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A R T I C L E I N F O A B S T R A C T

Editor: B. Balantekin The search for coherent elastic neutrino nucleus scattering (CE𝜈NS) using reactor antineutrinos represents a 
formidable experimental challenge, recently boosted by the observation of such a process at the Dresden-II 
reactor site using a germanium detector. This observation relies on an unexpected enhancement at low energies 
of the measured quenching factor with respect to the theoretical Lindhard model prediction, which implies an 
extra observable ionization signal produced after the nuclear recoil. A possible explanation for this additional 
contribution could be provided by the so-called Migdal effect, which however has never been observed. Here, we 
study in detail the impact of the Migdal contribution to the standard CE𝜈NS signal calculated with the Lindhard 
quenching factor, finding that the former is completely negligible for observed energies below ∼ 0.3 keV where 
the signal is detectable, and thus unable to provide any contribution to CE𝜈NS searches in this energy regime. 
To this purpose, we compare different formalisms used to describe the Migdal effect that intriguingly show a 
perfect agreement, making our findings robust.
1. Introduction

Coherent elastic neutrino-nucleus scattering (CE𝜈NS) is a pure weak 
neutral current low-energy process predicted by Freedman in 1973 [1]

where the neutrino interacts with the nucleus as a whole. Namely, all 
the nucleons within the nucleus respond coherently to the neutrino 
interaction, leading to a higher cross section than other low-energy 
processes involving neutrinos. The remarkable observations of CE𝜈NS 
from the COHERENT Collaboration [2–4] have opened a new era to 
test our knowledge of the Standard Model (SM) of particle physics and 
has posed an exciting technological challenge to develop innovative de-

tectors capable of spotting the extremely tiny nuclear recoils produced 
as a single outcome of the interaction [5–20]. These experiments play 
a crucial role in advancing our knowledge of neutrino interactions and 
for their implications for fundamental physics [21–36].

CE𝜈NS requires a high neutrino flux to produce signal events above 
experimental backgrounds. Among the different neutrino sources avail-

able, in this study, we focus on CE𝜈NS produced from reactor antineu-

trinos and observed with germanium detectors. There are three main 
germanium detectors currently operating, namely NCC-1701 [13,14]

(also referred to as Dresden-II), CONUS [37] and 𝜈GEN [12], located 
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10.39 m, 17.1 m and 11 m away from 2.96 GWth, 3.9 GWth, 3.1 GWth
commercial reactors, respectively. Interestingly, the Ricochet experi-

ment at the ILL site, 8.8 m away from the core of the 58.3 MWth
research nuclear reactor, is also aiming to measure CE𝜈NS down to the 
sub-100 eV nuclear energy recoil regime [38].

In particular, the recent first observation of CE𝜈NS at the Dresden-

II reactor [14] has gained a lot of attention due to the broad impact of 
such a result on current and future CE𝜈NS searches, and the physics that 
can be extracted within the SM and beyond [39–42]. As a matter of fact, 
this measurement is highly affected by the knowledge of the germanium 
quenching factor (QF) at low nuclear recoil energies. The QF quantifies 
the reduction of the ionization yield produced by a nuclear recoil with 
respect to an electron recoil of the same energy. Indeed, the CE𝜈NS 
observation by Dresden-II depends crucially on the two new QF mea-

surements reported in Ref. [43]. They have been obtained from photo-

neutron source measurements, so-called YBe, and from iron-filtered 
monochromatic neutrons, so-called Fef [43]. However, these two QF 
determinations are in contrast with and significantly higher than the 
standard Lindhard prediction with the parameter 𝑘 = 0.157 [44] and 
other independent experimental measurements (see e.g. Ref. [45] for a 
recent measurement and the summary plot in Fig. 1). Moreover, CONUS 
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data disfavors quenching parameters above 𝑘 = 0.27 [9] and a recent 
low-energy determination of the QF finds a good agreement with the 
Lindhard theory with a parameter 𝑘 = 0.162 ± 0.004 (stat+sys) [46].

