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Why Non-Standard Interactions?

Neutrino Oscillations =⇒ Nonzero Neutrino Mass =⇒ BSM Physics

Must introduce new fermions, scalars and/or gauge bosons – messengers
of neutrino mass physics.
New couplings involving neutrinos – inevitably lead to NSI.
Potentially observable effects in neutrino production, propagation, and/or
detection.
Relevant for all kinds of neutrinos (accelerator, reactor, atmospheric,
solar, supernova, astrophysical, cosmic).
Complementary to direct search for new physics at the LHC.
At the very least, could serve as a foil for the standard 3-neutrino
oscillation scheme.
Better understanding of NSI is crucial for correct interpretation of
oscillation data.
Potential hints of NSI in recent T2K/NOνA data.
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Standard Neutrino Interactions with Matter

HZ = GF√
2
Jµ

ZJ
†
Zµ
,where Jµ

Z =
∑

i=ℓ,νℓ,u,d

ψiγ
µ
[
I3

i (1 − γ5) − 2Qi sin2 θW

]
ψi ,

HW = GF√
2
Jµ

WJ†
Wµ

,where Jµ
W = ēγµ(1 − γ5)νe .
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Effective Matter Potential

[For a derivation, see e.g., J. Linder, hep-ph/0504264]

Upper (Lower) sign is for neutrino (antineutrino).
In an electrically neutral medium (Ne = Np), V e

Z + V p
Z = 0.

V n
Z is diagonal in neutrino flavor, and gives an overall phase shift, which

is of no physical significance in oscillations.
Effective neutrino matter potential induced by Earth:

VCC = V e
W =

√
2GFNe ≃ 3.8 × 10−14 eV

(
ρ

gm/cm3

)(
Ye

0.5

)
.
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Oscillation Probability

Time evolution governed by Schrödinger equation:

i
d

dt

νe

νµ

ντ

 = H

νe

νµ

ντ

 =
[
MM †

2E + V (t)
]νe

νµ

ντ

 ,
where E is the neutrino energy, M = U diag(m1,m2,m3)UT is the
neutrino mass matrix and V = diag(VCC, 0, 0).

Probability of oscillation over a length L (in the 2-flavor limit):

P (να → νβ) =
∣∣∣⟨νβ|e−iHL|να⟩

∣∣∣2 ≃ sin2 2θM sin2
(

∆m2
ML

4E

)
,

where tan 2θM = ∆m2 sin 2θ
∆m2 cos 2θ −A

,

∆m2
M =

√
(∆m2 cos 2θ −A)2 + (∆m2 sin 2θ)2 ,

A = 2EVCC .
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Neutral Current NSI

LNC
NSI = −2

√
2GF

∑
f,X,α,β

εfX
αβ (ν̄αγ

µPLνβ)(f̄γµPXf) ,

with X = L,R, and f ∈ {e, u, d}. [L. Wolfenstein, PRD ’78)]

Only vector part is relevant (axial-vector part is spin-dependent):

εαβ =
∑

f∈{e,u,d}

Nf

Ne
εfV

αβ = εeV
αβ + Np

Ne
(2εuV

αβ + εdV
αβ ) + Nn

Ne
(εuV

αβ + 2εdV
αβ )

= εeV
αβ + (2 + Yn)εuV

αβ + (1 + 2Yn)εdV
αβ

with εfV
αβ = εfL

αβ + εfR
αβ and Yn = Nn/Ne ≃ 1 for Earth.

Leads to extra matter effect in propagation:

P (να → νβ) =
∣∣∣⟨νβ|e−i(H+VNSI)L|να⟩

∣∣∣2 ,
where VNSI =

√
2GFNe

εee εeµ εeτ

ε∗
eµ εµµ εµτ

ε∗
eτ ε∗

µτ εττ


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What does NSI do?

[figure adapted from T. Ohlsson]
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Induces non-standard oscillations during propagation

13

Neutrino oscillations with NSIs – two-flavors
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Modifies standard oscillation probabilities

Using NuProbe
11

https://github.com/shengfong/nuprobe


Can obscure mass-ordering determination

[Capozzi, Chatterjee, Palazzo 1908.06992 (PRL)] 12

https://arxiv.org/abs/1908.06992


Can degrade octant and δCP discovery potential

[Agarwalla, Chatterjee, Palazzo 1607.01745]
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Charged Current NSI
[Y. Grossman, hep-ph/9507344]

LCC
NSI = −2

√
2GF ε

ff ′X
αβ (ν̄αγ

µPLℓβ)(f̄ ′γµPXf)

Flavor mixture states at source and detection.

