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We examine the latest measurements coming from the COHERENT experiment within a fully
realized effecyive field theory framework. To do so, we put forward a formalism which for
the first time models correctly within the quantum field theory environment the interplay between
production and detection. We use it to perform a complete phenomenological analysis for coherent
elastic neutrino-nuclei scattering data measured at the COHERENT experiment on Argon and
Cesium-Iodium nuclei considering as observables not only the total number of events but also the
recoil energy and timing distributions.
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1. Neutrino oscillation observables in quantum field theory

The main purpose of this work is to properly formulate neutrino oscillation observables within
the quantum field theory (QFT) framework, and then apply it to perform a complete phenomeno-
logical analysis on real data. To fulfill the first step, we will start by characterizing the oscillation
observables through an inseparable combination of three phenomena, following closely the study
presented in [1]. Examining them separately, first we have the neutrino production process, gener-
ally described through 𝑆 → 𝑋𝛼𝜈𝑘 , where 𝑆 is the neutrino source, 𝑋𝛼 is a one- or more-body final
state that contains a charged lepton ℓ𝛼 = 𝑒, 𝜇, 𝜏, and 𝜈𝑘 is a neutrino-mass eigenstate. Then, we
have the neutrino oscillation, wherein the produced neutrinos propagate a distance 𝐿 until they are
detected. The third phenomenon is the neutrino detection process 𝜈𝑘𝑇 → 𝜈 𝑗𝑌 , where 𝑗 is again
a mass index, 𝑇 is the initial state of the neutrino target prior to its arrival and 𝑌 is again a one-
or more-body final states. We are going to be focusing on final states containing one neutrino and
no charged leptons because we are interested in examining detection processes mediated by neutral
current (NC) interactions. The case where the detection is carried out through a charged current
(CC) interaction has already been studied in detail in [1].

Taking all these ingredients into account, the key to integrate the oscillation observables into
the QFT framework is the consideration of the neutrino production and detection processes not as
separate entities, but as constituents of a single process. We can enforce that condition by combining
the pieces in the following way

𝑆𝑇 → 𝑋𝛼𝑌𝜈 𝑗 , (1)

where the 𝜈𝑘 neutrino will be considered just as an intermediate particle in the amplitude. Using this
as a starting point, it can be proven that the differential event rate per target particle 𝑅𝛼 ≡ 𝑑𝑁𝛼

𝑁𝑇𝑑𝑡𝑑𝐸𝜈

is given by

𝑅𝛼 =
𝑁𝑆

32𝜋𝐿2𝑚𝑆𝑚𝑇𝐸𝜈

∑︁
𝑗 ,𝑘,𝑙

𝑒
−𝑖

𝐿Δ𝑚2
𝑘𝑙

2𝐸𝜈

∫
𝑑Π𝑃′M𝑃

𝛼𝑘M̄
𝑃
𝛼𝑙

∫
𝑑Π𝐷′M𝐷

𝑗𝑘M̄
𝐷
𝑗𝑙 , (2)

where complex conjugation is denoted with a bar, 𝑁𝑆 is the number of source particles, 𝑚𝑆,𝑇 are the
masses of the source and target particles respectively andΔ𝑚2

𝑘𝑙
≡ 𝑚2

𝑘
−𝑚2

𝑙
is the mass squared differ-

ence between neutrino mass eigenstates, which appears in the formula through the 𝑒−𝑖 𝐿Δ𝑚
2
𝑘𝑙
/(2𝐸𝜈 )

oscillatory factor. Additionally, MP
𝛼𝑘

≡ M (𝑆 → 𝑋𝛼𝜈𝑘) and MD
𝑗𝑘

≡ M
(
𝜈𝑘𝑇 → 𝜈 𝑗𝑌

)
are the

production and detection amplitudes, which encode the fundamental physics taking place at both
those contexts and which can be calculated in terms of nuclear and hadronic parameters. These
quantities can be made to include whichever non-standard interactions (NSIs) we may want inside
our observable.

The phase space elements for the production and detection processes, 𝑑Π𝑃 and 𝑑Π𝐷 , are
defined as: 𝑑Π ≡ 𝑑3𝑘1

(2𝜋 )32𝐸1
. . .

𝑑3𝑘𝑛
(2𝜋 )32𝐸𝑛

(2𝜋)4𝛿4(P −∑
𝑘𝑖), where 𝑘𝑖 are the 4-momenta of the final

states and P is the total 4-momentum of the initial state, which includes the neutrino phase space,
and we define 𝑑Π𝑃 = 𝑑Π′

𝑃
𝑑𝐸𝜈 . The integral sign involves both integration as well as sum and

averaging over all unobserved degrees of freedom.
This result differs from the one obtained in Ref. [1] because in a NC interaction we will have

no information about the neutrino final mass eigenstate. As a consequence, we need to sum over
the corresponding mass index 𝑗 to properly define the observable.
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When comparing our formalism with a "factorized" approach where this specific interplay
between the production and detection processes is dismissed, such a description will suffice in most
NP setups, but when flavour violating couplings are included and new physics is assumed to be
present at production and detection simultaneously it will lead to non-physical predictions.

