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Outline

● Effective Field Theory & Parameterizations for BSM
○ caveat: from an experimentalist

● PMNS non-unitarity
● Sterile Neutrinos 
● Non-standard Neutrino Interactions (NSI) 
● Dark Matter portals 
● and many more…
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Impossible to probe

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

 

Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitary

If heavy neutrino masses are light enough so that 
they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher 
energies , 
NSI at lower 
energies? NSI 
provide general EFT 
style framework to 
quantify new phyics 
in neutrino sector. – 
can be used for 
scattering and 
osscilation exp. 
NuTeV and Coherent 
have stron NSI 
scattering 
contraints. Provide 
mechanist for 
breaking lepton 
universlity and 
flavor-changing . 
There is lagrangian 
level NSI and 
Hamiltonian level 
NSI which are 
relatable to 
eachother. NSI can 
also be probed at 
collider 
experiments. CC NSI 
of neutrinos with 
matter affects 
production and 
detection of 
neturinos. The NC 
NSI affects neutrino 
propogation in 
matter. – I wonder if 
these are 
complemtnary 
between 

 

Accessible at ND/ 
B-factories

KeV MeVeV.1 eV GeV 1012 TeVTeV

accessible at osc. Exp 
Accessible 
at LHC

Extra neutrinos 
can participate in 
oscillations

 10 TeV   

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

strong Charged LV contraints (mu 
to 3 e)

at one loop level dim8 
operator
contribute to dim 6, but 
one can fine tune away 
charged-lepton events

If the d = 6 operators of Eq. (1.1) arise from higher 
dimensional d = 8 operators with two Higgs fields, once 
the vacuum expectation value of the Higgs field is 
inserted, then it – 5 – is possible that nonstandard 
interactions arise only in the neutrino sector, and not in 
the charged lepton sector 

dimension 8 operators which are often referred to as 
examples for ways to generate large NSIs with matter 
without generating NSIs at the source and detector of a 
neutrino oscillation experiment

The reason why dimension 8 operators appear promising 
is that the vev of the Higgs SU(2)L doublets can be used to 
“project out” the neutrino fields from the SU(2)L doublets 
after electroweak symmetry breaking, thus avoiding to 
generate interactions with charged leptons instead of 
neutrinos.

Effective Field Theory for BSM Physics: 
 

- Majorana mass, big mass hierarchy 
gives light SM neutrino, but no 
observable phenomena (Seesaw I/II/III)
- Lepton Number Violation
- possible to address lepton/baryon   
asymmetry
- d=5 can also induce small Dirac mass
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- breaks lepton universality,  predicts 
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- model-independent approach gives 
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Accessible at 
B-factories

KeV MeVeV.1 eV GeV 1012 TeVTeV

accessible at osc. Exp 
Impossible to probe

Extra neutrinos 
can participate in 
oscillations

 

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Parameterizations for Extra Neutrinos SearchesParamaterizations consistent at leading order –
Are paramaterizations equivalent only in averaged out
Sterile neutrino  

Triangular parameterization – 
sensivitivey to alpha_tautau comes 
through matter affects 

 deviations from unitarity are directly related to the 
heavy-active neutrino mixing – and not to sterile neutrino 
mixing???? WHY?!!

heavy-active mixing can also be 
encoded by introducing additional 
complex rotations characterized by 
new mixing angles θij

2 sig dev in zinv. When all 
min states available pmns 
unitarity is restored

in the limit in which sterile oscillations are averaged out at the 
near detector, their effects at the far detector coincide with 
non-unitarity at leading order, even in presence of a matter 
potential. 

 If the new mass scale is kinematically accessible in meson decays, the sterile states will be 
produced in the neutrino beam. On the other hand, if the extra neutrinos are too heavy to be 
produced, the effective three by three PMNS matrix will show unitarity deviations.

In other words 
MUV paper: The full leptonic mixing matrix is thus enlarged, with details depending on the 
explicit model under consideration. However, in the case that the extra singlets are heavier than 
the energies of a given experiment, only the light states propagate, so that an effective leptonic 
3×3 mixing matrix emerges

MUV (minimal unitarity violation ) is 
also model independent - EFT

NSI : model independent effects of 
sterile neutrinos and PMNS non 
unitaritiy in neutrino oscillations  

If extra neutrino is 
heavier than the 
energy of 
experiment, only the 
light states 
propagate, so that an 
effective leptonic 3×3 
mixing matrix 
emerges

 
 Active-heavy mix

Sterile-heavy mix

 

10 TeV   

Active-sterile mix 

 

 

arXiv:1901.08330v1 

Accessible 
at LHC

3+1, 3+N scenarios :

These new states are typically named in the 
literature as right-handed neutrinos or heavy 
neutral leptons (HNLs) when their mass lies 
around or above the electroweak scale, and 
sterile neutrinos when this new physics scale 
is close to the O(eV) region as relevant for 
the LSND [36], MiniBooNE [37] and reactor 
anomalies [38, 39

According to their impact on neutrino oscillations, we can essentially distinguish two possible scenarios that we will describe below in more detail: (i) NU 
generated by new states above the electroweak scale, which can be integrated out from the low energy spectrum so that the low energy new physics effects are 
directly encoded in the active-light PMNS sub-block N (which is no longer unitary); and (ii) kinematically accessible sterile neutrinos, which can be produced in 
the neutrino beam and lead to additional oscillation frequencies in the probabilities

new states above the electroweak scale & 
extra states too heavy to be produced, PMNS 
shows unitarity deviations 

