PHYSICAL REVIEW D 109, L091902 (2024)

Exploring light dark matter with the Migdal effect in hydrogen-doped liquid xenon
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An ongoing challenge in dark matter direct detection is to improve the sensitivity to light dark matter in
the MeV-GeV mass range. One proposal is to dope a liquid noble-element direct-detection experiment
with a lighter element such as hydrogen. This has the advantage of enabling larger recoil energies compared
to scattering on a heavy target, while leveraging existing detector technologies. Direct-detection experi-
ments can also extend their reach to lower masses by exploiting the Migdal effect, where a nuclear recoil
leads to electronic ionization or excitation. In this work, we combine these ideas to study the sensitivity of a
hydrogen-doped LZ experiment (HydroX) and a future large-scale experiment such as XL.ZD. We find that
HydroX could have sensitivity to dark matter masses below 10 MeV for both spin-independent and spin-
dependent scattering, with XLZD extending that reach to lower cross sections. Notably, this technique
substantially enhances the sensitivity of direct detection to spin-dependent proton scattering, well beyond

the reach of any current experiments.

DOI: 10.1103/PhysRevD.109.L091902

Introduction. Discerning the origin and nature of dark
matter is one of the most important problems in modern
particle physics. The hunt for dark matter encompasses a
diverse set of search methods; among them, direct detection
is a particularly sensitive and flexible method. Decades of
progress has resulted in direct-detection experiments
becoming exquisitely sensitive probes of dark matter
parameter space, with large-scale liquid noble-element
detectors setting the most stringent constraints on dark
matter scattering cross sections for GeV- to TeV-scale
masses [1,2]. While this mass range has attracted great
attention—being the natural home of the weakly interacting
massive particle—there has recently been much interest in
lighter dark matter candidates with mass below 1 GeV [3].

Most direct-detection experiments lose sensitivity if the
dark matter mass is less than a few GeV, since the nuclear
recoil energy deposited by the elastic scattering of dark
matter on the target nucleus lies below the energy threshold
for detection. In recent years, there has been substantial
interest in using electromagnetic signatures that can
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accompany nuclear recoils to extend the reach of experi-
ments to lighter dark matter. Foremost among these is the
Migdal effect: the ionization or excitation of atomic elec-
trons resulting from a nuclear scattering [4—7]. The signifi-
cance of the Migdal effect was established in [8,9] (after
earlier initial work [10-13]), leading to further theore-
tical developments and experimental proposals [14-29].
Although the rate of Migdal events is very small, the Migdal
effect can nevertheless provide leading constraints on the
light dark matter parameter space [9,15,16,22], with several
experiments conducting dedicated searches [30-38].
Another, less explored, approach to improving the reach
of detectors to light dark matter is via doping with a
lighter element, such as hydrogen [39]. This provides a
target nucleus with better kinematic matching to light dark
matter and, consequently, nuclear recoil energies above the
detection threshold. One specific proposal to do this is
HydroX [40], an upgrade of the LZ experiment that would
dope the liquid xenon with molecular hydrogen.
Combining hydrogen doping with the Migdal effect may
ultimately yield the lowest reach in dark matter mass that
can be achieved with liquid noble-element detectors (unless
dark matter scatters significantly with electrons). In this
work, we therefore investigate the sensitivity of hydrogen-
doped liquid xenon detectors to low-mass dark matter using
the Migdal effect, providing projections for LZ and a next-
generation detector such as XLZD. We show that by
exploiting the Migdal effect, such detectors can be sensitive
to dark matter with mass as low as a few MeV. The
improvement in sensitivity to spin-dependent proton scat-
tering is particularly striking, given that a pure xenon target
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has virtually no sensitivity due to its even number of
protons. In this case, the additional reach gained by doping
with hydrogen can enable xenon experiments to probe dark
matter masses more than an order of magnitude smaller
than existing experiments.

The Migdal effect. An atomic system perturbed by a nuclear
recoil has a small probability of being ionized or excited [4].
This is known as the Migdal effect and is a consequence of
the motion of the recoiling nucleus affecting the electronic
wave function. The effect has been observed in nuclear
decays, where the nuclear recoil is caused by a [41] and
f [42] emission, and there are efforts currently underway to
observe the Migdal effect due to neutron scattering [43,44].
Such efforts will be useful to validate theoretical calculations
of the ionization probability, especially at high recoil
velocities [26].

