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Abstract
I will present the physics potential of the coherent elastic neutrino-nucleus scattering (CEνNS) process. I
will first briefly review the status of current observations. Then, I will comment on their implications for
both precision tests of the Standard Model and for new physics in the neutrino sector. Finally, I will discuss
the relevance of these measurements for direct dark matter detection probes.
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1. INTRODUCTION
Coherent elastic neutrino-nucleus scattering (CEνNS) is a
neutral-current process in which neutrinos scatter on a nu-
cleus seeing it as a whole. In the Standard Model (SM), this oc-
curs via the exchange of a Z boson. The CEνNS process arises
when the momentum transfer in the neutrino-nucleus inter-
action is smaller than the inverse of the size of the nucleus:
|⃗q| ≲ 1/Rnucleus. The incoming neutrino energy Eν is such
that the nucleon amplitudes sum up coherently, thus leading
to a cross section enhancement: σCEνNS ∼ # scatter targets2.
The upper limit on Eν depends on the material of the target,
but it is approximately Eν ∼ 100 MeV for typical heavy nuclei
used in CEνNS detectors. Due to the nature of SM couplings,
the CEνNS differential cross section turns out to scale with the
number of neutrons squared: dσCEνNS

dEr
∼ N2 (Er being the recoil

energy), and it can be quite sizeable. In particular, it is about
two orders of magnitude larger than the inverse beta decay one,
a process that was used to first observe neutrinos.

The CEνNS process was first theoretically proposed in the
1970s [1, 2]; however it eluded detection for more than 40 years
for being an exceptionally challenging process to observe. In-
deed, despite the magnitude of its cross section, it was not ob-
served for years due to the tiny nuclear recoil energies pro-
duced in the scattering. The advancements in detector tech-
nologies, also related to dark matter (DM) direct detection ex-
periments, have made this observation possible in 2017.

In 2017, the COHERENT collaboration announced the de-
tection of CEνNS [3] using a stopped-pion source with CsI
detectors. In 2021, they have released updated data [4] using
the same CsI detector, and meanwhile, in 2020 they observed
the process also using an Ar target [5]. The COHERENT ex-
periment uses neutrinos from the Spallation Neutron Source
(SNS). A proton beam hits a mercury target and produces π+

and π−. Most of the negatively charged pions are captured by
nuclei, whereas the π+ lose energy and decay at rest (DAR),
π+ → µ+νµ, thus producing monoenergetic muon neutrinos.
From the subsequent decay of µ+ at rest, ν̄µ and νe are also pro-
duced with some delay. More recently, in 2022, the Dresden-
II collaboration [6, 7] has reported suggestive evidence point-
ing to what would be the first-ever observation of CEνNS with
reactor antineutrinos, using a 2.924 kg ultralow noise p-type
point contact germanium detector (NCC-1701). This experi-
ment is located 10.39 meters away from the Dresden-II boiling

water reactor and collected beam-ON data for a total time of
96.4 days, operating with a very low energy threshold. This re-
sult is, however, strongly dependent on the quenching factor
(QF) model, one of the main sources of uncertainties for detect-
ing facilities exploiting the ionization or scintillation generated
by particle interactions.

Going back to the CEνNS theory, its cross section is well-
calculable in the SM. In full generality, it would receive both
vector and axial-vector contributions:

dσ

dEr

∣∣∣∣
SM

=
G2

FmN

4π

(
1 − mN Er

2E2
ν

− Er

Eν

)
Q2

V FW

(
|⃗q|2

)2

+
G2

FmN

4π

(
1 +

mN Er

2E2
ν

− Er

Eν

)
FA

(
|⃗q|2

)
,

(1)

where GF is Fermi’s constant and mN is the nuclear mass. The
SM weak charge, QV , reads

QV =
[
1/2

(
1 − 4 sin2 θW

)]
Z − 1/2N. (2)

Given the value of the weak mixing angle (sin2 θW ∼ 0.23), it
eventually encodes the typical N2 dependence. The weak nu-
clear form factor FW depends on the nuclear density distribu-
tion of protons and neutrons, and it is approximated to 1 in the
full-coherence limit |⃗q| → 0. While the vector operator gives
rise to the coherent contribution ∼ N2, the axial-vector con-
tribution is small for most nuclei, as it adds an additional con-
tribution that is not coherently enhanced. Moreover, it vanishes
for nuclei with an even number of protons and neutrons. There-
fore, it can be safely neglected.