New states kinematically accessible (sterile neutrinos), 
produced in beam and participating in oscillations          
R allowed at % level 
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Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Paramaterizations consistent at leading order –
Are paramaterizations equivalent only in averaged out
Sterile neutrino  

Triangular parameterization – 
sensivitivey to alpha_tautau comes 
through matter affects 

New heavy states above EW scale (right-handed N/ 
heavy neutral leptons), PMNS non-unitary

 Triangular

 deviations from unitarity are directly related to the 
heavy-active neutrino mixing – and not to sterile neutrino 
mixing???? WHY?!!

heavy-active mixing can also be 
encoded by introducing additional 
complex rotations characterized by 
new mixing angles θij

2 sig dev in zinv. When all 
min states available pmns 
unitarity is restored

in the limit in which sterile oscillations are averaged out at the 
near detector, their effects at the far detector coincide with 
non-unitarity at leading order, even in presence of a matter 
potential. 

 If the new mass scale is kinematically accessible in meson decays, the sterile states will be 
produced in the neutrino beam. On the other hand, if the extra neutrinos are too heavy to be 
produced, the effective three by three PMNS matrix will show unitarity deviations.

In other words 
MUV paper: The full leptonic mixing matrix is thus enlarged, with details depending on the 
explicit model under consideration. However, in the case that the extra singlets are heavier than 
the energies of a given experiment, only the light states propagate, so that an effective leptonic 
3×3 mixing matrix emerges

MUV (minimal unitarity violation ) is 
also model independent - EFT

NSI : model independent effects of 
sterile neutrinos and PMNS non 
unitaritiy in neutrino oscillations  

If extra neutrino is 
heavier than the 
energy of 
experiment, only the 
light states 
propagate, so that an 
effective leptonic 3×3 
mixing matrix 
emerges

 
 Active-heavy mix

Sterile-heavy mix

Unitary 
PMNS

 

Sterile = extra light neutrinos that must be
Sterile due to Zinv LEP bounds
Heavy = extra neutrinos not kinematically accepssible

  
Hermitian

10 TeV   

New states 
at EW scale - 
searches at 
LHC

Active-sterile mix 

 

 

arXiv:1901.08330v1 

Accessible 
at LHC

3+1, 3+N scenarios :

These new states are typically named in the 
literature as right-handed neutrinos or heavy 
neutral leptons (HNLs) when their mass lies 
around or above the electroweak scale, and 
sterile neutrinos when this new physics scale 
is close to the O(eV) region as relevant for 
the LSND [36], MiniBooNE [37] and reactor 
anomalies [38, 39

According to their impact on neutrino oscillations, we can essentially distinguish two possible scenarios that we will describe below in more detail: (i) NU 
generated by new states above the electroweak scale, which can be integrated out from the low energy spectrum so that the low energy new physics effects are 
directly encoded in the active-light PMNS sub-block N (which is no longer unitary); and (ii) kinematically accessible sterile neutrinos, which can be produced in 
the neutrino beam and lead to additional oscillation frequencies in the probabilities

new states above the electroweak scale & 
extra states too heavy to be produced, PMNS 
shows unitarity deviations 

Parameterizations for Extra Neutrinos Searches

New states kinematically accessible (sterile neutrinos), 
produced in beam and participating in oscillations          
R allowed at % level 
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Triangular, Hermitian, NSI 
mapping::  arXiv:1609.08637v3 

 



 KeV MeVeV.1 eV GeV 1012 TeVTeV

Impossible to probe

 

Triangular parameterization – 
sensivitivey to alpha_tautau comes 
through matter affects 

2 sig dev in zinv. When all 
min states available pmns 
unitarity is restored

in the limit in which sterile oscillations are averaged out at the 
near detector, their effects at the far detector coincide with 
non-unitarity at leading order, even in presence of a matter 
potential. 

 If the new mass scale is kinematically accessible in meson 
decays, the sterile states will be produced in the neutrino 
beam. On the other hand, if the extra neutrinos are too heavy 
to be produced, the effective three by three PMNS matrix will 
show unitarity deviations.

In other words 

MUV paper: The full leptonic mixing matrix is thus enlarged, 
with details depending on the explicit model under 
consideration. However, in the case that the extra singlets are 
heavier than the energies of a given experiment, only the light 
states propagate, so that an effective leptonic 3×3 mixing matrix 
emerges

If extra neutrino is 
heavier than the 
energy of 
experiment, only the 
light states 
propagate, so that an 
effective leptonic 3×3 
mixing matrix 
emerges

 
Sterile = extra light neutrinos that must be
Sterile due to Zinv LEP bounds
Heavy = extra neutrinos not kinematically accepssible

10 TeV   

Sterile Neutrino Searches
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KeVeV

arXiv:1902.06099v2 

, 2x1022 pot collected; K and D produced in a graphite target

Case 1 (                               ): slow light-sterile neutrino 
oscillations, underdeveloped in ND,  visible at FD

Since NC cross sections and interaction topologies are the same 
for all three active neutrino flavors, the NC spectrum is 
insensitive to standard neutrino mixing. However, should there 
be oscillations into a fourth light neutrino, an 
energy-dependent depletion of the neutrino flux would be 
observed at the FD, as the sterile neutrino would not interact in 
the detector volume

The parameter space explored by the DUNE ND extends to the 
cosmologically relevant region that is complementary to the 
LHC dark-matter searches through missing energy and 
mono-jets.

