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The Migdal effect is a key inelastic signal channel which could be used to detect low-mass dark

matter, but it has never been observed experimentally using Standard Model probes.

Here we

propose an experiment which could detect the Migdal effect in diatomic molecules through low-
energy neutron scattering. The enhancement of the Migdal rate through non-adiabatic couplings,
which are absent in isolated atoms, combined with the distinctive photon energies of electronic
transitions in CO, suggest that a positive detection of the molecular Migdal effect may be possible
with modest beam times at existing neutron facilities.

The Migdal effect, where nuclear scattering induces an
electronic excitation in an atom, molecule, or solid, has
been studied theoretically for nearly a century but has
never been conclusively observed experimentally. The
main challenge is the very small rate compared to elastic
scattering, combined with the difficulty of distinguish-
ing a primary Migdal event from a secondary electronic
excitation or ionization following ordinary elastic nuclear
scattering. The Migdal effect has been proposed to search
for sub-GeV dark matter as a way to evade nuclear recoil
thresholds via an electronic excitation signal (see Ref. [I]
for an overview of low-threshold detection methods), but
first this effect must be observed with Standard Model
probes in order to calibrate it [2H6]

In this Letter, motivated by recent developments on
the molecular Migdal effect relevant for dark matter de-
tection [7], we propose a new technique for measuring
the Migdal effect with low backgrounds. A low-energy
(~ 100 eV) neutron beam is used to induce bound Migdal
transitions through nuclear scattering in a molecular gas
such as carbon monoxide (CO), with a probability of
~ 107° per neutron scattering event, leading to the emis-
sion of UV and visible photons with a distinctive spec-
trum that can be efficiently detected. As we will show,
such transitions are extremely rare if induced by sec-
ondary collisions following a primary elastic scattering
event, and the transitions we focus on are well-separated
from nearby molecular transitions such that the only ir-
reducible source of background is absorption of ~ 10 eV
photons to directly drive the transition. By using a beam
such as the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory with a definite time struc-
ture, time correlations can be exploited to further reduce
backgrounds not associated with the source.

Schematic of proposed experiment. Our experimental
design is schematically represented in Fig. A low-
energy, highly-collimated neutron beam traverses a ~ 1 m
long cell of cross-sectional area ~ 1 cm? filled with carbon
monoxide (CO) molecules in the gas phase. Following
a Migdal scattering event, the molecule undergoes the
transition X'> -»B'Y with an electronic energy gap of
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FIG. 1. Scheme of the experimental proposal. A collimated
neutron beam collides with a gas of CO molecules. A neutron-
molecule collision via the molecular Migdal effect induces the
X-B transition in CO. This excitation has two decay path-
ways: one going back to the X state and another ending up
in the A state. The Migdal signal is the B—A transition.

10.78 eV, whose decay leads to photon emission following
two pathways. Pathway (1) (dark blue), the de-excitation
back to the ground electronic state B'Y -X!'¥, has a
branching ratio of » 2/3 and can induce the inverse pro-
cess in nearby CO molecules, leading to a loss of signal
from attenuation. On the other hand, pathway (2) (light
blue), with a branching ratio of ~ 1/3, results in visible
or near-UV photon emission peaking at ~ 400 nm from
B!Y - AMI which streams freely, while the subsequent
158 nm photon from A'II -X!'Y can excite the inverse
transition in adjacent CO molecules and is attenuated.
Therefore, our signal is the B'Y —AII transition from
(2), shown in solid light blue in Fig. |1l The signal pho-
tons can be detected with silicon photomultiplier (SiPM)
detectors lining the walls of the gas cell, which have high
efficiency at the signal wavelength.

The pressure p and temperature T of the gas cell should
be chosen such that black-body radiation effects are irrel-
evant, collision-induced absorption is highly suppressed,
and no collisional quenching of electronic transitions oc-



curs. For simplicity, we assume the gas cell is at room
temperature (T = 300 K), but in a realistic implementa-
tion the temperature will be set by the requirements of
the photodetector. The B!Y state of CO has a lifetime
7p = 22.3 £ 0.5 ns, which is typical of allowed molecular
transitions. However, there is another zero-photon decay
channel that can de-excite the molecule: CO-CO colli-
sions, also known as self-quenching collisions. In the case
of CO, its self-quenching cross section for the B state
has been calculated to be ogr = 132 a2 [8]. The typical
collision time is teo = m, where (voo) denotes
the average thermal velocity of CO molecules, n is the
gas number density and (osef) is the thermally-averaged
self-quenching cross section, which in this case we ap-
proximate as the constant oger. At T'= 300 K, imposing
that teon > T, we find that nco < 3 x 10'% cm™3, which
sets an upper bound on the pressure at p ~ 1 mbar.