2. PHYSICS POTENTIAL OF CEνNS
The detection of CEνNS by COHERENT and the Dresden-II
suggestive evidence have opened the window to a plethora of
possibilities in high-energy physics, from tests of the SM to in-
spiring new constraints on beyond the Standard Model (BSM)
physics. Indeed, the CEνNS process has important implications
not only for high-energy physics but also for astrophysics and
nuclear physics.

The observation of CEνNS can provide important nuclear
structure information through the determination of the weak
nuclear form factor FW , leading to a determination of the weak
mixing angle at low momentum transfer, the neutron density
distribution, and consequently the neutron radius and the neu-
tron skin. Detectors sensitive to CEνNS can also play an impor-
tant role in extracting information from supernova, solar, and
geoneutrinos.
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By means of exploiting both terrestrial (π-DAR and reactor)
and astrophysical sources, the CEνNS process has the potential
to probe also BSM physics. Some of the physics scenarios that
can be probed are those that include new interactions in the
neutrino sector, like neutrino non-standard interactions (NSI)
or generalized neutrino interactions (NGI), sterile neutrinos,
and nontrivial neutrino electromagnetic properties. Moreover,
CEνNS constitutes a background for direct DM searches. In the
following, we will discuss a few examples. (For a recent review
of the topic including an extensive list of references, see [8].)

2.1. SM Precision Tests: The Weak Mixing Angle
CEνNS data allow for a determination of the weak mixing an-
gle value at low energies, in a region where data-driven con-
straints were absent. A sizeable deviation from the SM ex-
pected value would be a clear hint for the existence of new
physics. Figure 1 shows the ∆χ2 profile of sin2 θW obtained
from the analysis of COHERENT CsI (2017) and LAr data ex-
tracted from [9, 10].
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FIGURE 1: ∆χ2 profile for sin2 θW obtained from the analysis of
COHERENT CsI (2017) and LAr data from [9, 10].

The 1σ result obtained using the Dresden-II reactor data
is shown in Figure 2 assuming a modified Lindhard and iron-
filter quenching factor models, together with the RGE running
calculated in the MS renormalization scheme [11]. As already
mentioned, the Dresden-II result is strongly dependent on the
quenching factor model, and especially for the modified Lind-
hard, still affected by a large uncertainty. See [12] for more de-
tails.

2.2. New Neutrino Interactions: Light Vector Mediator
Given the rather low recoil energy threshold of the Dresden-II
reactor experiment, one can expect that better sensitivities are
achievable to new interactions mediated by light particles. This
is the case for instance of NGI [13, 14, 15] with light media-
tors. The differential cross section induced by the simultaneous
presence of multiple NGI interactions can be adapted to the
light mediator case as [12]
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We show in Figure 3 (upper row) the extracted sensitivity
on the light vector mediator scenario, at 1, 2, and 3 σ. The left
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FIGURE 2: Weak mixing angle RGE running in the SM, calcu-
lated in the MS renormalization scheme as obtained in [11],
along with measurements at different renormalization scales.
Figure from [12].

(right) panel is obtained using the modified Lindhard (iron-
filter) QF. We assume universal quark couplings and switch off
the pseudovector couplings. As can be seen, at the 1σ level and
above, large portions of parameter space are ruled out. At the 1
and 2σ levels, two “islands” in the region of noneffective inter-
actions (mV ≳ 10 MeV) appear, due to destructive interference
of the new vector contribution with the SM one. Constraints
from other CEνNS experiments CONUS [16], CONNIE [17],
and COHERENT CsI+LAr [18] are shown for comparison. Al-
though not shown in the figures not to overload them, bounds
from the DM experiments XENONnT [20] and LZ [21] also ap-
ply [19], and they improve upon the Dresden-II result only be-
low mV ≲ 0.2 MeV. (See also [22, 23, 24] for similar light medi-
ator analyses.)

2.3. New Neutrino Interactions: Light Scalar Mediator
Next, we present in Figure 3 (medium row) the 1, 2, and 3 σ
exclusion regions assuming a light scalar mediator. In this case,
we focus only on the scalar interaction in equation (3), turning
off the pseudoscalar couplings.