3+1

The sensitivity to θ34 is 
largely independent of ∆m2 
41, since the term with sin2 
θ34 in the expression 
describing P(νµ → νs) Eq. 
8.1, depends solely on the 
∆m2 31 mass splitting

Heavy right-handed singlets predicted in many extensions of 
the SM may be produced by the LBNF beam. The HNLs could 
reach the DUNE ND, where they would be detected via their 
decay products. Shown here the sensitivity (90% CL) for a 
total of total of 1.32×1022 POT

Sterile Neutrino Searches

• could explain short 
baseline/ gallium/reactor 
anomalies, hints of CKM 
non-unitarity and LFV)

 Coloma, Forero, Parke arXiv:1707.05348v1 

Shaded = allowed

GeV
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KeVeV

Case 2 (                       ): 
light-sterile oscillation 
frequency matches 
ND distance
(LSND & MiniBoone) 

arXiv:1902.06099v2 

, 2x1022 pot collected; K and D produced in a graphite target

Case 1 (                               ): slow light-sterile neutrino 
oscillations, underdeveloped in ND,  visible at FD

Since NC cross sections and interaction topologies are the same 
for all three active neutrino flavors, the NC spectrum is 
insensitive to standard neutrino mixing. However, should there 
be oscillations into a fourth light neutrino, an 
energy-dependent depletion of the neutrino flux would be 
observed at the FD, as the sterile neutrino would not interact in 
the detector volume

The parameter space explored by the DUNE ND extends to the 
cosmologically relevant region that is complementary to the 
LHC dark-matter searches through missing energy and 
mono-jets.

3+1

The sensitivity to θ34 is 
largely independent of ∆m2 
41, since the term with sin2 
θ34 in the expression 
describing P(νµ → νs) Eq. 
8.1, depends solely on the 
∆m2 31 mass splitting

Heavy right-handed singlets predicted in many extensions of 
the SM may be produced by the LBNF beam. The HNLs could 
reach the DUNE ND, where they would be detected via their 
decay products. Shown here the sensitivity (90% CL) for a 
total of total of 1.32×1022 POT

Sterile Neutrino Searches

• could explain short 
baseline/ gallium/reactor 
anomalies, hints of CKM 
non-unitarity and LFV)

 Coloma, Forero, Parke arXiv:1707.05348v1 

Shaded = allowed

GeV

12



KeVeV

Case 2 (                       ): 
light-sterile oscillation 
frequency matches 
ND distance
(LSND & MiniBoone) 

GeV

arXiv:1902.06099v2 

, 2x1022 pot collected; K and D produced in a graphite target

Case 1 (                               ): slow light-sterile neutrino 
oscillations, underdeveloped in ND,  visible at FD

Since NC cross sections and interaction topologies are the same 
for all three active neutrino flavors, the NC spectrum is 
insensitive to standard neutrino mixing. However, should there 
be oscillations into a fourth light neutrino, an 
energy-dependent depletion of the neutrino flux would be 
observed at the FD, as the sterile neutrino would not interact in 
the detector volume

The parameter space explored by the DUNE ND extends to the 
cosmologically relevant region that is complementary to the 
LHC dark-matter searches through missing energy and 
mono-jets.

3+1

The sensitivity to θ34 is 
largely independent of ∆m2 
41, since the term with sin2 
θ34 in the expression 
describing P(νµ → νs) Eq. 
8.1, depends solely on the 
∆m2 31 mass splitting

13

Case 3 (                          ): fast sterile 
neutrino oscillations, averaged out in 
ND and FD (same as PMNS 
non-unitarity from heavy neutrinos) Heavy right-handed singlets predicted in many extensions of 

the SM may be produced by the LBNF beam. The HNLs could 
reach the DUNE ND, where they would be detected via their 
decay products. Shown here the sensitivity (90% CL) for a 
total of total of 1.32×1022 POT

Sterile Neutrino Searches

• could explain short 
baseline/ gallium/reactor 
anomalies, hints of CKM 
non-unitarity and LFV)

Ballet, Boschi, Pascoli, JHEP 03 (2020) 111

 Coloma, Forero, Parke arXiv:1707.05348v1 

Shaded = allowed



 KeV MeVeV.1 eV GeV 1012 TeVTeV

Impossible to probe

 

Triangular parameterization – 
sensivitivey to alpha_tautau comes 
through matter affects 

2 sig dev in zinv. When all 
min states available pmns 
unitarity is restored

in the limit in which sterile oscillations are averaged out at the 
near detector, their effects at the far detector coincide with 
non-unitarity at leading order, even in presence of a matter 
potential. 

 If the new mass scale is kinematically accessible in meson 
decays, the sterile states will be produced in the neutrino 
beam. On the other hand, if the extra neutrinos are too heavy 
to be produced, the effective three by three PMNS matrix will 
show unitarity deviations.