Estimated rate. Calculating the expected rate of
Migdal excitation is a straightforward modification of
the formalism of Ref. [7], which computed dark matter-
induced Migdal excitation in heteronuclear diatomic
molecules, including to the same B'Y state of CO.
Throughout the rest of the analysis, we use particle
physics units with A = ¢ = 1. The probability of Migdal
excitation to an electronic state a with energy €, through
nuclear scattering, via the non-adiabatic coupling chan-
nel, decomposes into electronic and nuclear matrix ele-
ments, PJE;)(Q) = P{(q) xP](\,a)((j), which depend on the
momentum transfer §. At 300 K, most of the molecules
will be in the vibrational ground state; for simplicity, we
will neglect rotational excitations which amounts to as-
suming that the initial and final rotational states of the
molecule are the same, yielding a lower bound on the
total rate. The electronic matrix element is

P(Ot) — q2n2|G040|2 (1)
¢ M?2(eq —€9)?’

where ¢ =g|, n is the cosine of the angle between § and
the molecular axis, M is the total nuclear mass of the
molecule, ¢ is the ground-state energy, and G,q is the
non-adiabatic coupling between o and the ground state,
equal to 1.50 ag® for the X-B transition in CO. The nu-
clear matrix element is [7], 9]
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where ¢ is the nuclear ground state wavefunction, X,(f‘)

are the vibrational wavefunctions at harmonic oscillator
level n associated to state o in the Born-Oppenheimer
approximation, ngiss. is the level at which the vibra-
tional energy exceeds the dissociation energy of the

molecule, M7 and M, are the masses of the two nuclei,
=M My/M is the nuclear reduced mass, p is the inter-
nuclear separation, and a; and as are dimensionless cou-
pling constants characterizing the interactions between
the scattering probe and the nuclear targets. In the case
of neutron scattering, it is more convenient to work in
terms of the (dimensionful) neutron scattering lengths off
free targets [10], bc = 6.64 fm x 12 and bo = 5.80 fm x 12,
where the fractional factor accounts for the reduced mass
between the neutron and the nucleus. Replacing a; and
as with scattering lengths b, and b, gives the nuclear
matrix elements the dimension of a cross section, and
so to avoid ambiguity we will write the neutron-induced
Migdal cross section as
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To obtain the total scattering rate, we integrate over
the neutron spectrum and the possible momentum trans-
fers. In Ref. [7], the molecules were taken to have a fixed
orientation and the dark matter spectrum was paramter-
ized by a velocity distribution. To make contact with this
formalism, we can convert the neutron energy spectrum
to a velocity distribution, which we pretend is isotropic
in direction in order to model the random orientations
of the target molecules. As a model for low-energy neu-
trons, we assume an E~! spectrum between energies Fin
and Fpax [111[12], leading to an effective neutron velocity
distribution of
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fn(ﬁ) = Se(v—vmin)@(vmax_v)) (4)

where Vminmax = \/2Fminmax/Mn. The first prefactor

in Eq. ensures that [ d®v f(9) = 1. In terms of this
velocity distribution, the total rate per target molecule
is given by Fermi’s Golden Rule as

T Pn . 3 @) /-
R:Zm% [ aor@) [ (sﬂ‘igagﬂq)(S(AE—w@), (5)

where p,, is the mass density of neutrons in the target
volume, wg = G- 0 - % accounts for the non-relativistic
kinematics of the scattering, and AF is the total excita-
tion energy, equal to ¢, — €y plus the vibrational excita-
tion energy. Strictly speaking, there should be a different
AE, for each vibrational level, so the energy-conserving
delta function gets pulled inside the sum which defines
ops. The final modification to the dark matter formalism
arises because the neutron flux ®,, = p,,v/m,,, rather than
Pn, 18 the experimentally-provided quantity. The factor

of v gets pulled inside the velocity integral, yielding our



final expression for the rate per target molecule,

po oo fdg f(v)f47T2 ONGS(AE -wy).  (6)