The double-differential event rate for a nuclear recoil of
energy Ep that gives rise to a Migdal event with electro-
magnetic energy Egy; is given by

R R dP,
d _y dR dP; o
dEgydEg 4~ dEg dE,

where % is the probability of ejecting an electron with
energy E, from the ith subshell and {;’T’i is the differential

nuclear recoil rate. The total electromagnetic energy in the
event is Fgy = E, + E4x, Where Ey., is the energy
released in the deexcitation of the atomic system. For
hydrogen, E4, ~0 and Egy = E,. This differs from a
Migdal event due to a xenon recoil, where Eg., is the
energy of the Auger electrons or photons released in the
prompt deexcitation of the xenon ion.

Migdal ionization probability: The differential Migdal
ionization probability, dP/dE,, is computed from the
Migdal transition matrix element:

(wele™ |y, (2)

with v being the nuclear recoil velocity and [y;), |y ;) the
initial- and final-state electronic wave functions, respec-
tively. In the case of atomic hydrogen, where the wave
functions are known analytically, it is possible to obtain an
explicit formula for the ionization probability. For the small
recoil velocities produced by scattering dark matter (more
precisely when v < @, with a being the fine-structure
constant), the operator in Eq. (2) can be approximated by its
dipole expansion. In this limit, the ionization probability is
given in terms of the radial wave functions of the initial-
state 1s orbital, R, and the final-state Coulomb wave,
Rg, =1, by

2

/ T dr PR (DR - ()

0

dP  m2v?

dE, 3

This expression is derived in the Appendix.

The above expression for the ionization probability
strictly applies only for atomic hydrogen, not molecular
H,. The Migdal effect in diatomic molecules was inves-
tigated in Refs. [27,45,46], but these works focused on low-
energy processes involving excitation to bound excited
states. In contrast, we are interested in processes that
involve the emission of an ionization electron and which
likely result in the dissociation of the molecule. A precise
calculation of this molecular process is highly nontrivial
and goes beyond the scope of the present work. We instead
adopt the data-driven approach of Ref. [20], which relates
the differential Migdal rate in the dipole approximation to
the photoabsorption cross section. We use the H, cross-
section measurements from Ref. [47].

Note, however, that the formalism of Ref. [20], which
considered atomic systems, does not strictly apply to the
molecular case. An additional complication arises in
molecular systems where there are two contributions to
the Migdal rate: the center-of-mass recoil (CMR) contri-
bution, which is analogous to the Migdal effect in atoms,
and the nonadiabatic coupling (NAC) contribution [27,45]
arising from corrections to the Born-Oppenheimer approxi-
mation for the molecular wave functions. Only the CMR
contribution can be obtained from the photoabsorption
cross section. While the two contributions are comparable
in size for excitation to low-energy bound states, the NAC
contribution is suppressed at high energies, justifying the
use of the data-driven approach for ionization. This
approach is also conservative, as neglecting the NAC
contribution may lead to an underestimation of the true
Migdal rate for the lowest dark matter masses we consider
(<10 MeV). Finally, as an additional cross-check of our
results, we also compute the Migdal rate using the atomic
expression in Eq. (3) and find that this is consistent with the
data-driven approach to within ~30% (see the Appendix).

Nuclear recoil rate: The differential nuclear recoil rate (per
unit target mass) is given by

daR  p, / . do
Rl P2 yf(v), 4
dER meT Dmin v dER Uf(v) ( )

where p, is the local density of dark matter, m, is the dark
matter mass, and my is the target nucleus mass. The local
velocity distribution of the dark matter, f(v), is taken to be
a truncated Maxwell-Boltzmann distribution, and we adopt
the values for the astrophysical parameters given in [48].
The distribution is integrated above the minimum incoming
dark matter velocity that can give rise to a recoil energy of
Er with inelastic energy AE:
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_ Egrmp + AEp,r

Vpin = ——nr—""—",
e V2myErp,r

where p,r is the dark-matter—target reduced mass. By
energy conservation, the inelastic energy is AE =
Egm + Eion, Where E,, = 13.6 keV is the ionization
energy of a hydrogen atom. The nuclear recoil energy is
constrained to be within

2AE
- . (6)

o, AE
/";(T Urznax

+
Ey Vmax | 1 — 5
mr /";(T/Umax

with v, being the maximum incoming dark matter
velocity.