In other words 

MUV paper: The full leptonic mixing matrix is thus enlarged, 
with details depending on the explicit model under 
consideration. However, in the case that the extra singlets are 
heavier than the energies of a given experiment, only the light 
states propagate, so that an effective leptonic 3×3 mixing matrix 
emerges

If extra neutrino is 
heavier than the 
energy of 
experiment, only the 
light states 
propagate, so that an 
effective leptonic 3×3 
mixing matrix 
emerges

 
Sterile = extra light neutrinos that must be
Sterile due to Zinv LEP bounds
Heavy = extra neutrinos not kinematically accepssible

10 TeV   

NSI Searches

14



arXiv:1902.06099v2 

Since NC cross sections and interaction topologies are the same 
for all three active neutrino flavors, the NC spectrum is 
insensitive to standard neutrino mixing. However, should there 
be oscillations into a fourth light neutrino, an 
energy-dependent depletion of the neutrino flux would be 
observed at the FD, as the sterile neutrino would not interact in 
the detector volume

The parameter space explored by the DUNE ND extends to the 
cosmologically relevant region that is complementary to the 
LHC dark-matter searches through missing energy and 
mono-jets.

The sensitivity to θ34 is 
largely independent of ∆m2 
41, since the term with sin2 
θ34 in the expression 
describing P(νµ → νs) Eq. 
8.1, depends solely on the 
∆m2 31 mass splitting

15

EFT Wilson coefficients

NSI DIM 6: Diagnal elelments of NN contrained by university tests and Z inv decays. Off diagnol 
emlemetns of NN contraiend by rar eradiative lepton decasy (l to gamma l - MEG). Diagnal 
elements can also be used to get limits on off-diagonal elements

• could explain B-anomalies

At large energies 
significant constraints from 
charged lepton processes, 
to avoid these

– include new degrees of 
freedom (radiative models)

Coloma, Lopez-Pavon, Rosauro-Alcaraz, Urrea  2105.11466NSI Searches

ϵαβ measure of NSI normalized to weak interaction 
strength  – diagonal ϵ break LFU (Z invisible constraints), 
off-diagonal ϵαβ are flavour-changing (l ⟶γl constraints)

source/detector 



arXiv:1902.06099v2 

Since NC cross sections and interaction topologies are the same 
for all three active neutrino flavors, the NC spectrum is 
insensitive to standard neutrino mixing. However, should there 
be oscillations into a fourth light neutrino, an 
energy-dependent depletion of the neutrino flux would be 
observed at the FD, as the sterile neutrino would not interact in 
the detector volume

The parameter space explored by the DUNE ND extends to the 
cosmologically relevant region that is complementary to the 
LHC dark-matter searches through missing energy and 
mono-jets.

The sensitivity to θ34 is 
largely independent of ∆m2 
41, since the term with sin2 
θ34 in the expression 
describing P(νµ → νs) Eq. 
8.1, depends solely on the 
∆m2 31 mass splitting
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EFT Wilson coefficients

source/detector 

NSI DIM 6: Diagnal elelments of NN contrained by university tests and Z inv decays. Off diagnol 
emlemetns of NN contraiend by rar eradiative lepton decasy (l to gamma l - MEG). Diagnal 
elements can also be used to get limits on off-diagonal elements

• could explain B-anomalies

At large energies 
significant constraints from 
charged lepton processes, 
to avoid these

– include new degrees of 
freedom (radiative models)

Coloma, Lopez-Pavon, Rosauro-Alcaraz, Urrea  2105.11466NSI Searches

through matter 



arXiv:1902.06099v2 

Since NC cross sections and interaction topologies are the same 
for all three active neutrino flavors, the NC spectrum is 
insensitive to standard neutrino mixing. However, should there 
be oscillations into a fourth light neutrino, an 
energy-dependent depletion of the neutrino flux would be 
observed at the FD, as the sterile neutrino would not interact in 
the detector volume

The parameter space explored by the DUNE ND extends to the 
cosmologically relevant region that is complementary to the 
LHC dark-matter searches through missing energy and 
mono-jets.

The sensitivity to θ34 is 
largely independent of ∆m2 
41, since the term with sin2 
θ34 in the expression 
describing P(νµ → νs) Eq. 
8.1, depends solely on the 
∆m2 31 mass splitting
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EFT Wilson coefficients

NSI DIM 6: Diagnal elelments of NN contrained by university tests and Z inv decays. Off diagnol 
emlemetns of NN contraiend by rar eradiative lepton decasy (l to gamma l - MEG). Diagnal 
elements can also be used to get limits on off-diagonal elements

• could explain B-anomalies

At large energies 
significant constraints from 
charged lepton processes, 
to avoid these

– include new degrees of 
freedom (radiative models)

Coloma, Lopez-Pavon, Rosauro-Alcaraz, Urrea  2105.11466NSI Searches

NC NSI can can be parameterized as new contributions to MSW 
effect (QM and EFT approach map: arXiv:1910.02971v3): 



 KeV MeVeV.1 eV GeV 1012 TeVTeV

Impossible to probe

 

Triangular parameterization – 
sensivitivey to alpha_tautau comes 
through matter affects 

2 sig dev in zinv. When all 
min states available pmns 
unitarity is restored

in the limit in which sterile oscillations are averaged out at the 
near detector, their effects at the far detector coincide with 
non-unitarity at leading order, even in presence of a matter 
potential. 