To evaluate Eq. @, we follow the prescription of
Ref. [7] and fit the ground state xo and the excited vi-
brational states X%a) for 0 < n < 10 to harmonic oscil-
lator states at the same level n in order to exploit ana-
lytic formulas for the nuclear matrix elements in terms
of Hermite polynomials. We choose Xﬁla) to be Morse po-
tential wavefunctions, but as described in more detail in
Ref. [7], the choice of nuclear wavefunction has a O(1)
effect on the total rate and thus the harmonic oscillator
approximation should suffice for an order-of-magnitude
estimate. Using the energy eigenvalues of the Morse po-
tential, there are in fact ngjss. = 69 vibrational levels avail-
able before exceeding the dissociation energy of 14 eV,
so summing only up to n = 10 likely underestimates the
rate slightly. Taking Fij, = 1 eV, Fphax = 100 eV, and
®,, = 5x10%/cm?/s (a typical neutron flux from sources
such as the SPS [I1]), and imagining a sample container
with cross-sectional area A =1 cm? and length L = 1 m,
which contains N7 = 2.3 x 10'® molecular targets at the
maximum density of 2.3 x 10*¢/cm?, we find a total rate

Riotal » 2.6 events/min (7)

after accounting for the ~ 1/3 branching ratio of the sig-
nal pathway. If the neutron spectrum is chopped at 18
eV to reduce high-energy scattering events that could
lead to ionization or dissociation (discussed further be-
low), the Migdal rate is reduced by a factor of 10. The
total neutron elastic scattering rate for this target den-
sity and volume is approximately R = ®, (4702 )Ny =
5.2 x 10% events/s, where b, ~ 6 fm is an approximate av-
erage scattering length, so the Migdal rate is five or six
orders of magnitude smaller. Nonetheless, the distinctive
photon spectrum of the Migdal de-excitation will help to
reduce backgrounds, as we will discuss below.

Signal photon spectrum. At T = 300 K, most molecules
are in the vibrational ground state nx = 0. Using Eq. @,
we can calculate the relative probabilities of transitions
from Oy to each B vibrational state np, accounting for
the expected neutron velocity distribution and integrat-
ing over allowed momentum transfers. The results are
shown in the inset of Fig. |2| for two different choices of
neutron energy cutoff. If the neutron spectrum extends
to 100 eV (red), the final vibrational states are roughly
equipartitioned, while if the neutron spectrum is chopped
at 18 eV (blue), the transitions tend to end up in the
ground vibrational state 0p. The vibrational energies of
the B states with respect to the Ox ground-state energy
range from 0.13 eV for Op to 2.5 eV for ng = 10.

Next, a given np state will decay to the A'II state
following the usual dipole selection rules. The emission
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FIG. 2. The spectrum of signal photons resulting from the
B — A transition after Migdal excitation of CO molecules.
The top panel assumes Emax = 18 €V, while the bottom panel
assumes Fmax = 100 eV. The discrete peaks and troughs arise
from vibrational splittings of the B and A levels. The inset
shows the probability of 0x — np transitions which affect the
overall shape of the spectrum.

intensity depends on the Franck-Condon factor, which al-
lows us to calculate the spectral lineshape of the Migdal
signal. The results, shown in the top panel of Fig.
for Fnax = 18 €V, show a distinctive photon spectrum
centered at visible photon wavelengths that the SiPMs
can easily detect, with the spectrum shifted slightly to-
ward the near UV for the higher-energy neutrons with
Epnax = 100 eV (bottom panel). The open circles repre-
sent the wavelengths of narrow vibrational transitions.

Backgrounds. The dominant backgrounds will depend
sensitively on the characteristics of the neutron beam,
which we do not attempt to model here. Rather, we will
argue that certain backgrounds are almost certainly neg-
ligible, while the presence of others imposes requirements
on the associated photon spectrum of the beam.

First, photon absorption at ~ 11 eV can directly
drive the X!'¥ -B!Y transition. Based on the oscilla-
tor strength for the 0-0 transition [I3], in order for this
rate to be below the signal rate, the photon flux at these
energies would need to be § 10°°®,,. By doing a pre-
liminary measurement with the gas cell emptied of tar-
get molecules, it may be possible to estimate the flux of
these UV photons using the same SiPMs that are used
to detect the signal photon, thus giving an in-situ esti-
mate of the background rate. We note that the large
energy of this transition makes thermal photons a neg-
ligible source of background, since at 300 K, there is a
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FIG. 3. Rate per unit wavelength of collision-induced emis-
sion, for Fmax = 100 eV (red dashed) and Emax = 18 eV (blue
dashed). The Migdal signal (open circles) in the 250-800 nm
window gives a larger total rate in both cases.

Boltzmann suppression of ~ e#/T = ¢7400 The first elec-
tronic state with the same spin as the ground state is
the Al state, at 8.068 eV above the minimum of the
ground electronic state [I4] [I5], with a transition wave-
length of 158 nm. Therefore, there is no direct electronic
transition from the ground state in the same wavelength
range as the Migdal signal. Vibrational transitions may
occur, but these are highly suppressed due to a negligi-
ble Franck-Condon factor and very small dipole moment.
We expect that if the UV photon flux is sufficiently small
to not drive the X'3 -»B!Y transition at a rate above the
neutron-induced Migdal rate, any other such transitions
will occur at a lower rate.