2. Coherent elastic neutrino-nuclei scattering in the COHERENT experiment

We now move on to try exploiting this formalism to aid us in the phenomenological analysis
of data coming from neutrino experiments. In particular, we will focus on the COHERENT
experiment, which is an experiment built to measure coherent elastic neutrino-nucleus scattering
(CE𝜈NS). This interaction takes place when a neutrino scatters elastically with the whole nucleus,
and it is a very attractive outlet to study neutrino interactions because its cross section scales with
the number of nuclear constituents squared 𝐴2.

The COHERENT experiment has been the first to measure this type of interactions. Consisting
of a Spallation Neutron Source (SNS) that produces a neutrino flux made to interact with nuclear
targets, it has been able to register the process for cesium/iodine [2, 3] and argon [4] nuclei. The
neutrino fluxes are produced by pion decay at rest 𝜋+ → 𝜇+𝜈𝜇 and the subsequent three-body
decay of the muon 𝜇+ → 𝜈̄𝜇𝑒

+𝜈𝑒. Hence, the detector receives a monoenergetic prompt flux of 𝜈𝜇
followed by a delayed flux of 𝜈̄𝜇 and 𝜈𝑒.

Given this experimental setup, it is clear that we can apply our formalism to describe the
observables that COHERENT measures. There are only two modifications that we need to consider
for our master formula (2). First, given the low baseline of the experiment, we can set the oscillation
length 𝐿 to zero and neglect the effects coming from neutrino oscillations. Second, we will need
to model how the number of source particles 𝑁𝑆 changes over time in order to capture properly the
time dependence of the observable.

Using the information coming from the three datasets provided by COHERENT, our plan is
to use our framework to extract limits for the NP parameters that may be linked to the observables
measured at COHERENT. We will do so not only looking at the total number of events measured
in each instance, but also at their decomposition in recoil energy and timing distributions. These
additional inputs will let us to access a larger multiplicity of NP parameter combinations, which in
turn will allow us to confidently analyze scenarios where multiple BSM contributions are present
at the same time.

3. New physics parameter space and early results

The next step in our analysis is to quantitatively identify the new physics (NP) effects that may
be present in these observables. To that end, we will be working with effective field theories (EFTs).
EFTs have proven themselves to be an excellent tool for analyzing precision measurements in beyond
the SM (BSM) physics searches, providing an organized and minimally specific characterization for
NP contributions through high-dimensional effective operators. Among them, the Standard Model
Effective Field Theory (SMEFT) [6, 7] is specially well suited for NP searches, since it only assumes
the existence of a large gap between the electroweak scale and the BSM degrees of freedom.
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This framework is very well suited to analyze NP effects that lie outside of the SM scale,
but since CE𝜈NS is a low energy process, it will be better to work with the Weak Effective Field
Theory (WEFT) instead [8]. This EFT can be accessed from the SMEFT by integrating out
electroweak gauge bosons, the Higgs boson and the top quark, and it is more convenient for this
context because it will be able to capture NP contributions that may lie below the electroweak scale.

Out of the WEFT lagrangian, we will focus on the lepton-number-conserving parts that are
relevant for COHERENT physics, namely the NC interactions mediating CE𝜈NS and the CC
interactions involved in pion and muon decay. Let us first present the NC interactions between
neutrinos and quarks:

LWEFT ⊂ − 2
𝑣2

{
[𝑔𝑞𝑞

𝑉
+ 𝜖

𝑞𝑞

𝑉
]𝛼𝛽 (𝑞𝛾𝜇𝑞)

(
𝜈̄𝛼𝛾𝜇𝑃𝐿𝜈𝛽

)
+ [𝑔𝑞𝑞

𝐴
+ 𝜖

𝑞𝑞

𝐴
]𝛼𝛽

(
𝑞𝛾𝜇𝛾5𝑞

) (
𝜈̄𝛼𝛾𝜇𝑃𝐿𝜈𝛽

)}
,

(3)
where 𝑃𝐿,𝑅 =

(
1 ∓ 𝛾5) /2 are the chirality projection operators, the quarks 𝑞 are summed over

their possible flavours and the 𝜖
𝑞𝑞

𝑉,𝐴
matrices are hermitian (in the neutrino indices), standing as

corrections to the SM couplings [𝑔𝑞𝑞
𝑉
]𝛼𝛽 . COHERENT sensitivity to axial-vector interactions is

very small due to the spinless status of the target nuclei, so we can neglect it and stick to just with
the vector Wilson coefficients.