In this work, we consider both spin-independent (SI) and
spin-dependent (SD) scattering. The SI and SD differential
cross sections for dark matter scattering off a hydrogen
atom are

dUSI/SD _ mp O_SI/SD (7)
dEg — 242,0* "

with 67}, and 6}, being the SI and SD dark-matter—proton
cross sections, respectively, and y,,, the dark-matter—proton
reduced mass.

Doping xenon with hydrogen. While the theoretical benefits
of introducing a light dopant into an existing detector are
clear, detailed studies of the drift properties, cryogenic
properties, and light and charge yields for H,-doped xenon
time projection chambers (TPCs) are still underway. In the
absence of measurements, we employ simplified treatments
of the charge yields, as described below.

In the scattering of sub-GeV mass dark matter, only the
ionization (S2) signal is expected to be detectable, and not
the scintillation (S1) signal. We calculate the rate of
liberated charge according to

d*R

——dERdE
dEEMdERd Rd EM> (8)

R(N,) = / PN o (Ex. Een)

where P(N,|A.(Eg, Egy)) is the Poisson probability of
observing N, electrons given the expected ionization 4,.
This is calculated from the energy deposits via

Ae(Er. Egn) = EROYR(ER) + EpmOSR (Epm).  (9)

with Q];R/ NR(E) being the charge yield functions.

First, we discuss our treatment of the nuclear recoil
charge yield, Q)R (Eg). In general, one expects the number
of observable quanta to be higher for a recoiling proton than
a xenon nucleus, which loses ~80% of its recoil energy to

heat. We follow the approach of HydroX [49] and use a
simple form for the nuclear recoil charge yield:

MR (Er) = 5 L(Eg). (10)

where W, = 13.7 eV is the work function, and a = 0.67
gives the fraction of quanta from a recoil that are
electrons. The Lindhard factor is taken to be L(ER) =
0.9403Ez%01735 which comes from SRIM simulations
performed by HydroX [50]. The above value of a
corresponds to an NR-like partitioning between light
and charge, which should be conservative for an S2-only
search. We neglect the recombination of electrons follow-
ing initial ionization, since it is expected to give only
a small correction to the charge yield for low-energy
recoils [51,52]. Finally, to avoid overestimating the
charge yield at low energies, we follow the approach
of the Noble Element Simulation Technique (NEST) [53]
and make the conservative approximation that the charge
yield is zero below recoil energies of 0.1 keV.

Note that the Migdal signal for dark matter masses below
~100 MeV is dominated by the charge yield from the
recoiling Migdal electron; hence, our projected sensitivity
at low dark matter masses will not be affected by the above
uncertainties associated with the unmeasured charge yield
of the recoiling proton.

For the electron recoil charge yield, Q¥R (Egy), we use
the # model from NEST v2.3.5 [53]. This assumes that the
charge yield in a liquid xenon TPC is unaffected by its
doping with hydrogen, although this was found not to be
the case for higher-energy recoils in a gaseous xenon
TPC [54].

Measurements of light and charge yields in liquid xenon
TPCs doped with a light element are in progress, with first
observations made of helium recoils in a mini-TPC [40]. In
this work, we only consider doping with H,, but helium and
deuterium are other potential dopants [55].

Projected sensitivity.

S2-only analysis: A well-established approach to maximiz-
ing the sensitivity of liquid xenon TPCs to low-energy
signals is to perform an analysis that uses only the
ionization (S2) signal. This allows for a lower energy
threshold at the expense of discrimination between electron
and nuclear recoils. The LZ experiment has published their
projected sensitivity to light dark matter using an S2-only
analysis in Ref. [56]. To obtain projections for the improved
mass reach that may be achieved through hydrogen doping,
we adopt a similar analysis here.