Among the possible solutions to explain the increase of the QF at 
very low energies, it has been proposed that the Lindhard model might 
be not sufficient to encode the full behavior of the QF in the low-energy 
regime. In particular, it has been suggested [43] that the Migdal effect 
may play a crucial role. This yet unobserved process1 has been first pro-

posed in 1941 [48] and recently taken into serious consideration in the 
context of dark matter searches [49–56] and neutrino physics [57,58]. 
The Midgal effect might happen after a nuclear recoil is induced by a 
neutral particle, i.e., a neutron, a neutrino, or dark matter, due to the 
displacement between the recoiling nucleus and the electronic cloud. In-

deed, the atomic electrons do not immediately follow the motion of the 
recoiling nucleus. Thus, in order to restore equilibrium, extra ionization 
can be injected into the detector. In Refs. [59,60] there have been at-

tempts to include the Migdal effect by means of some phenomenological 
parameters originally introduced to go beyond the standard Lindhard 
theory [61]. However, the approach exploited in these studies neglects 
the microscopic physics of the Migdal process that can instead be ac-

counted for using existing formalisms.

The goal of this paper is to perform a detailed characterization of the 
Migdal effect in a germanium detector searching for CE𝜈NS at a reactor 
site. To do so, we use different approaches to describe the microscopic 
physics of the phenomenon to quantify the robustness of our findings. 
Finally, we discuss to which extent the Migdal effect plays a role in the 
observation of CE𝜈NS at the Dresden-II reactor and thus, whether it can 
be claimed as an explanation of the anomalous enhancement of the QF 
at low energies.

2. CE𝝂NS

The differential CE𝜈NS cross section for a neutrino of flavor 𝓁 that 
scatters off a nucleus  with 𝑍 protons and 𝑁 neutrons is given by [1,

62–65]

𝑑𝜎𝜈𝓁 -
𝑑𝑇nr

=
𝐺2

F
𝑀

𝜋

(
1 −
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2𝐸2

𝜈

)
×

[
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𝑉

𝑁𝐹𝑁

(|𝑞|2)]2 , (1)

where 𝑇nr is the nuclear recoil energy, 𝐸𝜈 is the neutrino energy, and 
the term inside the square brackets is the so-called weak charge of the 
nucleus 𝑊 . In Eq. (1) 𝐺F is the Fermi constant and 𝑀 the nuclear 
mass. For Ge (𝑍=32) we use 𝑁=(38, 40, 41, 42, 44) corresponding to 
the natural abundances of 0.2057 (70Ge), 0.2745 (72Ge), 0.0775 (74Ge), 
0.3650 (74Ge), 0.0773 (76Ge) [66]. 𝐹𝑍

(|𝑞|2) and 𝐹𝑁

(|𝑞|2) are, respec-

tively, the proton and neutron form factors that parameterize the loss 
of coherence for increasing values of the momentum transfer |𝑞|. In the 
low-energy regime that characterizes reactor neutrino experiments, the 
form factors are practically equal to one, so basically the result does not 
depend on the parametrization used as well as on the values of the pro-

ton and neutron distribution radii. The neutrino-nucleon couplings are 
computed using the radiative corrections as described in Refs. [64,67]

that yield to 𝑔𝑝

𝑉
(𝜈𝑒) = 0.0382 and 𝑔𝑛

𝑉
= −0.5117.

For a CE𝜈NS experiment located at a reactor site, only the �̄�𝑒 flavor 
contributes. The antineutrino spectrum 𝑑𝑁�̄�𝑒

∕𝑑𝐸𝜈 is obtained by com-

bining the expected spectra for 𝐸𝜈 > 2 MeV from Refs. [68,69] with the 

1 On the same day our manuscript was made public on arXiv, another one 
appeared on this topic [47]. In this work, the authors reported the first direct 
search for the Migdal effect in liquid xenon using nuclear recoils produced by 
tagged neutron scatters. If the suppression of the Migdal effect with respect to 
the theoretical prediction found in Ref. [47] happens also in germanium, the 
explanation of the high QF found in Ref. [43] through the Migdal effect is even 
2

less likely than that found in this work.
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low energy part determined in Ref. [70]. This parameterization is re-

ferred to as HMVE, and it has been shown [39] that the usage of other 
parameterizations [71–73] does not significantly affect the results of 
the Dresden-II analysis.