 If the new mass scale is kinematically accessible in meson 
decays, the sterile states will be produced in the neutrino 
beam. On the other hand, if the extra neutrinos are too heavy 
to be produced, the effective three by three PMNS matrix will 
show unitarity deviations.

In other words 

MUV paper: The full leptonic mixing matrix is thus enlarged, 
with details depending on the explicit model under 
consideration. However, in the case that the extra singlets are 
heavier than the energies of a given experiment, only the light 
states propagate, so that an effective leptonic 3×3 mixing matrix 
emerges

If extra neutrino is 
heavier than the 
energy of 
experiment, only the 
light states 
propagate, so that an 
effective leptonic 3×3 
mixing matrix 
emerges

 
Sterile = extra light neutrinos that must be
Sterile due to Zinv LEP bounds
Heavy = extra neutrinos not kinematically accepssible

10 TeV   

PMNS Unitarity at DUNE

Extra neutrino mass 18



100s TeV

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Can contrain PMNS with 
LFV only  if mass of extra 
neutrino is heavier
Than particles you are 
using to contrain non 
unitarit of PMNS. If mass 
of extra neutrino is 
lighter contraints don’t 
apply since
PMNS is effectively 
unitary

PMNS non-unitarity bound at per mil level from Lepton Universality, Lepton Flavor Violation & EW observables
● α constrained at 10-3 - 10-5 level
● 2-3 σ hints of LVF: arXiv:1502.07400, arXiv:1508.03372, arXiv:1605.08774v2 (2016),  arXiv:1310.2057v2 

(2014), arXiv:1407.6607v2 (2014), Phys. Rept. 427 257 (2006), Phys Rev. B 784 (2018) 248-254 

Limits do have some model dependence, so direct tests with neutrinos are important

Assume heavy neutrino doesn’t decay or decays to invisible

DUNE has ba

non-perturbative region

decays of particles with mases above masses of Mi (right 
handed N) lost since all mass eignestates are now available in 
the decay and unitarity is restored

arXiv:1609.08637v

LVF constraints lost 
since all mass 
eigenstates are 
kinematically 
available and 
unitarity restored

 

assume no steriles below 140 MeV

PMNS Unitarity at DUNE

Ellis, Kelly, Li   JHEP12 (2020) 068
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Portals with simplest UV-complete dark sectors models can explain Dirac and Majorana neutrino mass, 
a variety of models for low mass non-thermal dark matter, and the minimal mechanism of leptogenesis

Explaining Dark Matter through Dark Sectors

Higgs Portal
Vector Portal
Neutrino Portal
Axion Portal

2020



Impossible to probe

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Explaining Dark Matter through Dark Sectors :
Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitaryIf heavy neutrino masses are light enough so that 

they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher energies , 
NSI at lower energies? NSI provide general EFT 
style framework to quantify new phyics in neutrino 
sector. – can be used for scattering and osscilation 
exp. NuTeV and Coherent have stron NSI scattering 
contraints. Provide mechanist for breaking lepton 
universlity and flavor-changing . There is lagrangian 
level NSI and Hamiltonian level NSI which are 
relatable to eachother. NSI can also be probed at 
collider experiments. CC NSI of neutrinos with 
matter affects production and detection of 
neturinos. The NC NSI affects neutrino propogation 
in matter. – I wonder if these are complemtnary 
between 

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

S: dark singlet scalar
H: SM Higgs Doublet
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Impossible to probe

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Explaining Dark Matter through Dark Sectors :
Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitaryIf heavy neutrino masses are light enough so that 

they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher energies , 
NSI at lower energies? NSI provide general EFT 
style framework to quantify new phyics in neutrino 
sector. – can be used for scattering and osscilation 
exp. NuTeV and Coherent have stron NSI scattering 
contraints. Provide mechanist for breaking lepton 
universlity and flavor-changing . There is lagrangian 
level NSI and Hamiltonian level NSI which are 
relatable to eachother. NSI can also be probed at 
collider experiments. CC NSI of neutrinos with 
matter affects production and detection of 
neturinos. The NC NSI affects neutrino propogation 
in matter. – I wonder if these are complemtnary 
between 

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

S: dark singlet scalar
H: SM Higgs Doublet

A0: :  dark photon 
Jµ

EM : SM EM current
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Impossible to probe

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Explaining Dark Matter through Dark Sectors :
Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitaryIf heavy neutrino masses are light enough so that 

they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher energies , 
NSI at lower energies? NSI provide general EFT 
style framework to quantify new phyics in neutrino 
sector. – can be used for scattering and osscilation 
exp. NuTeV and Coherent have stron NSI scattering 
contraints. Provide mechanist for breaking lepton 
universlity and flavor-changing . There is lagrangian 
level NSI and Hamiltonian level NSI which are 
relatable to eachother. NSI can also be probed at 
collider experiments. CC NSI of neutrinos with 
matter affects production and detection of 
neturinos. The NC NSI affects neutrino propogation 
in matter. – I wonder if these are complemtnary 
between 

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

S: dark singlet scalar
H: SM Higgs Doublet

A0: :  dark photon 
Jµ

EM : SM EM current
NI: right handed 
neutrino/dark neutral lepton
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Impossible to probe