The LZ analysis in [56] assumed a cut on the S2 signal of
S2 > 420 phe (equivalent to a threshold of five extracted
electrons) and used information on both the magnitude of
the S2 signal and its pulse shape to discriminate between
signal and background. In our analysis, we consider the
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same Se~ threshold and also investigate the improvement
that could be obtained with a 3¢~ threshold. The latter
possibility has also been considered by the HydroX
Collaboration [40], but it may come at the expense of
reduced trigger efﬁciency.l

We adopt the LZ background model from [56] and use an
S2-binned Poisson likelihood ratio to obtain projected
upper limits on the signal cross section. We do not fully
incorporate S2 pulse shape information into our analysis,
since [56] does not provide the required 2D background
distributions. Instead, we assume that the background
produced by the anode grid can be removed via pulse
shape discrimination, while retaining ~100% signal effi-
ciency. A full 2D analysis would be expected to yield
improved sensitivity, with pulse shape also providing some
discrimination against other backgrounds—in particular,
from the cathode.

The background model in [56] is only provided for
S2 > Se™. For our analysis with a 3¢~ threshold, we fit the
background in the 5S¢~ to 20e™ range with a power law and
use this to extrapolate to lower S2. We note that single-
electron backgrounds can cause a steeply rising back-
ground at low thresholds, even after cuts designed to
remove them. This was observed by XENONIT below
five electrons [57], and by LUX below three electrons [58].
In this work, we assume that the single-electron back-
ground does not contribute significantly above three
electrons (beyond our naive extrapolation). The S2 dis-
tributions of the background and prospective Migdal and
nuclear recoil signals from dark matter are shown in Fig. 1.

For an S2-only analysis, the absence of an S1 signal
means that S1-S2 timing information cannot be used to
perform a fiducialization cut in the vertical (z) direction.
While some information on z can be gleaned from
the S2 pulse width (due to the different drift distances),
we follow [56] and omit this, taking the fiducial mass for
S2-only searches in LZ to be 6.2 ton, where the fiducial
volume includes the full vertical height of the detector.

Lastly, we note that injecting kilograms of hydrogen into
a detector carries the risk of also introducing trittum, whose
decays would add a significant additional source of back-
ground. For this background to be subdominant, we assume
that the hydrogen used has a tritium concentration” of no
more than 1 part per 107,

Results: We explore the potential of hydrogen doping in
both the existing LZ experiment, and also a next-generation

'"The XENONIT experiment set limits on light dark matter
using a le~ threshold; however, this used data from an R&D run
with a modified trigger and required stringent event selection cuts
that severely limited the effective exposure [57].

Tritium is created in the atmosphere by cosmic rays, giving
rise to typical concentrations of 1 part per 10'%; therefore, a
significantly depleted source of hydrogen would need to be
obtained—e.g., from underground gas wells.

- — Mig., 10 MeV, 107! ¢cm?
v 0.001F — NR, 100 MeV, 10%7 om? }
g _____ — background
%D 1074t
3z
=]
>
o 10—5 L
[}
15
[

10—6 L

5 10 15 20
S2 (Number of electrons)
FIG. 1. Expected background rate at the LZ experiment (gray),

compared with potential signals from dark matter recoiling on
hydrogen; the green and blue curves show a Migdal and a nuclear
recoil-only signal, respectively. The dashed gray line shows our
extrapolation of the LZ background for S2 < 5e™.

xenon experiment, such as XLZD [55], which we denote
as G3.

For the LZ experiment, we follow the HydroX
Collaboration [40] and consider an H,-doped run of 250
live days with a doping fraction of 2.6% H, by mole. This
corresponds to 2.5 kg of H, within the total fiducial mass of
6.2 ton. Data taking would occur after the conclusion of the
planned LZ physics run.

Figure 2 (left) shows the projected sensitivity of LZ to
spin-independent nuclear scattering of light dark matter.
The green line shows the S2-only Migdal projection from
the LZ Collaboration in Ref. [56], which uses the same
background as our analyses but also includes pulse-shape
discrimination. We supplement this with new projections
assuming hydrogen doping, based on our calculations
described above. The red curves show the projected
sensitivities of Migdal searches with a 5e~ threshold (solid)
and a 3e~ threshold (dot-dashed). For comparison, the
purple line shows our projection for an S2-only nuclear
recoil (NR) search with a 5e~ threshold (see also the
preliminary NR projections from HydroX [40]).