When an isolated nuclear recoil occurs, the electron-equivalent (ee) 
nuclear recoil energy observed in the detector, 𝐸det , is expressed as

𝐸det = 𝑓𝑄(𝑇nr )𝑇nr , (2)

where 𝑓𝑄(𝑇nr ) is the energy-dependent parameterization of the QF. The 
theoretical CE𝜈NS event rate is therefore

𝑑𝑅

𝑑𝐸det
= 𝑁𝑇 (Ge)

𝐸max
𝜈

∫
𝐸min

𝜈

𝑑𝐸𝜈

𝑑𝑁�̄�𝑒

𝑑𝐸𝜈

𝑑𝜎�̄�𝑒-
𝑑𝑇nr

(
𝑓𝑄 + 𝑇nr

𝑑𝑓𝑄

𝑑𝑇nr

)−1
, (3)

where 𝑁𝑇 (Ge) is the number of target atoms in the detector, 𝐸min
𝜈 (𝑇nr) ≃√

𝑀𝑇nr∕2 and 𝐸max
𝜈 ≃ 10 MeV. The last term in Eq. (3) is 𝑑𝑇nr∕𝑑𝐸det , 

which is needed to express the rate in terms of the electron-equivalent 
nuclear recoil energy defined in Eq. (2).

3. The Migdal effect

Despite the very intense �̄�𝑒 flux, the search for CE𝜈NS from reactor 
neutrinos is very challenging due to the tiny signal produced and the 
still-under-debate behavior of the quenching factor at low energies. In 
this scenario, it is crucial to characterize the impact of the Migdal effect 
to prevent potential misinterpretations of experimental data. We first 
calculate the Migdal rate using the formalism of Ibe et al. [49], which 
considers the target as composed of isolated atoms. Moreover, this for-

malism relies on the dipole approximation that allows one to write the 
Migdal transition matrix element, 𝑀𝑓𝑖, in the form

𝑀𝑓𝑖 = ⟨𝜓𝑓 |𝑒−𝑖𝑚𝑒𝑣⋅
∑𝑍

𝑖=1 𝑟𝑖 |𝜓𝑖⟩ ≃ −𝑖𝑚𝑒𝑣 ⋅ ⟨𝜓𝑓 | 𝑍∑
𝑖=1

𝑟𝑖|𝜓𝑖⟩
≡ −𝑖𝑚𝑒𝑣 ⋅ �⃗�𝑓𝑖, (4)

where 𝑟𝑖 is the position operator of the 𝑍 electrons, �⃗�𝑓𝑖 is the dipole 
matrix element, 𝑚𝑒 is the electron mass, 𝑣 is the nuclear recoil ve-

locity, while 𝜓𝑓 and 𝜓𝑖 are the wavefunctions of the final and the 
initial atomic states in the nucleus rest frame. The final state wave-

functions are boosted to the rest frame of the recoiling nucleus by a 
Galilean transformation and are computed using the Dirac-Hartree-Fock 
method.

Under these assumptions, the differential cross section for the 
Migdal effect can be written as(

𝑑𝜎�̄�𝑒-
𝑑𝑇nr

)Ibe 𝑒𝑡 𝑎𝑙.

Migdal
=

𝐺2
F
𝑀

𝜋

(
1 −

𝑀𝑇nr
2𝐸2

𝜈

)
2

𝑊
||𝑍ion(𝑞𝑒)||2 , (5)

where ||𝑍ion(𝑞𝑒)|| is the ionization rate of an individual electron in the 
target with momentum 𝑞𝑒. It is defined as

||𝑍ion(𝑞𝑒)||2 = 1
2𝜋

∑
𝑛,𝓁

∫ 𝑑𝑇𝑒
𝑑

𝑑𝑇𝑒

𝑝𝑐
𝑞𝑒
(𝑛𝓁→ 𝑇𝑒), (6)