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Explaining Dark Matter through Dark Sectors :
Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitaryIf heavy neutrino masses are light enough so that 

they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher energies , 
NSI at lower energies? NSI provide general EFT 
style framework to quantify new phyics in neutrino 
sector. – can be used for scattering and osscilation 
exp. NuTeV and Coherent have stron NSI scattering 
contraints. Provide mechanist for breaking lepton 
universlity and flavor-changing . There is lagrangian 
level NSI and Hamiltonian level NSI which are 
relatable to eachother. NSI can also be probed at 
collider experiments. CC NSI of neutrinos with 
matter affects production and detection of 
neturinos. The NC NSI affects neutrino propogation 
in matter. – I wonder if these are complemtnary 
between 

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

S: dark singlet scalar
H: SM Higgs Doublet

A0: :  dark photon 
Jµ

EM : SM EM current
a: axion like particle
Fµν photon field tensor 

NI: right handed 
neutrino/dark neutral lepton
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Impossible to probe

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Explaining Dark Matter through Dark Sectors :
Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitaryIf heavy neutrino masses are light enough so that 

they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher energies , 
NSI at lower energies? NSI provide general EFT 
style framework to quantify new phyics in neutrino 
sector. – can be used for scattering and osscilation 
exp. NuTeV and Coherent have stron NSI scattering 
contraints. Provide mechanist for breaking lepton 
universlity and flavor-changing . There is lagrangian 
level NSI and Hamiltonian level NSI which are 
relatable to eachother. NSI can also be probed at 
collider experiments. CC NSI of neutrinos with 
matter affects production and detection of 
neturinos. The NC NSI affects neutrino propogation 
in matter. – I wonder if these are complemtnary 
between 

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

S: dark singlet scalar
H: SM Higgs Doublet

A0: :  dark photon 
Jµ

EM : SM EM current
a: axion like particle
Fµν photon field tensor 

NI: right handed 
neutrino/dark neutral lepton
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Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Explaining Dark Matter through Dark Sectors :
Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitaryIf heavy neutrino masses are light enough so that 

they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher energies , 
NSI at lower energies? NSI provide general EFT 
style framework to quantify new phyics in neutrino 
sector. – can be used for scattering and osscilation 
exp. NuTeV and Coherent have stron NSI scattering 
contraints. Provide mechanist for breaking lepton 
universlity and flavor-changing . There is lagrangian 
level NSI and Hamiltonian level NSI which are 
relatable to eachother. NSI can also be probed at 
collider experiments. CC NSI of neutrinos with 
matter affects production and detection of 
neturinos. The NC NSI affects neutrino propogation 
in matter. – I wonder if these are complemtnary 
between 

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

Dark photons that couple to 
muons alter the muon 
magnetic moment [202], 
potentially resolving the 
existing 4.2σ disagreement 
between theory and 
experiment

For instance, if DM has a mass that is much lighter than the electroweak scale (e.g., below GeV level), it 
motivates theories for DM candidates that interact with ordinary matter through a new “vector portal” mediator. 
High-flux neutrino beam experiments, such as DUNE, have been shown to provide coverage of DM+mediator 
parameter space that cannot be covered by either direct detection or collider experiments [330, 331, 332, 199].
DM particles can be detected in the ND through neutral-current-like interactions either with electrons or nucleons 
in the detector material. The neutrino-induced backgrounds can be suppressed using timing and the kinematics 
of the scattered electron. These enable DUNE’s search for LDM to be competitive and complementary to other 
experiments

S: dark singlet scalar
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Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Explaining Dark Matter through Dark Sectors :
Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitaryIf heavy neutrino masses are light enough so that 

they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher energies , 
NSI at lower energies? NSI provide general EFT 
style framework to quantify new phyics in neutrino 
sector. – can be used for scattering and osscilation 
exp. NuTeV and Coherent have stron NSI scattering 
contraints. Provide mechanist for breaking lepton 
universlity and flavor-changing . There is lagrangian 
level NSI and Hamiltonian level NSI which are 
relatable to eachother. NSI can also be probed at 
collider experiments. CC NSI of neutrinos with 
matter affects production and detection of 
neturinos. The NC NSI affects neutrino propogation 
in matter. – I wonder if these are complemtnary 
between 

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

Dark photons that couple to 
muons alter the muon 
magnetic moment [202], 
potentially resolving the 
existing 4.2σ disagreement 
between theory and 
experiment

S: dark singlet scalar

A0: :  dark photon, g-2 connection?

For instance, if DM has a mass that is much lighter than the electroweak scale (e.g., below GeV level), it 
motivates theories for DM candidates that interact with ordinary matter through a new “vector portal” mediator. 
High-flux neutrino beam experiments, such as DUNE, have been shown to provide coverage of DM+mediator 
parameter space that cannot be covered by either direct detection or collider experiments [330, 331, 332, 199].
DM particles can be detected in the ND through neutral-current-like interactions either with electrons or nucleons 
in the detector material. The neutrino-induced backgrounds can be suppressed using timing and the kinematics 
of the scattered electron. These enable DUNE’s search for LDM to be competitive and complementary to other 
experiments

connection to g-2

Snowmass NF03 arXiv:2207.06898v2
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Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Explaining Dark Matter through Dark Sectors :
Can contrain PMNS with LFV only  if mass of 
extra neutrino is heavier
Than particles you are using to contrain non 
unitarit of PMNS. If mass of extra neutrino 
is lighter contraints don’t apply since
PMNS is effectively unitaryIf heavy neutrino masses are light enough so that 

they are kinematically accessible, PMNS unitarity 
is effectively restored at low energies – meaning 
it’s small?. Bounds from EW processes fade away. 
LFV constraints not valid (LVF radiative decays 
suppressed by restoration of GIM mechanism)

 after EW symmetry breaking the 
dimension 6 operator δLd=6 
generates a contribution to the 
kinetic terms of the neutrinos, 
which, when canonically 
normalising them, induces a 
non-unitary leptonic mixing matrix 
N, replacing the initially unitary 
leptonic mixing matrix, the PMNS 
matrix U. 