The presence of a light scalar mediator leads to smaller de-
viations from the data, compared to the vector case. Indeed, the
scalar coupling contributes to the CEνNS cross section quadrat-
ically, whereas the vector contributes linearly, because of its in-
terference with the SM contribution. As a consequence, the ob-
tained limits are slightly less stringent than in the vector case.
Moreover, the scalar interaction does not interfere sizeably with
the SM. Similar to the vector case, bounds [19] from the DM
experiments XENONnT [20] and LZ [21] apply and improve
upon the Dresden-II result only below mS ≲ 0.2 MeV.

2.4. Sterile Neutrino Dipole Portal
CEνNS can also probe nontrivial neutrino electromagnetic
properties. We consider, for example, the case of a transition
of an active neutrino to a massive sterile state, induced by a
magnetic coupling: νL + N → F4 + N. In such a scenario, the
scattering process induced by an ingoing active neutrino pro-
duces a sterile neutrino in the final state. The mass of the out-
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FIGURE 3: Constraints on vector NGI (upper row), scalar NGI (central row), and sterile neutrino dipole portal (lower row) in
the coupling-mass plane, obtained using the modified Lindhard QF (left column) and the iron-filter QF (right column). In all
panels, purple regions indicate exclusion limits at 1, 2, and 3 σ. Where present, dark blue stars specify the best-fit solutions. Figure
from [12].
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going fermion is constrained only by kinematic criteria: m2
4 ≲

2mN Er(
√

2
mN Er

Eν − 1) (m4 ≲ 8 MeV for the Dresden-II experi-
ment). This process will contribute to the CEνNS cross section
[25] through
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In this expression, αEM refers to the electromagnetic fine
structure constant and µν,Eff to a dimensionless parameter nor-
malized to the Bohr magneton, µB = e/(2me).

The 1, 2, and 3 σ results for this case are shown in Figure 3
(lower row), obtained assuming a modified Lindhard and iron-
filter QFs. These results are competitive with the constraints
from XENON1T data (indeed more constraining if one focuses
only on the nuclear recoil channel) and stronger than those de-
rived from CENNS10, while comparable to those from TEX-
ONO. Note that the sterile neutrino dipole portal and NGI re-
sults are less sensitive to the choice of the QF model, in contrast
to those found for the weak mixing angle.

3. CEνNS IMPACT ON DM DISCOVERY
LIMITS

One of the most considered hypotheses to explain DM is that
of being a thermal species weakly coupled to the thermal bath
and whose abundance is determined by thermal freeze-out (a
species usually referred to as WIMP). If this is the case, and if
these WIMPs interact with the SM particles, then we may try
to detect them. One of the strategies envisaged at this scope
is its direct detection in laboratory experiments, looking for en-
ergy deposited within a detector by the DM-nuclei scattering.
There is an intense DM direct detection program currently on-
going, and many experiments have already ruled out a large
region in the WIMP-nucleon spin-independent cross section
- WIMP mass parameter space. Some examples probing the
WIMP mass range around ∼0.1–1 TeV are the liquid xenon ex-
periments LUX, PandaX-II, and XENON1T [26, 27, 28] and the
liquid argon experiments DarkSide-50 and DEAP-3600 [29, 30].
The current highest sensitivity to spin-independent WIMP-
nucleon scattering for masses ≳9 GeV has been set recently
by LZ [21]. In the near future, improvements in the detec-
tors technology will allow experiments like DARWIN [31] and
ARGO [32] to lower their energy thresholds and reduce the
backgrounds so as to allow to set even more stringent limits
or, ideally, lead to a discovery. Nonetheless, there is an impor-
tant background arising from astrophysical neutrinos, from the
Sun, atmosphere, and supernovae which are expected to soon
constitute a limitation for these DM direct detection facilities.
These neutrino backgrounds induce CEνNS and so produce
nuclear recoil spectra, which, depending on the WIMP param-
eter space, can have a strong degeneracy with those expected
from spin-independent WIMP interactions.

As shown in Figure 4, an (almost) full degeneracy is found
between 8B solar (atmospheric) neutrinos and a WIMP model

FIGURE 4: Neutrino and WIMP differential recoil spectra.