Higher-energy X-ray photons, which are generically ex-
pected to accompany neutron beams, may also drive the

J
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same transition through Compton scattering. As a rough
estimate, the Compton cross section is O(barn) [16],
which is comparable to the elastic neutron cross section.
Therefore, to avoid this source of backgrounds with a
Migdal signal rate that is 107° of the elastic scattering
rate, one would need to ensure that the X-ray photon
flux is < 107°®,,.

After an elastic neutron-CO collision, the CO molecule
could subsequently collide with another CO molecule,
leading to collision-induced emission in the same wave-
length as our signal. The differential emission rate of
photons per unit frequency w is given by

A(@:%Mo f Thdb{old(v,b.w)P),  (8)

where v is the relative velocity of two CO molecules,
b is the impact parameter, a is the diameter of a CO
molecule, and d(v,b,w) is the Fourier transform of the
transition dipole moment between the ground and the
electronic state under consideration, and (.) denotes an
average over the relative velocity distribution. As a first
estimate, we assume that the transition dipole moment
is independent of the impact parameter, leading to the
geometric cross section

2a2w3
3

A(w) = nco(vld(v,w)?). 9)
Next, following the work of Karman et al. [I7], it is possi-
ble to find an analytical expression for |d(v,w)|*, assum-
ing that the excitation is due to short-ranged exchange
interactions, yielding

2

|d(v7w)|2 =

where p is the reduced mass of the CO-CO system. In
Eq. , the transition dipole moment is assumed to
scale as d = dpe™ ", where dj is the transition dipole mo-
ment in the asymptotic region and + is the length scale
of the dipole surface, which we estimate as v = 3 ag' and
do = 1 Debye. Finally, we calculate the speed distribution
of the scattered CO molecules fco(v) using the kinemat-
ics of 2 — 2 hard-sphere scattering; this is formally iden-
tical to the standard calculation for dark matter-induced
nuclear recoil [I8]. The total rate per unit frequency, as-
suming every CO molecule undergoes a primary neutron
scattering, is

2. .3
207w nco[fco(v) d(v,w)2do. (1)

A(w) = 3

(72 + 1202) + 2(72 = p202) (2w + 1202 + (207 + 2p10)

(

The emission spectra for two fiducial choices of maxi-
mum neutron beam energy are shown in Fig. |3] along
with the signal spectra from Fig. 2| normalized to the to-
tal signal rate. Note that the background spectra are
continuous while the signal spectra are discrete from the
vibrational transitions shown in Fig. Integrating the
spectra over the range 250 — 800 nm, which contains the
majority of the Migdal signal and represents a reason-
able window for SiPM detection, yields background rates
of 9.2 x 107 /s for Eyay = 100 eV and 1.5 x 1075/s for
Einax = 18 V. Compared to the expected Migdal rates
of 0.13/s for Fiyax = 100 eV and 0.013/s for Epax = 18 €V,
the photon emission rate from secondary collisions is sup-
pressed by more than two orders of magnitude in both
cases, and thus is likely negligible in our setup.



Finally, we note that assuming the aforementioned
backgrounds can be mitigated, the dark rate of the SiPMs
will determine the required data-taking time for a given
detection significance. For example, a dark rate of 1 Hz
will yield B = 1.44x10* background counts in 2 hours; we
expect S = 624 signal events in the same interval, yield-
ing an estimated sensitivity S/v/B = 5.2 assuming that
the dark counts are uncorrelated Poisson noise. Thus it
is plausible that a statistically-significant detection can
achieved with O(hours) of beam time.

Conclusions. In this Letter we have laid out a detec-
tion strategy for the molecular Migdal effect using low-
energy neutron beams scattering off diatomic CO gas.
The same approach is undoubtedly applicable to other
diatomic gases, such as N,. However, further data on
electronic quenching cross sections are required to make
realistic predictions. Similarly, it could be possible to
use highly polar molecules and, via a static electric field,
exploit the distinctive directionality of the Migdal effect
as studied in Ref. [7]. This setup could also further re-
duce backgrounds and avoid the reabsorption of photons
coming from the B — X pathway, although the imple-
mentation is necessarily more complex than the present
proposal. One could also consider using a buffer gas, such
as He, to broaden the electronic transition [19] allowing
for larger densities of molecules and thus a higher Migdal
signal rate. We look forward to detailed follow-up stud-
ies on the feasibility of our proposed setup at neutron
facilities such as the SNS.
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