The gray region in Fig. 2 has been excluded by previous
experiments. There are published limits from Migdal
searches by XENONIT [33] and DarkSide-50 [37]. In
addition, data from XENON10 [59] have been reinterpreted
in [15] to constrain a Migdal signal. The XENON10 data
were obtained with a le™ trigger threshold, resulting in
excellent sensitivity at low dark matter masses. Finally, at
large cross sections, there are limits from cosmic-ray
upscattering. These have some model dependence, and
the bound in Fig. 2 assumes fermionic dark matter and a
vector mediator that is heavy compared to the momentum
exchanged when the DM scatters in the detector [60].

We find that with a Se™ threshold, the Migdal search can
improve upon current bounds in a dark matter mass range
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FIG. 2. Projected 90% C.L. upper limits on spin-independent nucleon (left) and spin-dependent proton (right) scattering in hydrogen-
doped liquid xenon at the LZ experiment. Migdal searches with a 5e~ (3¢™) threshold are shown in solid (dot-dashed) red, while the
purple curve is for a nuclear recoil-only search. The green curve shows the undoped L.Z Migdal projection from [56]. The gray regions

are excluded by previous experiments.

between 12 and 40 MeV. The reach of this search improves
significantly with a 3e~ threshold and could probe new
regions of parameter space in the 8—95 MeV mass range with
cross sections down to 1 x 107%¢ cm? for m, = 95 MeV.

The prospects are much better for spin-dependent scat-
tering, where hydrogen doping has the potential to signifi-
cantly improve the sensitivity to low-mass dark matter.
Since xenon contains an even number of protons, liquid
xenon experiments are primarily sensitive to SD dark-
matter—neutron scattering via the naturally occurring iso-
topes '2Xe and '*'Xe. While xenon experiments have some
limited sensitivity to proton scattering, they are not com-
petitive with experiments containing a fluorine target, such
as PICO-60 [61]. This situation changes completely with
hydrogen doping. The projected sensitivity of hydrogen-
doped LZ to SD dark-matter—proton scattering is shown in
Fig. 3 (right). Again, the red curves correspond to Migdal
searches with 5e~ and 3e~ thresholds, and the purple curve
shows an S2-only nuclear recoil search. We see that LZ
could explore vast new regions of parameter space, probing
dark matter masses more than an order of magnitude lower
than the existing limits from CRESST-III [62], Collar [63],
PICASSO [64], and PICO-60 [61]. For large cross sections,
there is again a model-dependent bound from cosmic ray
upscattering; this assumes fermionic dark matter with an
axial-vector mediator that is heavy compared to the
exchanged momentum [60].

Next, we consider a next-generation (G3) detector. We
take such a detector to have a 20 ton fiducial mass of xenon,
doped with 2.6% H, by mole, corresponding to 7.1 kg of

hydrogen. We assume that the H, doping would occur at
the end of an approximately decade-long primary physics
run, with two years of live time while doped. For the G3
detector, we use a different background model. In the LZ
background model, coherent scattering of ®B solar neu-
trinos already contributed an O(1) fraction of the back-
ground events. Here, we assume that the cathode
background can be further mitigated, and we calculate
the expected background from ®B solar neutrinos only. Our
sensitivity projections for SI and SD scattering are shown
in Fig. 3.

Migdal searches at other planned future detectors may
also be sensitive to dark matter masses in the 10-100 MeV
range. Hydrogen doping could also, in principle, be
employed in argon TPCs such as DarkSide-20k [66].
Another planned experiment with light target nuclei is
DarkSPHERE, a 3-m-diameter spherical proportional
counter filled with a 90%-10% mixture of helium and
isobutane (i — C4Hg), for a total target mass of 27.3 kg.
The dashed blue line in Fig. 3 (left) shows the
DarkSPHERE Collaboration’s sensitivity projection for a
le~-threshold Migdal analysis [65]. This projection only
includes scattering off helium; however, the mass of
hydrogen in the detector (as a constituent of the isobutane)
will be 2.9 kg, similar to that in a hydrogen-doped LZ.
Accounting for the Migdal signal from scattering off
hydrogen in isobutane could extend the DarkSPHERE SI
and SD sensitivity to lower masses. Finally, semiconductor
detectors may also be sensitive to this parameter space
through the Migdal effect [15], provided that the observed
low-energy backgrounds [67] can be mitigated.
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Projected 90% C.L. upper limits on spin-independent nucleon (left) and spin-dependent proton (right) scattering in hydrogen-

doped liquid xenon at a future G3 detector (red and purple curves). Also shown are projections for the proposed DarkSPHERE
experiment [65] (dashed blue). The gray regions are excluded by previous experiments.