where 𝑝𝑐
𝑞𝑒
(𝑛𝓁 → 𝑇𝑒) are the ionization probabilities for an atomic elec-

tron with quantum numbers 𝑛 and 𝓁 that is ionized with a final energy 
𝑇𝑒. It should be noticed that very similar results are expected if one 
relies on the probabilities calculated in Ref. [74] with an independent 
approach. Indeed, the authors have shown a very good agreement with 
the results obtained with the Ibe et al. formalism that is also used in 
this work, demonstrating that the addition of semi-inclusive ionization 
probabilities is not significant at low recoil energies for atomic germa-

nium.

The double differential cross section for the 𝑛𝓁 state contribution as 

a function of both the electron and the nuclear recoil energy is hence
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𝑑2𝜎�̄�𝑒-
𝑑𝑇nr𝑑𝑇𝑒

)Ibe 𝑒𝑡 𝑎𝑙.
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If the nuclear recoil is followed by a Migdal emission, the total en-

ergy deposit of the event in the detector is

𝐸det = 𝑓𝑄𝑇nr + 𝑇𝑒 +𝐸𝑛𝓁 , (8)

where the first term is the nuclear recoil energy deposit, while 𝑇𝑒 and 
𝐸𝑛𝓁 account for the extra energy injected in the detector, 𝐸𝑛𝓁 being the 
atomic de-excitation energy for Ge [49]. We evaluate the theoretical 
event rate as a function of the detected energy, which is given by

(
𝑑𝑅

𝑑𝐸det

)Ibe 𝑒𝑡 𝑎𝑙.
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×

𝛿(𝐸det − 𝑓𝑄𝑇nr − 𝑇𝑒 −𝐸𝑛𝓁), (9)

where we have imposed energy conservation using the Dirac 𝛿 and 𝑇nr
is now constrained within the values 𝑇min

nr and 𝑇max
nr given by [57](

𝑇𝑒 +𝐸𝑛𝓁
)2

2𝑀
≤ 𝑇nr ≤

(
2𝐸𝜈 − (𝑇𝑒 +𝐸𝑛𝓁)

)2
2(𝑀 + 2𝐸𝜈)

. (10)

The rate in Eq. (9) represents the Migdal contribution summed over 
all the possible 𝑛𝓁 atomic states. The total predicted event rate is thus 
given by the sum of Eq. (3) and Eq. (9).

4. Migdal photo absorption

The formalism described so far to compute the dipole matrix ele-

ment for the Migdal rate relies on the assumption that the target atom 
is isolated. While this assumption is acceptable for noble elements, as 
for argon or xenon detectors [58], it is expected to be less valid in 
semiconductors, where solid-state effects should be considered. How-

ever, developing a first-principle theory that goes beyond the isolated 
atom approximation is challenging because of the many-body effects 
that need to be taken into account. Remarkably, the formalism devel-

oped in Ref. [52] relates the photoabsorption cross section 𝜎𝛾 to the 
dipole matrix element, necessary to compute the Migdal ionization rate, 
without requiring any many-body calculation. This scheme will be re-

ferred to as Migdal photoabsorption approximation (MPA). One of the 
major advantages of MPA is that the photoabsorption cross section is ex-

perimentally known, such that the Migdal rate suffers from very small 
uncertainties [52], well below the precision required in this work. MPA 
has been so far adopted in the context of dark matter searches, where 
the power of the formalism has been proved by comparing it to other 
computations for silicon and xenon [49,50]. However, MPA has never 
been exploited in the context of neutrino scattering. Here, for the first 
time, we use it in this context and we compare its predictions with the 
formalism of Ibe et al. for germanium detectors. Explicitly, we derive 
the Migdal contribution to the CE𝜈NS cross section under MPA as (see 
Appendix A for further information)(

𝑑2𝜎�̄�𝑒-
𝑑𝑇nr𝑑𝐸𝑟

)MPA

Migdal

=
𝐺2

F
𝑀

𝜋
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1 −
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2𝐸2

