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Several astronomical and cosmological observations confirmed that our universe is vastly com-
posed of dark matter. When neutrinos propagate, they may interact with environmental dark
matter particles, giving rise to rich phenomenology in oscillation experiments. When we consider
dark matter to be a complex scalar field, the correction due to dark non-standard interaction (NSI)
appears as a perturbation to the mass-squared term in the neutrino Hamiltonian. The correction for
neutrinos and anti-neutrinos has the opposite sign, which introduces a CPT violation in neutrino
oscillations. In this work, we have investigated the effect of dark NSI in the Deep Underground
Neutrino Experiment (DUNE). The additional mixing parameters arising as a result of the dark
NSI correction introduce degeneracies in the measurement of oscillation parameters. They may
also act as additional sources of CP violation apart from the genuine Dirac CP phase. We have
investigated the phenomenological consequences of dark NSI in neutrino oscillation and its effect
on the CP violation sensitivity of the DUNE experiment.
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1. Introduction

The experimental discovery of the quantum mechanical phenomena of neutrino oscillations
plays a pivotal role in particle physics by confirming neutrinos to be massive and thereby opening
a portal of physics beyond the standard model (BSM). A large range of neutrino experiments
worldwide have been involved in exploring this sector measuring the oscillations parameters with
unprecedented accuracy. Despite this tremendous success, we are still left with some intriguing
questions like the CP violation in the lepton sector, the quest for dark matter (DM) and dark
energy, the baryon asymmetry, the origin and nature of neutrino mass etc. Several astronomical
and cosmological studies have established that almost 70% of our universe is composed of DM,
although we have no idea about the exact nature of it at present. Astronomical constraint suggests
the DM density to be in the range 𝜌𝑥 ≈ 0.3 − 0.4𝐺𝑒𝑉/𝑐𝑚3 [1] and its number density is inversely
proportional to its mass. Therefore, if we consider the light DM ( ≲ 100 GeV), there will be plenty
of DM surrounding us. When neutrinos travel through such a DM background, we cannot disregard
the possibility of neutrinos interacting with them, regarding DM as a fundamental particle. This
non-standard interaction (NSI) of neutrinos with DM [2, 3], is termed dark NSI and it is expected
to significantly impact neutrino oscillations phenomenology. This interesting coupling also opens
the possibility of exploring dark matter through oscillation experiments. In this work, we have
presented the effect of dark NSI on CP violation (CPV) sensitivity in the long baseline (LBL)
experiment DUNE [4].

2. Dark NSI formalism

The light DM particles must be Bosons to account for the uncertainty principle. In our analysis,
we will be considering light DM particle (𝜙) s represented by a complex scalar field, 𝜙 = |𝜙 |𝑒𝑖𝑚𝜙𝑡 .
The relevant Lagrangian for the interaction of neutrinos with a scalar DM particle having mass
(𝑚𝜙) is [3],

−L𝐷𝑁𝑆𝐼 =
1
2
𝑚2

𝜙𝜙
2 + 1

2
𝑀𝛼𝛽 �̄�𝛽 + 𝑦𝛼𝛽𝜙�̄�𝛼𝜈𝛽 + ℎ.𝑐., (1)

where

• 𝛼, 𝛽 = 𝑒, 𝜇, 𝜏 are the 𝜈 flavors,

• 𝑦𝛼𝛽 is the Yukawa coupling between neutrinos and light DM particles, and,

• 𝑀𝛼𝛽 is the neutrino mass matrix.

While propagating through matter, both neutrinos and DM particles are present as real particles.
The forward scattering between them introduces an extra potential, which has a concrete form as
shown in equation 2.

𝛿Γ𝛼𝛽 ≈
∑︁
𝑗

𝑦𝛼 𝑗 𝑦
∗
𝑗𝛽

𝜌𝑥

𝑚2
𝜙
𝐸𝜈

𝛾0. (2)

with 𝛼, 𝛽 are the flavor indices for the three active neutrino flavors.
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The energy dependence of this term allows us to write the effective Hamiltonian as,

𝐻𝐷𝑁𝑆𝐼 ≈
𝑀2 ± 𝛿𝑀2

2𝐸𝜈

±𝑉𝑆𝐼 , (3)

where 𝛿𝑀2
𝛼𝛽

≡ ∓ 2𝜌𝑥
𝑚2

𝜙

∑
𝑗 𝑦𝛼 𝑗 𝑦

∗
𝑗𝛽

. Corrections for neutrinos and antineutrinos have comple-
mentary signs, which gives rise to an apparent CPT violation, that makes dark NSI even more
interesting. Implementing parameterization similar to [5], we can express the dark NSI correction
𝛿𝑀2 as,

𝛿𝑀2 = Δ𝑚2
31
©«
𝜂𝑒𝑒 𝜂𝑒𝜇 𝜂𝑒𝜏

𝜂∗𝑒𝜇 𝜂𝜇𝜇 𝜂𝜇𝜏

𝜂∗𝑒𝜏 𝜂∗𝜇𝜏 𝜂𝜏𝜏

ª®®¬ , (4)

where the 𝜂𝛼𝛽 are dimensionless parameters which quantify the strength of dark NSI.

3. Methodology

To study the effect of dark NSI on the sensitivity of DUNE, we have used GLoBES [6] and
developed a framework by modifying the standard Hamiltonian to incorporate dark NSI effects. We
have run the experiment for 5 years in neutrino mode and 5 years in antineutrino mode. The values
of the standard oscillation parameters used are listed in table 1.

