clean, they allow us to search 

for such a particle with only a few events at the LHC or future 

colliders.
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 Low Standard Model Background

 Ideal for new physics searches

Future Displaced Vertex Searches at LHC

MATHUSLA

HL-LHC

Signal

Background

MATHUSLA

J. Chou, D. Curtin, H.Lubatti

arXiv:1606.06298
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D. Curtin, M. Peskin (2017)

D. Curtin, K. Deshpande, et.al (2017)

SJ, N. Okada, D. Raut (2018)

Mitra et al. (2018)
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• Minimal gauged B-L extension of SM
 Anomaly Free:
 Seesaw Mechanism :

3 generation of right handed Neutrinos(Ni)
Ni are SM singlet and can have Majoranamass

 Ni can be long-lived !!

 Higgs Mixing

 NNproduction

Example

SJ, N. Okada, D. Raut(2018)

Heavy Neutrino production

from Higgsdecay
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• Heavy Neutrino Decay into SMparticles

 Degenerate Case:

Decay length is independent of𝑈𝑀𝑁𝑆

 𝑚𝑖 is the mass of the lightneutrino

 Lightest light neutrino mass fixes light 

neutrino massspectrum

Normal Hierarchy (NH) : (m1 < m2)< m3 :  

Inverted Hierarchy (IH) : m3  < (m1 < m2) :

m1 =mlightest

m3 =mlightest

SJ, N. Okada, D. Raut (2018)

,
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• DecayLength:

Normal Hierarchy (NH) : (m1 < m2) < m3

mN
1

mN
2

3
mN

(mlightest)

Inverted Hierarchy (IH) : 3m < (m1 <m2)

mN
3

mN
1  

mN
2

(mlightest)SJ, N. Okada, D. Raut (2018)
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Displaced vertex and disappearing  
signature in type-III Seesaw

• Lagrangian

• Neutrino Mass Generation:
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SJ, N.Okada and D.Raut (2019)

• Production:

Displaced vertex and disappearing  
signature in type-III Seesaw
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• Decay modes of neutral fermion :

• Decay modes of charged fermion :

Displaced vertex and disappearing  
signature in type-III Seesaw
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Displaced vertex and disappearing  
signature in type-III Seesaw
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SJ, N.Okada and D.Raut (2019)

For chargino/neutralino case: O. Fischer et al. (2017)

Displaced vertex and disappearing  
signature in type-III Seesaw
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Despite numerous searches for neutrino mass models 

(at TeV scale) at high-energy colliders, no compelling 

evidence has been found so far. 

 The new physics scale behind neutrino mass generation 

mechanism might be at low scale and which is less 

sensitive to high energy collider experiments

 It may show up at low energy neutrino experiments at 

near future.
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Despite numerous searches for neutrino mass models 

(at TeV scale) at high-energy colliders, no compelling 

evidence has been found so far. 

 Is it really sufficient to search for new physics scale

behind neutrino mass generation mechanism at LHC 

only ?

 The new physics scale behind neutrino mass generation 

mechanism might be at low scale and which is less 

sensitive to high energy collider experiments

 It may show up at low energy neutrino experiments at 

near future.
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Neutrino masses from light physics 
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Lepton number is broken at very high scale MN

Standard/ type I Seesaw mechanism
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• Why µ is much smaller than TeV scale?

Inverse Seesaw
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Neutrino masses from light physics 

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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Neutrino masses from light physics 

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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Neutrino masses from light physics 

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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Neutrino masses from light physics 

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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hep-ex/0104049

LSND detected more  e than expected : 
87.9 ± 22.4 ± 6.0 events

3.8 σ excess 

LSND anomaly
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LSND anomaly
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To test the LSND indication of anti-electron 
neutrino oscillations

Keep L/E same,  change beam, energy, and 
systematic errors

Baseline: L = 540 meters, ~ x 15 LSND  

Neutrino Beam Energy: E ~ x (10-20) LSND

Different systematics: event signatures and 
backgrounds different from LSND  High 
statistics: ~ x 6 LSND

Perform experiment in both neutrino and 
anti-neutrino modes.

•Neutrino and anti neutrino modes see 
excesses  of e and e (Combined is also  
3.8 σ excess )

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

Double neutrino-mode data in 2016-
2017 (6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ)

MiniBooNE Collaborationhep-ex/1805.12028

MiniBooNE anomaly

SUDIP JANA | MPIK

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


What sort of new physics can explain these anomalies?