𝜈

)
2

𝑊
×

1
2𝜋2𝛼EM

𝑚2
𝑒

𝑀

𝑇nr
𝐸𝑟

𝜎Ge
𝛾 (𝐸𝑟), (11)

where 𝛼EM is the fine structure constant and 𝐸𝑟 is the energy deposit 
3

due to atomic excitation or ionization such that 𝐸det = 𝑓𝑄𝑇nr + 𝐸𝑟. 
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Fig. 1. CE𝜈NS theoretical differential rate for a Ge detector located 10 m away 
from a 3 GWth reactor using the Lindhard QF (black solid line). We also show 
the Migdal rate obtained under the Ibe et al. formalism (solid blue line), high-

lighting also the contributions of the different 𝑛 = 2, 3, 4 atomic shells (dashed 
curves), and the rate obtained with the MPA formalism (solid red line).

The photoabsorption cross section 𝜎Ge
𝛾 (𝐸𝑟) for Ge has been taken from 

Refs. [75,76] for 𝐸𝑟 ≥ 10 eVee. The theoretical event rate as a function 
of 𝐸det is obtained by integrating over all possible nuclear recoil and 
neutrino energies and imposing energy conservation.

It should be noticed that depending on the crystal scale that one is 
able to probe, other effects that account for the response of multiple 
atoms at once should be considered, as they have been proved to highly 
enhance the Migdal rate [77–80]. However, although the range of 𝑇nr
in Eq. (10) includes very small values, the main contribution in current 
Ge CE𝜈NS reactor experiments comes from 𝑇nr of the order of 1 keV. 
Thus, the momentum transfer is |𝑞| ≃√

2𝑀𝑇nr ∼ 10 MeV with a cor-

responding de Broglie wavelength of about 20 fm. The latter is much 
smaller than the scale of the interparticle spacing in the crystal so, in 
this work, we can safely neglect these effects. We point here, that at 
lower ionization energies, multiple atom effects must be better taken 
into consideration. Moreover, it has been suggested that in germanium 
a larger amount of secondary nuclear recoils may be produced follow-

ing a low-energy primary one [43]. This, in addition to possible more 
complex crystal response models [81–83], can significantly affect the 
microscopic description of the Migdal effect. However, the inclusion of 
these possible effects, which still need to be investigated both theoreti-

cally and experimentally, is beyond the scope of this work.

5. Results and discussion

In order to compare the impact of the Migdal contribution to the 
standard CE𝜈NS rate, we consider a 1 kg Ge detector located 10 m
away from a 3 GWth reactor power plant whose �̄�𝑒 spectrum is given 
by the HMVE parameterization. This specific configuration resembles 
that of current CE𝜈NS reactor experiments, like Dresden-II, CONUS and 
𝜈GEN.

Under these assumptions, in Fig. 1 we show the theoretical CE𝜈NS 
rate obtained with Eq. (3) as a function of the detected energy, adopting 
for the QF the standard Lindhard parameterization. We also show the 
Migdal rate determined with the Ibe et al. formalism as in Eq. (9), isolat-

ing the contributions from the different 𝑛 shells, obtained by summing 
over all the contributions from different orbital angular momenta in the 
initial state 𝓁. We compare this result with the Migdal prediction un-

der the MPA scheme, finding intriguingly that the two formalisms give 
practically identical results in the energy range considered. Moreover, 
in both cases, the Migdal contribution is completely subdominant with 
respect to the CE𝜈NS one for energies below ∼ 0.6 keVee, with the most 

significant contribution given by the 𝑛 = 2, 3 shells. Above ∼ 0.6 keVee
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Fig. 2. Expected number of CE𝜈NS events in the Dresden-II detector obtained 
using different quenching factors, i.e. Fef (blue line), YBe (cyan line) and Lind-

hard (purple line). The Migdal contribution corresponds to the red curve, while 
the neutrino electron scattering (𝜈ES) contribution is given by the green line. 
In the top panel, we compare these curves with the Dresden-II reactor ON data, 
while in the bottom panel, we show the Dresden-II data residuals after back-

ground subtraction. The inset shows a comparison of Dresden-II reactor ON 
(Rx-ON) [14], 𝜈GEN [12] and CONUS (C1 Run-1) [9] data, all rescaled to the 
same units.

it starts to dominate,2 and it could provide the possibility to observe 
CE𝜈NS above this threshold, even if being so small it would require 
extremely low levels of background.