Outlook. Hydrogen doping is a promising approach that,
when combined with a dedicated search for ionization
signals produced via the Migdal effect, can maximize the
reach of xenon TPCs to low-mass dark matter. We have
found that employing this technique within the existing LZ
detector, as proposed by the HydroX Collaboration, could
provide sensitivity to dark matter masses below 10 MeV
and explore significant new regions of parameter space.
Furthermore, the presence of hydrogen drastically enhances
the sensitivity of xenon experiments to spin-dependent
proton scattering, where the sub-GeV mass regime has
remained largely unexplored to date. Planned future experi-
ments, such as XLZD, could also significantly improve
their low-mass reach through hydrogen doping and the
Migdal effect.
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Appendix: Migdal effect in atomic hydrogen. In this
appendix, we derive the Migdal ionization probabilities
for atomic hydrogen (we work in natural units,
i =c = 1). These were first calculated in the context of

neutron scattering in Ref. [68]. The Migdal transition
matrix element is

MEI™ — (E' V' m'|exp (im,v-r)

n,l,my, (Al)

where v is the nuclear recoil velocity and r is the electron
position operator. The initial-state electron has principal,
angular momentum, and azimuthal quantum numbers
(n,1,m); the energy of the final-state continuum electron
is denoted by E'.

As usual, the Migdal operator can be written as a
spherical tensor expansion:

exp(im,v-r) =4z itj (mor)YI(D)YY(F).  (A2)
LM

The matrix element (A1) then becomes

nlm

MEN = /Ay " iN2L + 1YY () dy (I 1. m)
LM

« / T dr Ry (mar)Rp s (NR(F).  (A3)

where j; is the spherical Bessel function and R, ;(r),
Ry y(r) are the radial functions of the initial- and final-state
electrons, respectively, with (r|n,l,m) = R, ;(r)Y]'(6. $).
The angular coefficients d%, (', m'; [, m) are determined via
the Wigner-Eckart theorem,

L091902-6



EXPLORING LIGHT DARK MATTER WITH THE MIGDAL ...

PHYS. REV. D 109, L091902 (2024)

db(m/s1Lm) = (=1)%="'\/(21+1)(2I' +1)
' L IN/I' L1
X . (A4)
-m" M m)\0 00
It is convenient to define the quantization axis to be aligned
with the direction of the recoil velocity, such that

2L +1

Y%(f’) = 4 M.0-

(AS)

The relevant initial state is the 1s ground state, with
radial function

Rys(r) = 2a5" e/, (A6)

where a; is the Bohr radius. The final-state continuum
wave functions are Coulomb waves:

2 1 1 :
Rov(r)=,/——— " TIm]le® 1)
e (r) \| maag (2m E')/4 r mle

x (=2ip)!THNY (1 + 1+ in, 21 + 2, =2ip)],
(A7)

with p = r\/2m,E', n = —a\/m,/(2E"), where U(a, b, z)

is the confluent hypergeometric function, and

1
0(',n,p) = p—nlog(2p) —El/ﬂ' + arg(C(' + 1 + in)).
(A8)

We normalize the continuum wave functions with respect
to energy, [drr’Rp Rg; = 5(E' —E).

In the relevant kinematic regime for nonrelativistic dark
matter scattering, the recoil velocity satisfies m,vay, =
v/a < 1. In this limit, the L = 1 dipole transition domi-
nates, and the differential Migdal ionization probability
simplifies to
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FIG. 4. Comparison between the Migdal ionization probabil-
ities calculated using the data-driven approach (green) and the
atomic result in Eq. (3) (red), both for a nuclear recoil velocity of
v = 1073. The bottom panel shows the ratio of the atomic result
to the data-driven result.

dP(dipole) B mZUZ
dEl 3
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0

In Fig. 4, we compare the atomic and molecular hydro-
gen Migdal ionization probabilities, with the latter obtained
using the data-driven approach of Ref. [20]. The nuclear
recoil velocity is fixed to » = 1073, We find that they agree
to within ~30%.

It is also straightforward to calculate the integrated
Migdal transition probability, including both ionization
and bound excitations:

Pintegrated =1- |<1S| exp (imev'r)|1s>‘2
16

= TG e

(A10)
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