• What is the nature of the excess?
• Possible detector anomalies or reconstruction problems?
• Incorrect estimation of the background?
• New sources of background?
• New physics including/excluding exotic oscillation scenarios?

The origin of such excess is unclear – it could be the presence of new physics, 

or a large background mismodeling.

What is going on?
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What about eV Sterile Neutrino 
Interpretation ??? 
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What about eV Sterile Neutrino 
Interpretation ??? 
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sin22θµe = 4 |Ue4 Uµ4 |2

Leads to νe

disappearance
Leads to νμ

disappearance

What about eV Sterile Neutrino 
Interpretation ??? 

SUDIP JANA | MPIK



sin22θµe = 4 |Ue4 Uµ4 |2

Leads to νμ to νe

disappearance

• 2 variables: Ue4 , Uμ4

• 3 data sets: νe- Disappearance
νμ- Disappearance
νe- Appearance

Mona Dentler et al. JHEP 1808 (2018) 010

What about eV Sterile Neutrino 
Interpretation ??? 
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4.7 σ tension between 

Appearance and

Disappearance data sets 

under eV sterile

interpretation

sin22θµe = 4 |Ue4 Uµ4 |2

Mona Dentler et al. JHEP 1808 (2018) 010

Collin et al. 1602.00671
Gariazzo et al 1703.00860

What about eV Sterile Neutrino 
Interpretation ??? 
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Shortcoming: 

Failure to accommodate

MiniBooNE low-energy excess.

D. Cianci, et al. (Talk presented at Applied Antineutrino 

Physics Workshop 2018)

What about 3 + N Sterile Neutrino 
Interpretation ??? 
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 Explanation of MiniBooNE’s low energy excess

 Sterile ν at the eV scale present strong tension between data 
sets

 Cosmological bounds further threat the eV sterile ν hypothesis

 Is there an explanation that is not ruled out?

 Is there a “real model” for these explanations?

 Can this relate to any of the theoretical problems of the SM?
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 MiniBooNE is a mineral oil (CH2) detector that can 

observe Cherenkov radiation of charged particles.

 Crucially, it could not  distinguish electron induced

Cherenkov cones from photon induced Cherenkov cones.

 Excess is correlated with beam in  power, angle and timing. It 

is present in positive and negative  horn polarities. It is not 

present in beam dump  configuration

Explanation of MiniBooNE’s low energy excess
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arxiv : 1805.12028 [hep-Ex] 

 Angular spectrum is  forward, but not that  

much

 Scattering on  electrons would  typically lead 

to  cosθ > 0.99

 Decays of invisible  light (<10 MeV)  particles 

produced in  the beam would also  lead to 

forward  spectrum 

 The Cherenkov and scintillation light emitted 

by charged particles traversing the detector 

are used for particle identification and 

neutrino energy reconstruction, assuming the 

kinematics of CCQE scattering.

Explanation of MiniBooNE’s low energy excess
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There is a dark sector with a novel interaction

A light dark sector - the idea

ZD

Explanation of MiniBooNE’s low energy excess

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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 Explanation of MiniBooNE’s low energy excess

There is a dark sector with a novel interaction

Right-handed neutrinos are part of the dark sector 

and are subject to new interaction

A light dark sector - the idea

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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 Explanation of MiniBooNE’s low energy excess

There is a dark sector with a novel interaction

Right-handed neutrinos are part of the dark sector and are subject 

to new interaction

Mixing between RH and LH neutrinos leads to interaction in active 

neutrino sector

A light dark sector - the idea

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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 Explanation of MiniBooNE’s low energy excess

There is a dark sector with a novel interaction

Right-handed neutrinos are part of the dark sector and are subject to new 

interaction

Mixing between RH and LH neutrinos leads to interaction in active neutrino 

sector

Mixing between ZD and photon leads to interaction with protons

A light dark sector - the idea

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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 Explanation of MiniBooNE’s low energy excess

There is a dark sector with a novel interaction

Right-handed neutrinos are part of the dark 

sector and are subject to new interaction

Mixing between RH and LH neutrinos leads to 

interaction in active neutrino sector

Mixing between ZD and photon leads to 

interaction with protons

Relevant part of the Lagrangian : 

A light dark sector - the idea

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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 Explanation of MiniBooNE’s low energy excess

A light dark sector - the idea
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 Explanation of MiniBooNE’s low energy excess