We now focus on the Dresden-II science case. Here, as already stated 
in the introduction, the Migdal effect has been invoked as a possible 
explanation of the enhancement measured in the Fef and YBe quench-

ing factors at low energies that in turn enabled the observation of 
CE𝜈NS in the Dresden-II data. In the top panel of Fig. 2, we show the 
Dresden-II reactor ON (Rx-ON) data along with the standard CE𝜈NS 
predictions obtained with three different QFs, namely Lindhard, Fef 
and YBe. To derive these spectra we used all the experimental infor-

mation on the Dresden-II detector, including energy-smearing effects, 
following Refs. [14,39,40]. In the bottom panel of Fig. 2 we show the 
same spectra for the three QFs but we compare them to the Dresden-

II data residuals after background subtraction [14]. It is evident that 
only the Fef and marginally the YBe QFs fit the excess and lead to a 
statistically significant CE𝜈NS observation for 𝐸det ≲ 0.3 keVee. In the 
same figure, we also show the Migdal contribution using the MPA for-

malism. It is clear that adding the Migdal contribution to the CE𝜈NS 
Lindhard prediction is not sufficient to explain the CE𝜈NS Fef or YBe 
predictions, given that the former is completely negligible with respect 
to the CE𝜈NS signal. Moreover, we find that the neutrino-electron scat-

tering (𝜈ES) [39,84] overcomes the Migdal rate for 𝐸det ≳ 0.7 keVee, as 
shown in the top panel of Fig. 2. Overall, both Migdal and 𝜈ES rates 

2 Note that a similar trend is also found in Ref. [58], where a comparison 
between the CE𝜈NS rate and the Migdal contribution using the formalism of Ibe 
et al. has been evaluated for xenon and argon detectors in a reactor site. We 
4

have used their publicly available code [58] to verify our results.
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are so small that with the current experimental precision can be over-

looked in SM CE𝜈NS searches. However, in some scenarios of physics 
beyond the SM, like non-standard properties of neutrinos, their contri-

bution could be significantly enhanced and thus they need to be taken 
into account [39,40] to derive meaningful limits.

In the inset of Fig. 2, for comparison purposes, we show a review of 
the existing data from germanium detectors searching for CE𝜈NS at a re-

actor site, i.e. Dresden-II [14], 𝜈GEN [12] and CONUS (C1 Run-1) [9]. 
Interestingly, despite the fact that CONUS and 𝜈Gen have reached a 
much lower background level compared to Dresden-II, they have not 
detected CE𝜈NS yet. Having a conservative threshold of ∼ 0.3 keVee, 
future data will be needed to confirm the Dresden-II observation of 
CE𝜈NS, which is localized below this threshold. Nevertheless, despite 
the low background level reached, the Migdal contribution is so small 
that it could be safely neglected also in experiments like 𝜈GEN and 
CONUS, which show a good agreement with the expected background. 
Similar conclusions are expected also for silicon detectors like CON-

NIE [10,15] that operate in a similar energy range.

To conclude, we have shown that the Migdal contribution is orders-

of-magnitude subdominant in the region of interest for reactor CE𝜈NS 
searches with germanium detectors, independently of the formalism 
used to model the Migdal effect. Thus, the enhancement of the quench-

ing factor at low energies found in Ref. [14] that enabled the obser-

vation of CE𝜈NS at the Dresden-II site requires a different explanation 
than the standard Migdal effect.
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Appendix A. Derivation of the Migdal cross section with the MPA 
formalism