𝜃12 𝜃13 𝜃23 𝛿𝐶𝑃 Δ𝑚2
21 (𝑒𝑉2) Δ𝑚2

31 (𝑒𝑉2)
33.45◦ 8.62◦ 47◦ −𝜋/2 7.54 × 10−5 2.43 × 10−5

Table 1: Benchmark values of standard oscillations parameters.

In order to study the CP violation sensitivity in the presence of dark NSI, we have defined the
statistical 𝜒2 as

𝜒2 ≡ 𝑚𝑖𝑛
𝜂

∑︁
𝑖

∑︁
𝑗

[𝑁 𝑖, 𝑗
𝑡𝑟𝑢𝑒 − 𝑁

𝑖, 𝑗
𝑡𝑒𝑠𝑡 ]2

𝑁
𝑖, 𝑗
𝑡𝑟𝑢𝑒

, (5)

where 𝑁
𝑖, 𝑗
𝑡𝑟𝑢𝑒 and 𝑁

𝑖, 𝑗
𝑡𝑒𝑠𝑡 are the number of true and test events in the 𝑖, 𝑗 𝑡ℎ bins respectively.

4. Results and discussions

We have explored the effect of dark NSI, on neutrino oscillations at the probability level in the
long baseline experiment DUNE. Then we investigated how the off-diagonal dark NSI parameters
can impact the CP violation sensitivity of DUNE. The results are presented in the following
subsections.

4.1 Effect of dark NSI on oscillation probabilities

The muon neutrino appearance probability (𝑃𝜇𝑒) as a function of neutrino energy is shown in
figure 1 for the two off-diagonal parameters 𝜂𝑒𝜇 and 𝜂𝑒𝜏 . The black line represents the standard case
without NSI. The blue, cyan and green lines represent the cases with 𝜂𝑒𝜇 and 𝜂𝑒𝜏 being 0.01, 0.02
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Figure 1: The effect of off-diagonal dark NSI parameters 𝜂𝑒𝜇 (left–column) and 𝜂𝑒𝜏 (right–panel) at DUNE.
𝑃𝜇𝑒 is shown as a function of neutrino energy (top–panel) with 𝛿𝐶𝑃 = −𝜋/2 and as a function of 𝛿𝐶𝑃

(bottom–panel) with E=2.5 GeV.

and 0.03 respectively. The phase term associated with dark NSI (𝜙𝛼𝛽) is considered to be zero here.
We have seen that, for 𝜂𝑒𝜇 oscillations probability got more and more suppressed with increasing
value of the moduli of the dark NSI term (left –panel). However, 𝜂𝑒𝜏 enhances the oscillation
probabilities. With increasing moduli values of the dark NSI term probability gets enhanced more.
There is also degeneracy in oscillations probability for different sets of 𝛿𝐶𝑃, which may hinder the
sensitivities towards CP phase measurement at DUNE.

4.2 Effect on CP–violation sensitivity

In figure 2, we have shown the CP violation sensitivity of DUNE in the presence of the off-
diagonal dark NSI term ( 𝜂𝑒𝜇 = 0.01 (left–panel, 0.03 (middle–panel) and 0.05 (right–panel)) and
compare it with the SI case. For, 𝜙𝑒𝜇 = 0, the sensitivity deteriorates for 𝜂𝑒𝜇 = 0.01 and 0.03.
However, for 𝜂𝑒𝜇 = 0.05, a nominal effect is observed. Including the phase term, ( 𝜙𝑒𝜇 ∈ [−𝜋, 𝜋] )
broadens the sensitivity region. For different combinations of moduli and phases of 𝜂𝑒𝜇, sensitivity
can deteriorate in some cases and enhance in others.

In figure 3, the CPV-sensitivity of DUNE for both SI and in presence of dark NSI is shown.
The moduli of the dark NSI term 𝜂𝑒𝜏 mostly enhance the sensitivity. However, for 𝜂𝑒𝜏= 0.01 the
SI and NSI sensitivity curves almost overlap. For this particular case, even the presence of the
phase term can’t enhance the sensitivity. For 𝜂𝑒𝜏=0.03 sensitivity can either increase or decrease
for particular combinations of the moduli and the phase term. Whereas, for 𝜂𝑒𝜏=0.05 the sensitivity
received significant enhancement than SI.
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Figure 2: The CP-violation sensitivity of DUNE in the presence of the off-diagonal dark NSI parameter
𝜂𝑒𝜇. The black solid line represents the standard case without dark NSI. The moduli and phases are varied
as indicated in the legends.
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Figure 3: The CP-violation sensitivity of DUNE in the presence of the off-diagonal dark NSI parameter
𝜂𝑒𝜏 . The black solid line represents the standard case without dark NSI. The moduli and phases are varied
as indicated in the legends.

5. Summary and conclusion

In this precision era of neutrino oscillations experiments, it is extremely important that we
take into account the subdominant non-standard effects that may affect the precision measurement.
Dark matter is an abundant particle in the environment that can couple with neutrinos and this dark
NSI can have a notable impact on neutrino oscillations. We have observed that the presence of dark
NSI can significantly affect the oscillation probabilities as well as the sensitivity towards CP-phase
measurements at DUNE.
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