P (να → νβ) =
∣∣∣⟨νd

β |e−iHL|νs
α⟩
∣∣∣2

Source NSI (e.g. in pion decay):

|νs
α⟩ = |να⟩ +

∑
β=e,µ,τ

εs
αβ|νβ⟩ , e.g. π+ εs

eµ−→ µ+νe

Detection NSI (e.g. in neutrino-nucleon scattering):

⟨νd
α| = ⟨να| +

∑
β=e,µ,τ

εd
αβ⟨νβ| , e.g. ντn

εd
eτ−→ e−p

14
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Interesting Near-Detector Physics

16

Zero-distance effects: 2-flavor case

weak-eigenstate [figure from T. Ohlsson]
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weak-eigenstate

Zero-distance effect [Langacker, London (PRD ’88)]

In the 2-flavor case,

16

Zero-distance effects: 2-flavor case

weak-eigenstate

Can in principle be probed with a near detector close to the source (e.g.,
ESSνSB), assuming that the neutrino fluxes at source are well-known.
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CC+NC NSI can make things worse!

[Blennow et al 1606.08851]
16

https://arxiv.org/abs/1606.08851


Current Constraints∗ on NC NSI
[Farzan, Tortola 1710.09360]

18

In order to constrain the NSI between neutrinos and quarks, one may use data from the neutrino–nucleus ex-
periments NuTeV, CHARM and CDHS. From the combination of atmospheric and accelerator data from NuTeV,
CHARM and CDHS, the following limits on the non–universal vectorial and axial NSI parameters were derived [165]:

|✏dV
µµ | < 0.042 , �0.072 < ✏dA

µµ < 0.057 (90%C.L.). (36)

For the case of the flavor changing NSI couplings (with q = u, d)

|✏qV
µ⌧ | < 0.007 , |✏qA

µ⌧ | < 0.039 (90%C.L.). (37)

Under this category we include also the first observation of coherent neutrino–nucleus scattering observed at the
COHERENT experiment recently [126]. As discussed above, the COHERENT data have been used to constrain
neutrino NSI with quarks in Refs. [127, 130]. The combination of solar neutrino oscillation data with COHERENT
has been exploited to investigate the status of the solar degenerate solution LMA-D.

90% C.L. range origin Ref.

NSI with quarks

✏dL
ee [�0.3, 0.3] CHARM [128]

✏dR
ee [�0.6, 0.5] CHARM [128]

✏dV
µµ [�0.042, 0.042] atmospheric + accelerator [165]

✏uV
µµ [�0.044, 0.044] atmospheric + accelerator [165]

✏dA
µµ [�0.072, 0.057] atmospheric + accelerator [165]

✏uA
µµ [�0.094, 0.14] atmospheric + accelerator [165]

✏dV
⌧⌧ [�0.075, 0.33] oscillation data + COHERENT [127]

✏uV
⌧⌧ [�0.09, 0.38] oscillation data + COHERENT [127]

✏qV
⌧⌧ [�0.037, 0.037] atmospheric [140]a

NSI with electrons

✏eL
ee [�0.021, 0.052] solar + KamLAND [131]

✏eR
ee [�0.07, 0.08] TEXONO [163]

✏eL
µµ, ✏eR

µµ [�0.03, 0.03] reactor + accelerator [128, 162]

✏eL
⌧⌧ [�0.12, 0.06] solar + KamLAND [131]

✏eR
⌧⌧ [�0.98, 0.23] solar + KamLAND and Borexino [131, 133]

[-0.25, 0.43] reactor + accelerator [162]

✏eV
⌧⌧ [�0.11, 0.11] atmospheric [140]

a Bound adapted from ✏eV
⌧⌧ .

TABLE II. Bounds on Flavor Diagonal NC NSI couplings

F. Summary of current bounds on NSI parameters

Here we summarize the current constraints on the NSI couplings from di↵erent experiments discussed throughout
this section. For more details about the assumptions considered in each case, we refer the reader to the previous
subsections as well as to the original references where the constraints have been calculated. The limits summarized
in Tables II, III and IV have been obtained assuming only one nonzero NSI coupling at a time.

Table II contains the limits on the flavor diagonal NC NSI couplings between neutrinos and electrons ✏eP
↵↵ and

neutrinos and quarks ✏qP
↵↵, with P = L, R, V, A being the chirality index and q = u, d. The table indicates the origin of

19

the reported bound as well as the reference where it has been obtained as well. Most of the limits have been derived
from the combination of neutrino oscillation and detection or production experimental results. For instance, the joint
analysis of atmospheric neutrino data and accelerator measurements in NuTeV, CHARM and CDHS [165], or solar
and KamLAND data together with the recent bounds of COHERENT [127].10 In other cases the constraints reported
in the table come just from one type of experiment, as the limits derived only from CHARM [128], TEXONO [163]
or atmospheric data [140]. Note that, for the latter case, we have adapted the bound on ✏eV

⌧⌧ reported in Ref. [140] to
the corresponding bound for quarks, ✏qV

⌧⌧ .

