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New Neutrino Physics is

Already Here!
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The Direct Detection Experiment Time Projection Chamber
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Direct Detection Experiments: A New Era of Neutrino Experiments
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How can we turn the irreducible solar neutrino ‘background’ into

an invaluable signal of new physics in the neutrino sector?
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Neutrino Non-Standard Interactions (NSI)

εαβ

f

να

f

νβ

• A general way to model new neutrino physics

• Effective framework: care about low-energy

pheno (ignore UV completions)

• Strength of new physics completely described

by Wilson coefficient εαβ
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A New Parametrisation: Introducing the Generalised Ball

εeαβ

εpαβ

εnαβ

εη,φαβ

η
φ

We have developed an extended NSI

parametrisation

Usual assumptions:

• NSI only with electron

• NSI only in p-n plane

With our parametrisation, we can

explore neutrino NSI phenomenology

more generally!
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NSI Phenomenology Breakdown

ν

ν
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NSI Phenomenology

1. Propagation effect:

Non-standard component to matter

Hamiltonian in Sun

2. Detection effect:

Non-standard CEνNS and EνES

cross section
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Calculating the Neutrino Event Rate: The Right Way

Usually, the expected neutrino scattering rate is written as

dR

dER
∝
∑
α

∫
Emin
ν

νe production︷ ︸︸ ︷
dϕνe

dEν
P(νe → να)︸ ︷︷ ︸
Transition prob.

CS for flavour α︷︸︸︷
dσα

dER
dEν

This is wrong in general NSI case! Pilar Coloma et al. 2204.03011

NSI can lead to flavour-changing neutral currents: not diagonal in flavour basis!

Correct treatment requires a statistical approach:

dR

dER
∝
∫
Emin
ν

dϕνe

dEν
Tr

(
ρ

dζ

dER

)
dEν

ρ ≡ Neutrino density matrix dζ/dER ≡ Generalised scattering cross section
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DD Experiments: We Are Ready for You

• Our framework allows us to treat NSI signal with both NRs and ERs

• Project bounds for XENONnT, LZ, and far-future DARWIN assuming that we

observe the SM expectation

• Derive data-driven bounds from recent LZ NR and XENONnT ER results

J. Aalbers et al. 2207.03764, E. Aprile et al. 2207.11330

• Bounds derived assuming only one NSI parameter switched on at a time!
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Constraining Power from Nuclear Recoils (φ = 0)
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Constraining Power from Electron and Nuclear Recoils (η = 0)

NR ER NR (2022)
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Summary

• Neutrinos are taunting us with new physics

• Our novel parametrisation can capture NSI NR and ER phenomenology

• DD experiments will be invaluable in the NSI landscape!

DD experiments will become key players in the search for BSM neutrino

physics, giving them a compelling research mission beyond their search for DM
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To the Trace Formalism

|Aα→f |2 =
∣∣∣∑

β

Aα→β

∣∣∣2
=
∣∣∣∑

β

⟨νβ |Sint
(∑

γ

|νγ⟩⟨νγ |
)
Sprop|να⟩

∣∣∣2
=
∑

β,γ,δ,λ

⟨νβ |Sint|νγ⟩⟨νγ |Sprop
(∑

ρ

|νρ⟩⟨νρ|
)
|να⟩⟨να|

(∑
σ

|νσ⟩⟨νσ|
)
S†
prop|νδ⟩⟨νδ|S†

int|νλ⟩

=
∑

γ,δ,ρ,σ

(Sprop)γρ π(α)
ρσ (Sprop)

∗
δσ︸ ︷︷ ︸

≡ρ
(α)
γδ

∑
λ,β

(Sint)
∗
λδ (Sint)βγ︸ ︷︷ ︸

M∗(νδ→f )M(νγ→f )

.
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χ2 for CEνNS

χ2(εη,φαβ , φ) = min
a

(Nexp − (1 + a)NCEνNS(ε
η,φ
αβ , φ)√

Nexp + Nbkg

)2

+

(
a

σa

)2
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χ2 for Borexino

χ2(εη,φαβ , φ) ≡ min
a⃗

∑
p

(
Rp
Borexino − (1 + ap)Rp

Theo(ε
η,φ
αβ , φ)

σp
stat

)2

+

(
ap

σp
a

)2
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Likelihood for DD

L(εη,φαβ , η, φ, a, b) ≡
Nbins∏

i

Po
[
N i
obs | (1 + a)N i

ν(ε
η,φ
αβ , η, φ) + (1 + b)N i

bkg

]
×Gauss (a| 0, σa ) Gauss (b| 0, σb )
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NR Blindspots

η = tan−1

(
−Z

N
cosφ

)

εη,φαα =
QνN

ξpZ + ξnN

∫
Emin
ν

dϕνe

dEν

(
1− mNER

2E 2
ν

)[
(ξpZ + ξnN)(ραα + ρββ) ε

η,φ
αβ − 2QνN ραβ

]
dEν = 0 .
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ER Blindspots

∫
Emin
ν

dϕνe

dEν
ραα

{(
1− ER

Eν

(
1 +

me − ER

2Eν

))[
4 s2W + ξe εη,φαα

]
ξe εη,φαα

+

(
1− me ER

2E 2
ν

)[
4 s2W

ρee − ρSMee
ραα

+ (2 δαe − 1) ξe εη,φαα

]}
dEν = 0 . (1)

∫
Emin
ν

dϕνe

dEν

{(
1− ER

Eν

(
1 +

me − ER

2Eν

))[(
ξe εη,φαβ

)2
(ραα + ρββ) + 8 s2W ξe εη,φαβ ραβ

]

+

(
1− me ER

2E 2
ν

) [
4 s2W

(
ρee − ρSMee

)
− δαµδβτ 2 ξe εη,φαβ ραβ

]}
dEν = 0 , (2)
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Calculating the Neutrino Event Rate: The Right Way

Electron neutrinos produced at Sun go through the following story arc:

1. Oscillate from |νe⟩ into a coherent superposition of flavour states via Ŝprop

2. That state interacts with a target via Ŝint and then flies off into some arbitrary

final state |f ⟩ =
∑
β

|νβ⟩.

dR

dER
∝ |Ae→f |2 =

∣∣∣∣∣∑
β

⟨νβ|ŜintŜprop|νe⟩
∣∣∣∣∣
2

= . . .

∴
dR

dER
∝
∫
Emin
ν

dϕνe

dEν
Tr

(
ρ

dζ

dER

)
dEν

ρ ≡ Neutrino density matrix dζ/dER ≡ Generalised scattering cross section
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