Transformation of neutrino fields by non-unitary 
matrix – also changes EW current – hence EW 
observables

Is this just MUV – MUV is only valid for new 
physics at scales high above EW scale….I THINK

MUV – at higher energies , 
NSI at lower energies? NSI provide general EFT 
style framework to quantify new phyics in neutrino 
sector. – can be used for scattering and osscilation 
exp. NuTeV and Coherent have stron NSI scattering 
contraints. Provide mechanist for breaking lepton 
universlity and flavor-changing . There is lagrangian 
level NSI and Hamiltonian level NSI which are 
relatable to eachother. NSI can also be probed at 
collider experiments. CC NSI of neutrinos with 
matter affects production and detection of 
neturinos. The NC NSI affects neutrino propogation 
in matter. – I wonder if these are complemtnary 
between 

the oscillation physics induced by non-standard interactions is 
equivalent in vacuum to that stemming from non-unitarity in 
the M

p αβ = ǫ d∗ βα, a constraint usually not required when 
introducing non-standard interactions. When such equality 
holds, the oscillation physics induced by non-standard 
interactions is equivalent in vacuum to that stemming from 
non-unitarity in the MIf heavy neutrino masses are light enough so that they are 

kinematically accessible, PMNS unitarity is effectively restored 
at low energies and the bounds from EW processes fade away.  
In this case the best limits are derived from oscillation data 

Dark photons that couple to 
muons alter the muon 
magnetic moment [202], 
potentially resolving the 
existing 4.2σ disagreement 
between theory and 
experiment

S: dark singlet scalar

A0: :  dark photon 

a: axion like particle

For instance, if DM has a mass that is much lighter than the electroweak scale (e.g., below GeV level), it 
motivates theories for DM candidates that interact with ordinary matter through a new “vector portal” mediator. 
High-flux neutrino beam experiments, such as DUNE, have been shown to provide coverage of DM+mediator 
parameter space that cannot be covered by either direct detection or collider experiments [330, 331, 332, 199].
DM particles can be detected in the ND through neutral-current-like interactions either with electrons or nucleons 
in the detector material. The neutrino-induced backgrounds can be suppressed using timing and the kinematics 
of the scattered electron. These enable DUNE’s search for LDM to be competitive and complementary to other 
experiments

Snowmass NF03 arXiv:2207.06898v2 Snowmass NF03 arXiv:2207.06898v2
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and many more…

neutrino tridents boosted 
dark matter

tau neutrinosproton decay

low-mass 
dark matter
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Conclusion 

DUNE will be sensitive to a wide range of BSM physics, it will

● provide competitive sterile neutrino limits
● improve limits on some source/detector NSI by factor of 2-5
● provide a direct probe of PMNS non-unitarity
● be uniquely sensitive to Dark Matter portals in uncovered mass ranges



Thank you!
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https://arxiv.org/pdf/2210.00109



• ND-LAR: liquid argon TPC with muon spectrometer 
(TMS) 50t fiducial mass, modular detector with 
pixel readout to reduce pileup 

• Similar to FD to characterize beam flux and 
neutrino interactions

• ND-GAr: Gaseous argon detector 

• surrounded by ECAL and muon system in 
magnetic field

• good tracking resolution, can study low-  Ar 
interactions

• SAND: System for on-Axis Neutrino Detection 

• Inner tracker & ECAL in magnetic field serve 
as beam monitor

• PRISM for ND-LAr/GAr: Precision 
Reaction-Independent Spectrum 

• Can measure flux at different off-axis angles, 33

DUNE Near Detector 



DUNE Far Detector

Excavation started!

• 4 Far Detector modules in cryostats 
(15.1m wide x 14 m high by 62 m long) 
containing 17 kt of LAr mass

• Two factors affect the performance
• High LAr purity needed to 

minimize charge and light 
attenuation

• Low electronics noise such that 
the signal from the drifting 
electrons can be differentiated 
over the baseline

• 1st module - Single Phase (SP), 
horizontal drift,  LAr Time Projection 
Chamber (LArTPC) Installed mid 2020s

• 2nd module - SP vertical drift LAr TPC
• 3rd / 4th module - to be defined

34



Predictions of CPT invariance is that particles and antiparticles 
have the same masses and, if unstable, the same lifetimes

CPT Violation 

current bounds
Exposure of 300 kton MW yr and three values of ϴ

23
 maximal 

mixing (green), lower octant (purple),  upper octant (blue)



Impossible to probe

100s TeV

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Limits on Extra Neutrinos

Can contrain PMNS with 
LFV only  if mass of extra 
neutrino is heavier
Than particles you are 
using to contrain non 
unitarit of PMNS. If mass 
of extra neutrino is 
lighter contraints don’t 
apply since
PMNS is effectively 
unitary