A light dark sector - the idea

If e+e- pair is collimated (cosθee > 0.99-ish), it will be classified as e-like

arxiv : 1805.12028
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 Explanation of MiniBooNE’s low energy excess

A light dark sector - the idea

We have to get this angular spectrum

arxiv : 1805.12028
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 Explanation of MiniBooNE’s low energy excess

A light dark sector - the idea

(1) ND should be heavy (> 100 MeV) so its decay products are not so boosted

(2) ZD should be light (< 60 MeV) so that the e+e- pair is collimated

SUDIP JANA | MPIK



Explanation of MiniBooNE’s low energy excess

Fit to energy spectrum only

(Official MB data release)

Benchmark Points :

mN = 420 MeV 

mZD= 30MeV

|Uμ4|2 = 9 x10-7

αD =0.25

αε2 = 2 x 10-10

χ2/dof = 33.2/36

See also Ballett et al 1808.02915

for different realization of the mechanism

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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 Constraint on Light Dark Sector 

 ZD phenomenology is similar to dark photon case

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

Model Independent Constraint
on Heavy Sterile Neutrino 
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 Explanation of MiniBooNE’s low energy excess

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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MiniBooNE’s signature:  Collimated 

e+e- pair in MINOS+,  NOvA, or T2K is 

likely be tagged as  νe event

General signature:

Heavy enough ZD can decay to μ+μ- or 

π+π- pair, much easier signature  

(MINOS+ is magnetized…)

Lower energy experiments (reactor  and 

solar neutrinos) as well as  electron 

scattering may lack energy  to produce 

N

 Phenomenology on other neutrino experiment
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Novel explanation of MiniBooNE

Agreement with all EXP data

Novel, simple frameworks

Deep connection to neutrino mass 
generation mechanism

A realistic “complete” model below EW 
scale to explain neutrino mass generation

Solves the hierarchy of Inverse Seesaw 

Rich phenomenology

Summary of MiniBooNE’s low energy excess
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Neutrino Standard Interaction

(Wolfenstein)

(Mikheyev-Smirnov)
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Neutrino Non-Standard Interaction
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Neutrino Non-Standard Interaction
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NSI from non-unitarity of UPMNS
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NSI from non-unitarity of UPMNS
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NSI in Radiative Neutrino Mass Models
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Radiative Neutrino Mass Generation
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Type-I Radiative Mechanism
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Type-II Radiative Mechanism
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NSI in Zee model 
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NSI in Zee model 
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NSI in Zee model 
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NSI in Zee model 
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Collider Constraints
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Babu, DeV, SJ, Thapa (2019)



T parameter constraint
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Babu, DeV, SJ, Thapa (2019)
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Numerical results for NSI
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Numerical results for NSI



SUDIP JANA | MPIK

Numerical results for NSI



Summary of NSI in various neutrino mass models
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Babu, DeV, SJ , Thapa (2019)
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Zee-Burst: A new test of NSI at IceCube

Babu, DeV, SJ , Sui (2019)
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Zee-Burst: A new test of NSI at IceCube

Babu, DeV, SJ, Sui (2019)



Neutrino NSI at LHC
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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 ΓZ’/MZ’, we can write the following inequality

This constraint originates from the fact that the total width of the Z’ 
should be larger than the partial widths to qiqi and νν:

Considering narrower Z’ makes the constraint stronger, while 
broader Z’ implies non-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.K.S. Babu, D. Gonçalves, SJ, P.A.N. Machado (2020)

Complementarity between LHC and 
neutrino experiments



Complementarity between LHC and 
neutrino experiments

SUDIP JANA | MPIK

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 i.e., they 
all lead to the same observables.

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

K.S. Babu, D. Gonçalves, SJ, P.A.N. Machado (2020)
P. Coloma et al. (2016) , J. Liao et al. (2016)



Complementarity between LHC and 
neutrino experiments

SUDIP JANA | MPIK

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.

K.S. Babu, D. Gonçalves, SJ, P.A.N. Machado (2020)
P. Coloma et al. (2016) , J. Liao et al. (2016)



Towards a UV complete scenario

SUDIP JANA | MPIK

K.S. Babu, D. Gonçalves, SJ, P.A.N. Machado (2020)
K.S. Babu, A. Friedland, P.A.N. Machado, I. Mocioiu (2017)
F. Elahi and A. Martin (2019)

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 charged leptons.