While the standard Migdal formalism derived by Ibe et al. has been 
already discussed in previous studies in the context of CE𝜈NS interac-

tions (see e.g. Ref. [49] and Refs. [57,58] with their publicly-available 
codes), little literature is present for the so-called Migdal photoabsorp-

tion approximation (MPA) as this has never been used in this context. In 
this Appendix, we expand the discussion on the MPA formalism provid-

ing the reader with more details. In this scenario, the Migdal transition 
matrix element under the dipole approximation, |𝑀𝑓𝑖|2, is related to 
the ionization probability due to the Migdal effect. It is convenient to 
define the double differential cross section for an electron neutrino that 
scatters off a nucleus  as(

𝑑2𝜎�̄�𝑒-
𝑑𝑇nr𝑑𝐸𝑟

)
Migdal

=
(

𝑑𝜎�̄�𝑒-
𝑑𝑇nr

)|𝑀𝑓𝑖|2, (A.1)

where 𝑇nr is the nuclear recoil energy, and the matrix element is a 
function of the energy deposit 𝐸𝑟. The square of the transition matrix 
element in Eq. (A.1) can be recast to

|𝑀 |2 = (𝑚𝑒
)2

2𝑀𝑇 𝐷2 , (A.2)
𝑓𝑖 𝑀 nr 𝑓𝑖
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Fig. 3. Comparison between the Migdal cross section (under the MPA scheme) 
and the CE𝜈NS one as a function of the observed energy 𝐸det , assuming the 
standard Lindhard quenching factor and a neutrino energy of 𝐸𝜈 = 6 MeV.

Fig. 4. Photoabsorption cross section for Germanium taken from Ref. [75] (pur-

ple) and differential Migdal cross section for 𝐸𝜈 = 3 MeV. The dots represent 
the photoabsorption cross section for each x-ray emission as listed in Ref. [75].

where 𝑀 is the nuclear mass, 𝑚𝑒 is the electron mass and we have used 
the fact that 𝑀|𝑣| =√

2𝑀𝑇nr is the momentum transfer of the recoiling 
nucleus, with 𝑣 the nuclear recoil velocity. Here, 𝐷2

𝑓𝑖
is the average of 

the squared dipole matrix element. Under the MPA scheme, one has to 
relate 𝐷2

𝑓𝑖
with the photoabsorption cross section 𝜎𝛾 through [52]

𝐷2
𝑓𝑖

=
𝜎𝛾 (𝐸𝑟)

4𝜋2𝛼EM𝐸𝑟

, (A.3)

where 𝛼EM is the fine structure constant.

In Fig. 3 we show the comparison between the differential Migdal 
cross section and the CE𝜈NS one as a function of the observed energy 
𝐸det , for a neutrino energy of 𝐸𝜈 = 6 MeV and assuming the standard 
Lindhard quenching factor. By substituting Eq. (A.3) into Eq. (A.2) and 
using Eq. (A.1) one obtains Eq. (11).

In Fig. 4 we show the germanium photoabsorption cross section ex-

tracted from Ref. [75] as used in this work, among with the differential 
Migdal cross section as a function of 𝐸det for 𝐸𝜈 = 3 MeV. The two cross 
sections are reported at different energy scales indicated in the corre-

sponding 𝑦 axes. The differential Migdal cross section as a function of 
𝐸det is obtained by integrating over all possible nuclear recoils and is 
given by

(
𝑑𝜎�̄�𝑒-
𝑑𝐸

)MPA

=
𝐺2

F
𝑀

𝜋

𝑇max
nr

∫ 𝑑𝑇nr

(
1 −

𝑀𝑇nr
2𝐸2

)
2

𝑊
×

5

det Migdal
𝑇min

nr

𝜈
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1
2𝜋2𝛼EM

𝑚2
𝑒

𝑀

𝑇nr
𝐸det − 𝑓𝑄𝑇nr

𝜎Ge
𝛾 (𝐸det − 𝑓𝑄𝑇nr ), (A.4)

where 𝐺F is the Fermi constant, 𝑊 is the weak charge of the nucleus 
and 𝑓𝑄 is the energy-dependent parameterization of the quenching fac-

tor. In Fig. 4, it is possible to see that the features that characterize 
the differential Migdal cross section within the MPA scheme are tightly 
connected with the photoabsorption peaks.
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