defined by a WIMP mass mχ ≃ 6 GeV and a WIMP-nucleon
cross section σn−χ ≃ 5× 10−45 cm2 (mχ ≃ 100 GeV and σn−χ ≃
10−48 cm2) [33]. This level of degeneracy thus leads to a satu-
ration of the WIMP-nucleon cross section to which a particu-
lar experiment can have access. As a consequence, increasing
the exposure of DM direct detection experiments does not im-
ply a linear improvement of sensitivities but rather a satura-
tion of their discovery limit [35], typically referred to as neu-
trino floor (or rather a “fog” [36]). The experimental reach of
next-generation DM direct detection experiments thus depends
crucially on the precision with which WIMP and CEνNS in-
duced events can be predicted. WIMP event rates are subject
to astrophysical uncertainties, while the neutrino rates depend
mainly on not only neutrino flux uncertainties but also nuclear
physics uncertainties and the possible existence of new interac-
tions or mediators. Also, the neutrino floor should not be seen
as a hard limit, as in principle it could be overcome with differ-
ent techniques, including measurements of the WIMP and neu-
trino recoil spectra tails, directionality, measurements with dif-
ferent material targets, and annual modulation [37, 38, 39, 40].
However, although feasible in principle, some of them require
large exposures and/or further technological improvements.

3.1. WIMP Discovery Limits
We comment here on the statistical procedure usually adopted
for the determination of WIMP discovery limits, which follows
a frequentist significance test using a likelihood ratio as a test
statistic [41]. In full generality, both the calculation of the sig-
nal (WIMP) and background (CEνNS) events may involve nui-
sance parameters. We consider them only in the latter, assum-
ing that they originate from uncertainties on the normalization
of neutrino fluxes alone or combined with measured CEνNS
cross section uncertainties and weak mixing angle uncertain-
ties. A WIMP discovery limit is defined as the smallest WIMP
cross section for which a given experiment has a 90% proba-
bility of detecting a WIMP signal at ≳3σ, or, equivalently, for
which 90% of experiments have a WIMP signal above 3σ (not
to be confused with the 90% CL upper limits set by the experi-
mental collaborations).
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FIGURE 5: WIMP discovery limits obtained using the CEνNS cross section measurements at COHERENT with the CsI (left panel)
and LAr (right panel) detectors [3, 5] (dashed curves). In addition to the nuisance parameters due to uncertainties on the neutrino
flux normalizations, the results include bin-dependent nuisance parameters associated with the CEνNS cross section uncertainty.
The current constraint set by XENON1T is shown in both panels. Moreover, we show as for comparison future sensitivities expected
at LXe experiments XENONnT and DARWIN and at LAr experiments DarkSide-20k and ARGO. Figure from [34].

The general likelihood function depends on WIMP param-
eters (mass, mχ and WIMP-nucleon cross section, σn−χ) as
well as on the nuisance parameters associated with neutrino
fluxes normalization factors (denoted ϕα) and nuisance P , with
P = {nσ, Θ} (Θ refers to the sin2 θW nuisance parameter, while
nσ stands for the ratio between the experimentally measured
CEνNS cross section and its SM theoretical value):

L (mχ, σχ−n, Φ,P) =
nbins

∏
i=1

P
(

Ni
Exp, Ni

Obs

)
G
(
Pi, µPi , σPi

)
×

nν

∏
α=1

G (ϕα, µα, σα) ,

(5)

with Φ = (ϕ1, . . . , ϕnν ). P(x, n) and G(x, µ, σ) are Poisson and
Gaussian probability distribution functions, respectively.

To set discovery limits, a null hypothesis H0 (CEνNS back-
ground only) and an alternative hypothesis H1—which in-
volves the WIMP signal plus the CEνNS background—are de-
fined. The profile likelihood ratio corresponds to a test against
the null hypothesis H0 versus the alternative hypothesis H1.

3.2. Data-Driven Analysis
We first adapt a data-driven approach [34], to account for all
possible uncertainties the cross section can involve, in a model-
independent way. We extract from the COHERENT CsI and
LAr data the CEνNS cross section central values with their stan-
dard deviations. At this scope, we weigh the theoretical SM
value of the CEνNS differential cross section with a multiplica-
tive factor nσ and use a spectral χ2 test to fit nσ in each recoil
energy bin. With this determination of the uncertainties on the
CEνNS cross section from COHERENT data, we then compute
the WIMP discovery limits.

The results are displayed in Figure 5, using CsI (LAr) data
in the upper (lower) panel. In the analysis with CsI data, WIMP
discovery limits improve, in general, compared with the SM ex-
pectation (solid lines). The reason is that the measured CEνNS
cross section (central values) is smaller than the SM expecta-
tion, in most of the energy bins, thus resulting in a background
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FIGURE 6: WIMP discovery limits calculated by considering
uncertainties on the weak mixing angle at low energies. Re-
sults are presented for four different exposures and are com-
pared with results obtained solely by considering neutrino flux
uncertainties (solid curves). Figure from [34].

depletion which becomes more visible with increasing expo-
sure. Results derived using the LAr data1 show instead the op-
posite behavior.