In this UV completion the B − 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

SUDIP JANA | MPIK

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

For collider/other studies on NSI: See A. Friedland, M. L. Graesser, I. M. Shoemaker,
and L. Vecchi (2011), D. Choudhury, K. Ghosh, and S. Niyogi (2018), T. Han, J. Liao, H. Liu, and D. Marfatia
(2019), Julian Heeck, Manfred Lindner, Werner Rodejohann, Stefan Vogl (2018)  etc.
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1907.04869

The Hubble Tension
Long standing disagreement between direct (“local”)

measurements of 𝐻0

and early-time inferences 
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Self-interacting neutrino solution

[Cyr-Racine, Sigurdson’13; Archidiacono, Hannestad’14] [Lancaster, Cyr-Racine, Knox, Pan ’17; Oldengott, Tram, Rampf, Wong ’17] [Kreisch, 
Cyr-Racine, Dore ’19; Park, Kreisch, Dunkley, Hadzhiyska, Cyr-Racine’19]
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The Hubble Tension
Long standing disagreement between direct (“local”)

measurements of 𝐻0

and early-time inferences 

 The positive correlation of H0 and Neff with 
the amplitude of the matter power 
spectrum σ8, as observed in CMB data, 
prohibits a resolution of the H0 tension 
simply by increasing Neff alone (LSS prefers 
low σ8).

 However, a delay in the onset of neutrino 
free streaming during recombination could 
achieve both: breaking the positive 
correlation of H0 and σ8, while solving the 
Hubble tension at the cost of increasing 
∆Neff during recombination.
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Self-interacting neutrino solution
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Self-interacting neutrino solution

Slide courtesy: Andreas Trautner

Berbig, SJ, Trautner (2020)
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Self-interacting neutrino solution

Berbig, SJ, Trautner (2020)

 Light mediators strongly interacting with 
neutrinos are highly constrained by the 
bound on ∆Neff during BBN.

 However, while one may feel that it is just a 
relatively short time between BBN and 
recombination, we recall that it is still six 
orders of magnitude in temperature. 

 This certainly is enough to establish a mass 
scale, say after a phase transition, and 
subsequently integrate it out to obtain a 
decoupling behavior of neutrinos during 
CMB closely resembling.

 In this way, neutrinos recouple by the new 
interactions only after BBN, and fall out of 
equilibrium shortly before or during 
recombination.
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Self-interacting neutrino solution

Deppisch, Graf, Rodejohann, Xu (2020) Brdar, Lindner, Vogl, and Xu (2020)
Blinov, Kelly, Krnjaic, McDermott  (2019)
Lyu, Stamou, Wang  (2020)

The bounds are slightly below the interaction strength required to explain H0. In the case of momentum 
transfer pν<<mφ this holds.  One can revive this by departing from the EFT approximation and go to 
lighter mediator particles. However, here naively we have pν ~ Q> ~MeV . For light mφ <<Q,  the correct 
scaling behavior should be g2/Q2 and the bound does not apply.
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Self-interacting neutrino solution

 Despite strong constraints, this model shows that 

it is, in principle, possible to have consistent self-

interacting neutrino models (not only) for Hubble 

tension.

o Preferred parameter region:

o Charged Higgses at a few 100 GeV,

o Sizable BR(Higgs → inv.),

o Hidden neutrino(s) with mass(es) MN ∼ 1 ÷ 300 

eV and active-hidden mixing with angle εm > 5 ×

10−4,

 This is also the correct range to potentially resolve 

SBL ν anomalies. Either with eV-scale hidden 

neutrinos, or with O(100 eV) “decaying hidden 

neutrino solution”. 

[Dentler,Esteban,Kopp,Machado’19],[De               

Gouvea,Peres,Prakash’19]
Berbig, SJ, Trautner (2020)



Summary
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Only if we determined this, could we make fundamental progress in underlying 
theory!

Can we observe the new physics associated  with the 
neutrino mass at colliders or at other experiments ? YES! Must we see the new physics effects ? NO.

Seesaw models are attractive,  but where is the new physics scale? 𝛬 ~ 1013 GeV  > 
100 GeV > keV ? 

Here I give a try to revisit what sort of physics we expect to learn from neutrinos and highlight the 
big questions in neutrino physics and the impact of future experiments in answering these, 

including the complementarities among the experiments at the energy, lifetime, intensity, and 
cosmic frontiers.

Neutrinos are one of the most abundant of all known particles in the universe, but 
yet the least understood ones.



Neutrino clock
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Intensity 
Frontier

νCosmic 
Frontier

Lifetime 
Frontier

Energy 
Frontier
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