Table III collects the limits of the flavor changing NC NSI couplings between neutrinos and electrons ✏eP
↵� and

neutrinos and quarks ✏qP
↵� , with the same conventions indicated above for P and q. As discussed before, in this case

most of the bounds also emerge from the complementarity of di↵erent types of experiments, as the combination
of reactor and accelerator non-oscillation experiments in Ref. [162]. On the other hand, the first analyses on NSI
obtained from IceCube data [142, 143] o↵er very strong bounds on ✏qV

µ⌧ . This last constraint has also been adapted to

get the equivalent bound for NSI with electrons, ✏eV
µ⌧ .

Finally, Table IV contains the limits on the neutrino CC NSI with quarks and electrons (semileptonic CC NSI)

and the CC NSI with leptons only (purely-leptonic CC NSI) in terms of the couplings ✏udP
↵� and ✏ll

0P
↵� , respectively.

The former ones, have been discussed in the context of the neutrino production and detection in the Daya Bay
reactor experiment, as analyzed in Ref. [13]. Previous bounds on this type of NSI have been derived using the
negative searches for neutrino oscillations at short distances in the NOMAD experiment [166, 167], as reported in
the table [33]. Constraints on leptonic CC NSI using the results of the KARMEN experiment [168] as well as the
deviations of Fermi’s constant GF in the presence of these interactions, have also been obtained in Ref. [33]. We refer
the reader to that work for further details on the derivation of these constraints.

90% C.L. range origin Ref.

NSI with quarks

✏qL
eµ [�0.023, 0.023] accelerator [112, 165]

✏qR
eµ [�0.036, 0.036] accelerator [112, 165]

✏uV
eµ [�0.073, 0.044] oscillation data + COHERENT [127]

✏dV
eµ [�0.07, 0.04] oscillation data + COHERENT [127]

✏qL
e⌧ , ✏qR

e⌧ [�0.5, 0.5] CHARM [128]

✏uV
e⌧ [�0.15, 0.13] oscillation data + COHERENT [127]

✏dV
e⌧ [�0.13, 0.12] oscillation data + COHERENT [127]

✏qL
µ⌧ [�0.023, 0.023] accelerator [165]

✏qR
µ⌧ [�0.036, 0.036] accelerator [165]

✏qV
µ⌧ [�0.006, 0.0054] IceCube [143]

✏qA
µ⌧ [�0.039, 0.039] atmospheric + accelerator [165]

NSI with electrons

✏eL
eµ , ✏eR

eµ [�0.13, 0.13] reactor + accelerator [162]

✏eL
e⌧ [�0.33, 0.33] reactor + accelerator [162]

✏eR
e⌧ [�0.28,�0.05] & [0.05, 0.28] reactor + accelerator [162]

[-0.19, 0.19] TEXONO [163]

✏eL
µ⌧ , ✏eR

µ⌧ [�0.10, 0.10] reactor + accelerator [128, 162]

✏eV
µ⌧ [�0.018, 0.016] IceCube [143]a

a Bound adapted from ✏qV
µ⌧ .

TABLE III. Bounds on Flavor changing NC NSI couplings

10 The bounds in [127] assume mediator mass to be heavier than ⇠ 50 MeV. As we shall discuss in the next section, these bounds do not
apply for mediator mass lighter than ⇠ 10 MeV.

(Flavor-diagonal) (Flavor-changing)

∗Conditions apply (one at a time, some constraints do not apply to light mediators)
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or atmospheric data [140]. Note that, for the latter case, we have adapted the bound on ✏eV

⌧⌧ reported in Ref. [140] to
the corresponding bound for quarks, ✏qV

⌧⌧ .

Table III collects the limits of the flavor changing NC NSI couplings between neutrinos and electrons ✏eP
↵� and

neutrinos and quarks ✏qP
↵� , with the same conventions indicated above for P and q. As discussed before, in this case

most of the bounds also emerge from the complementarity of di↵erent types of experiments, as the combination
of reactor and accelerator non-oscillation experiments in Ref. [162]. On the other hand, the first analyses on NSI
obtained from IceCube data [142, 143] o↵er very strong bounds on ✏qV

µ⌧ . This last constraint has also been adapted to

get the equivalent bound for NSI with electrons, ✏eV
µ⌧ .

Finally, Table IV contains the limits on the neutrino CC NSI with quarks and electrons (semileptonic CC NSI)

and the CC NSI with leptons only (purely-leptonic CC NSI) in terms of the couplings ✏udP
↵� and ✏ll

0P
↵� , respectively.