Assume heavy neutrino doesn’t decay or decays to invisible

NSI DIM 6: Diagnal elelments of NN 
contrained by university tests and Z 
inv decays. Off diagnol emlemetns of 
NN contraiend by rar eradiative 
lepton decasy (l to gamma l - MEG). 
Diagnal elements can also be used to 
get limits on off-diagonal elements

DUNE has ba

GeV

Accessible at 
B-factories

KeV MeVeV.1 eV GeV 1012 TeVTeV

accessible at osc. Exp 

Extra neutrinos 
can participate in 
oscillations

10 TeV  TeV  TeV
non-perturbative region

decays of particles with mases above masses of Mi (right 
handed N) lost since all mass eignestates are now available in 
the decay and unitarity is restored

arXiv:1609.08637v

For neutrinos with masses below the electroweak scale, 
best limits from oscillation data. BUT most future 
experiments (DUNE) won’t add too much here (see 
arXiv:1609.08637v3)  

LVF constraints lost 
since all mass 
eigenstates are 
kinematically 
available and 
unitarity restored

48: Buggy

49: SuperK 
atmospheric 

51/52: Nomad

50: Minos

arXiv:1609.08637v3 

Accessible 
at LHC
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Impossible to probe

100s TeV

Non-unitarity effects too constrained to impact neutrino oscillation 
facilities but sterile neutrinos can play a role at long baseline. Sterile 
neutrino mixing allowed at percent level since it can only be probed via 
oscillation experiments. PMNS no nunitarity can have no impact in 
oscillation facilities, whiel sterile neutrino mixing could be discovered 
by them. 

Hints of Extra Neutrinos?

Can contrain PMNS with 
LFV only  if mass of extra 
neutrino is heavier
Than particles you are 
using to contrain non 
unitarit of PMNS. If mass 
of extra neutrino is 
lighter contraints don’t 
apply since
PMNS is effectively 
unitary

Assume heavy neutrino doesn’t decay or decays to invisible

NSI DIM 6: Diagnal elelments of NN 
contrained by university tests and Z 
inv decays. Off diagnol emlemetns of 
NN contraiend by rar eradiative 
lepton decasy (l to gamma l - MEG). 
Diagnal elements can also be used to 
get limits on off-diagonal elements

 

Accessible at 
B-factories

KeV MeVeV.1 eV GeV 1012 TeVTeV

accessible at osc. Exp 

Extra neutrinos 
can participate in 
oscillations

 10 TeV   

non-perturbative region

 

arXiv:1605.08774v2 (2016) 

 

 

decays of particles with mases above masses of Mi (right 
handed N) lost since all mass eignestates are now available in 
the decay and unitarity is restored

The data are not consistent with 
lepton universality (at a little less 
than the 3σ level . 
arXiv:1511.00683v3 

 

 

arXiv:1310.2057v2 (2014)

Accessible 
at LHC

PMNS non - unitarity through 
Charged lepton flavour violation

LSND, MiniBoone, Gallium Anomalies 



arXiv:1605.08774v2, 21 Dec 2016 

Lepton Flavor Violation & non Unitarity of PMNS arXiv:1407.6607v2 [hep-ph] 6 Aug 2014
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Tau Neutrinos in DUNE

The discriminating power  of  ,  between  induced interactions, 
represented by the filled yellow distributions, and the  
background events represented by the hashed distribution.
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Sensitivity to Extra Neutrinos and NSI

Accessible at 
B-factories

KeV MeVeV 100 GeV

accessible at osc. Exp 

Extra neutrinos 
can participate in 
oscillations

• NSI with matter gives rise to NSI at source and/or detector (arXiv:0807.1003v3). Bounds on source & detector NSI an order 
of magnitude more strict than matter NSI. DUNE can probe matter (dim 8), Hyper – K source & detector NSI (dim 6)

• NSI can be probed with supernova neutrinos in Hyper-K : arXiv:1907.01059v2 

GeV

Darker regions = larger amount of non-unitarity in sterile
Can’t probe non-unitarity at better than 6% arXiv:1702.02163v2 SI NSI Sterile
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DUNE as the Next-Generation Solar 
Neutrino Experiment

• https://arxiv.org/pdf/1808.08232.pdf
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Non Standard Interactions

DUNE will improve current constraints 
on τe and µe, the magnitude of the NSI 
relative to standard weak interactions, 
by a factor of 2 to 5. 

43



Tau Neutrino
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Proton Decay

• The 90% CL limit of a bound neutron lifetime is 6.45 × 1032 years for a 
400 kt · year exposure. The corresponding limit for the oscillation 
time of free neutrons is calculated to be 5.53 × 108 s. This is 
approximately an improvement by a factor of two from the current 
best limit, which comes from Super–Kamiokande 

• With a 30% signal efficiency and an expected background of one 
event per Mt · year , a 90% CL lower limit on the proton lifetime in the 
p → K+ν channel of 1.3 × 1034 years can be set, assuming no signal is 
observed over ten years of running with a total of 40 kt of fiducial 
mass. This calculation assumes constant signal efficiency and 
background rejection over time and for each of the FD modules. 

(from TDR)
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Dark Matter

46



BSM Simulation Assumptions 

•  
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DUNE as the Next-Generation Solar Neutrino Experiment

• https://arxiv.org/pdf/1808.08232.pdf
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From DUNE Physics TDR
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