Next, let us introduce the interaction terms that mediate neutrino production at COHERENT.
Starting with pion decay

LWEFT ⊂ −2𝑉𝑢𝑑
𝑣2

{
[1 + 𝜖𝑢𝑑𝐿 ]𝛼𝛽 (𝑢̄𝛾𝜇𝑃𝐿𝑑)

(
𝑙𝛼𝛾𝜇𝑃𝐿𝜈𝛽

)
+ [𝜖𝑢𝑑𝑅 ]𝛼𝛽 (𝑢̄𝛾𝜇𝑃𝑅𝑑)

(
𝑙𝛼𝛾𝜇𝑃𝐿𝜈𝛽

)
+

+1
2
[
𝜖𝑢𝑑𝑆

]
𝛼𝛽

(𝑢̄𝑑)
(
𝑙𝛼𝑃𝐿𝜈𝛽

)
− 1

2
[
𝜖𝑢𝑑𝑃

]
𝛼𝛽

(
𝑢̄𝛾5𝑑

) (
𝑙𝛼𝑃𝐿𝜈𝛽

)
+

+ 1
4
[
𝜖𝑢𝑑𝑇

]
𝛼𝛽

(𝑢̄𝜎𝜇𝜈𝑃𝐿𝑑)
(
𝑙𝛼𝜎𝜇𝜈𝑃𝐿𝜈𝛽

) }
,

(4)

where 𝑉𝑢𝑑 is the (1,1) element of the Cabibbo–Kobayashi–Maskawa (CKM) matrix. Last, the
WEFT interactions describing muon decay are:

LWEFT ⊂ − 2
𝑣2

{ (
𝛿𝛼𝑎𝛿𝛽𝑏 + [𝜌𝐿]𝑎𝛼𝛽𝑏

) (
𝑙𝑎𝛾

𝜇𝑃𝐿𝜈𝛼
) (
𝜈̄𝛽𝛾𝜇𝑃𝐿𝑙𝑏

)
−2 [𝜌𝑅]𝑎𝛼𝛽𝑏

(
𝑙𝑎𝑃𝐿𝜈𝛼

) (
𝜈̄𝛽𝑃𝑅𝑙𝑏

) }
,

(5)
where [𝜌𝐿]∗𝑎𝛼𝛽𝑏 = [𝜌𝐿]𝑏𝛽𝛼𝑎 so that the Lagrangian is hermitian. In all these expressions particle
fields are in the basis where their kinetic and mass terms are diagonal except for the neutrino fields
𝜈𝛼 which are taken in the flavour basis.

Finally, 𝑣 denotes the vacuum expectation value (VEV) of the Higgs doublet (in the presence
of WEFT operators), which is related with the phenomenological value of the Fermi constant 𝐺𝐹

as follows

𝐺𝐹 =
1

√
2𝑣2

(
1 + 𝛿𝐺𝐹

𝐺𝐹

)
, (6)

where 𝐺𝐹 ≈ 1.166 × 10−5 GeV−2 is the Fermi constant extracted from muon decay using the SM
expression and (𝛿𝐺𝐹)/𝐺𝐹 contains the nonstandard contributions to muon decay, which in our case
are captured by the [𝜌𝐿]𝜇𝛼𝛽𝑒 and [𝜌𝑅]𝜇𝛼𝛽𝑒 couplings in Eq. (5). Likewise one should take into
account that NP effects in Eq. (4) affect the extraction of the CKM factor 𝑉𝑢𝑑 . This contribution
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Figure 1: 90% CL allowed regions for the flavour diagonal NP couplings 𝜖𝑞𝑞
𝑙𝑙

with up (left) and down quarks
(right) in the nonlinear regime based on the CsI-1, CsI-2 and Ar datasets. For these bounds all NP couplings
except the ones displayed in the figures are set to zero.

will be captured through the introduction of the SM decay widths for the pion and the muon in
our expressions. The use of these inputs will render much of the NP contributions coming from
production heavily suppressed, leaving the indirect contributions coming from (𝛿𝐺𝐹)/𝐺𝐹 at the
detection piece as the main probing point for the production parameters. Separately, one should
also be considering the indirect NP effects that will enter the observable through the weak angle
input present in the SM interaction terms in Eq. (3).

Once we use the WEFT formalism to derive the production and detection amplitudes, we are
ready to start extracting limits for the WEFT Wilson coefficients. We will do so by constructing
fully fledged theoretical predictions within our NP framework for the observables measured at
COHERENT, featuring a complete implementation of resolution and detector effects, and comparing
them to the corresponding data via a Poissonian 𝜒2 test statistic.

Making a small selection of our preliminary results, Fig. 1 displays the allowed regions in
parameter space when only some select pairs of detection parameters are allowed to be non-zero.
This plot can be compared to Fig. 3 in Ref. [5], and it illustrates that our approach is at least as
competitive as the current methods that are used in the literature.

4. Conclusions

In this work, we have developed an EFT based formalism for the description of NP affecting
neutrino oscillation observables which involve NC interactions at detection. This setup allows us
to understand the ultraviolet meaning and limitations of the production and detection NSIs, include
NP affecting the SM input and connect with specific NP models or interactions such as leptoquarks.

We have successfully applied this framework for the description of BSM physics at the CO-
HERENT experiment, recovering previous results and highlighting the impact of NP coming from
production and its interplay with the NP couplings linked to detection. In our final work, we expect
to attain results which are able to compete and in some instances improve upon the previous analyses
that have been made in this matter [5, 9–12]. Additionally, we also intend to connect the limits
within the WEFT with the corresponding bounds for SMEFT parameters and integrate them into
the electroweak global fit [13, 14].
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