The former ones, have been discussed in the context of the neutrino production and detection in the Daya Bay
reactor experiment, as analyzed in Ref. [13]. Previous bounds on this type of NSI have been derived using the
negative searches for neutrino oscillations at short distances in the NOMAD experiment [166, 167], as reported in
the table [33]. Constraints on leptonic CC NSI using the results of the KARMEN experiment [168] as well as the
deviations of Fermi’s constant GF in the presence of these interactions, have also been obtained in Ref. [33]. We refer
the reader to that work for further details on the derivation of these constraints.

90% C.L. range origin Ref.

NSI with quarks

✏qL
eµ [�0.023, 0.023] accelerator [112, 165]

✏qR
eµ [�0.036, 0.036] accelerator [112, 165]

✏uV
eµ [�0.073, 0.044] oscillation data + COHERENT [127]

✏dV
eµ [�0.07, 0.04] oscillation data + COHERENT [127]

✏qL
e⌧ , ✏qR

e⌧ [�0.5, 0.5] CHARM [128]

✏uV
e⌧ [�0.15, 0.13] oscillation data + COHERENT [127]

✏dV
e⌧ [�0.13, 0.12] oscillation data + COHERENT [127]

✏qL
µ⌧ [�0.023, 0.023] accelerator [165]

✏qR
µ⌧ [�0.036, 0.036] accelerator [165]

✏qV
µ⌧ [�0.006, 0.0054] IceCube [143]

✏qA
µ⌧ [�0.039, 0.039] atmospheric + accelerator [165]

NSI with electrons

✏eL
eµ , ✏eR

eµ [�0.13, 0.13] reactor + accelerator [162]

✏eL
e⌧ [�0.33, 0.33] reactor + accelerator [162]

✏eR
e⌧ [�0.28,�0.05] & [0.05, 0.28] reactor + accelerator [162]

[-0.19, 0.19] TEXONO [163]

✏eL
µ⌧ , ✏eR

µ⌧ [�0.10, 0.10] reactor + accelerator [128, 162]

✏eV
µ⌧ [�0.018, 0.016] IceCube [143]a

a Bound adapted from ✏qV
µ⌧ .

TABLE III. Bounds on Flavor changing NC NSI couplings

10 The bounds in [127] assume mediator mass to be heavier than ⇠ 50 MeV. As we shall discuss in the next section, these bounds do not
apply for mediator mass lighter than ⇠ 10 MeV.

(Flavor-diagonal) (Flavor-changing)

∗Conditions apply (one at a time, some constraints do not apply to light mediators)
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Current Constraints∗ on CC NSI
[Farzan, Tortola 1710.09360]

From model-building perspective, getting ‘large’ CC NSI is more
difficult than NC NSI.
In some models (with purely leptonic NSI), CC and NC NSI are
correlated by Fierz transformation.
We will mostly focus on NC NSI (unless otherwise specified).
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Global Fit
[Coloma, Gonzalez-Garcia, Maltoni, Pinheiro, Urrea 2305.07698]
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https://arxiv.org/abs/2305.07698


Future Prospects at DUNE

Long baseline, huge statistics, intense & well-characterized beam.
Excellent sensitivity to matter NSI.

[de Gouvêa, Kelly 1511.05562; Coloma 1511.06357; Blennow et al. 1606.08851; Liao, Marfatia,

Whisnant 1612.01443; Chatterjee et al 1809.09313; Han et al 1910.03272]
20
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https://arxiv.org/abs/1910.03272


Improved Energy Resolution

[Friedland, Li 1811.06159]
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Improved DUNE Sensitivity to NSI

[Chatterjee, BD, Machado 2106.04597]
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https://arxiv.org/abs/2106.04597


Dependence on δCP

[Chatterjee, BD, Machado 2106.04597]
23

https://arxiv.org/abs/2106.04597


Breaking Degeneracies

[Chatterjee, BD, Machado 2106.04597] 24

https://arxiv.org/abs/2106.04597


Improved δCP Sensitivity

[Chatterjee, BD, Machado 2106.04597;

see also De Romeri, Fernandez-Martinez, Sorel, 1607.00293]
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https://arxiv.org/abs/2106.04597
https://arxiv.org/abs/1607.00293


Hint of NSI?

[Chatterjee, Palazzo 2008.04161 (PRL); see also Denton, Gehrlein, Pestes 2008.01110 (PRL)]

T2K-NOνA anomaly persists in 2024 data!

[Chatterjee, Palazzo 2409.10599]
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But not conclusive yet!

[Chatterjee, Palazzo 2409.10599]
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https://arxiv.org/abs/2409.10599


Strong constraints from IceCube and KM3NeT

[KM3NeT, ICRC 2023; IceCube 2201.03566 (PRL)] 28
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https://arxiv.org/abs/2201.03566


Outline
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Lecture 2: NSI Model Building and Phenomenology

Challenges
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Heavy mediators
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Lecture 3: Beyond ε – Scalar NSI, NSSI, Neutrino-DM interactions, ...
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