3.3. Impact of the Weak Mixing Angle Uncertainty
Measurements of the weak mixing angle at low energy scales
(∼100 MeV) involve uncertainties of the order of ∼10%, thus
still allowing variations of the weak mixing angle value that
can have an impact on WIMP discovery limits. We show in Fig-
ure 6 the discovery limits obtained by taking the sin2 θW central

1CsI data are directly applicable to xenon since both nuclides have about the
same average mass and atomic numbers.
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FIGURE 7: Left: WIMP discovery limit in the presence of a long-range vector interaction calculated for four different exposures
and for values of the coupling and vector boson mass fixed to maximize its effect. Along with the result (dashed curves), the SM
discovery limits (solid curves) are shown for comparison. Right: same as for the left graph but for a long-range scalar interaction.
Couplings and masses have been fixed as required by COHERENT CsI data [42]; they correspond to the 90% CL upper bounds.
Figure from [34].

value and allowing for a 10% uncertainty, combined with neu-
trino flux normalization and weak mixing angle uncertainties.

The effect of the weak mixing angle uncertainty is visible
at low WIMP masses. The region where sizeable deviations
from the “standard” result are more pronounced corresponds
to those where the pp, 7Be (two lines), and 13N solar neutrino
fluxes dominate the background. Once less abundant neutrino
fluxes become relevant, the discovery limit converges to the
“standard” result. The reason is the combination of a small ef-
fect and low statistics.

3.4. New Neutrino Interactions
As we have discussed previously, the CEνNS differential cross
follows may be modified by the presence of a new vector lep-
ton flavor-conserving interaction. In order to maximize the ef-
fects implied by the new interaction, we fix the new coupling
to the maximum allowed value according to COHERENT CsI
data at mV = 1 MeV [42]. We then calculate the WIMP dis-
covery limit, this time assuming only the nuisance parameters
associated with neutrino flux normalization factors. Similarly,
also a scalar interaction in both the effective and light regime
can affect the CEνNS background from astrophysical neutri-
nos. In this case, since the scalar coupling involves a chirality
flip, it cannot (sizeably) interfere with the SM contribution, in
contrast to the vector interaction. We present the results of the
impact of these new interactions on WIMP discovery limits in
Figure 7. In the vector mediator case, at low WIMP masses,
the discovery limit is diminished by several orders of magni-
tude. At low momentum transfer, the new contribution is en-
hanced and overcomes the SM contribution, as the CEνNS cross
section is enhanced toward low momentum transfer regions.
Consequently, the neutrino background increases dramatically.
For regions above 10 GeV, after the 8B and hep neutrino fluxes
reach their kinematic tail, the discovery limit improves. The
reason for this change in the behavior is due to the fact that
the SM coherent weak charge is negative, while the new con-
tribution is positive. So, as q2 increases, the new contribution

becomes less prominent and destructively interferes with the
SM term.

The scalar contribution also peaks toward the low momen-
tum transfer region (low WIMP mass region), thus enhancing
the background and worsening the discovery limit. The effect
is, however, less pronounced than in the vector case, since the
leading vector term is linear in the coupling while the scalar
contributes quadratically. At high momentum transfer (high
WIMP mass), the scalar keeps enhancing the background be-
cause destructive interference with the SM is not possible.

4. CONCLUSIONS
In this talk, we have discussed the physics potential of the
CEνNS process, in both the SM and beyond. First, we have pre-
sented the main features of CEνNS, a process in which neu-
trinos scatter on a nucleus which acts as a single particle. In
particular, we have highlighted the coherency condition lead-
ing to a substantial enhancement of the cross section (∝ N2).
Then, we have listed some of the CEνNS extended physics po-
tential, including SM tests (determination of the weak mixing
angle at low momentum transfer), solar and supernova neutri-
nos, new interactions, sterile neutrinos, and nuclear properties.
We have presented results addressing some of these possible
applications, from analyses of recent data from the COHER-
ENT and the Dresden-II experiments. In the second part of the
talk, we have reconsidered possible variations of the neutrino
floor, exploiting the measurements of the CEνNS process by the
COHERENT collaboration.

To conclude, we want to stress that we can expect a wealth
of information from forthcoming CEνNS data. These will have
important implications for both precision tests of the SM and
for probing new physics.
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