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Atomic Ionization by Scalar Dark Matter and Solar Scalars
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We calculate the cross sections of atomic ionization by absorption of scalar particles in the energy range
from a few eV to 100 keV. We consider both nonrelativistic particles (dark matter candidates) and
relativistic particles that may be produced inside the Sun. We provide numerical results for atoms relevant
for direct dark matter searches (O, Na, Ar, Ca, Ge, I, Xe, W and TI). We identify a crucial flaw in previous
calculations and show that they overestimated the ionization cross sections by several orders of magnitude
due to violation of the orthogonality of the bound and continuum electron wave functions. Using our
computed cross sections, we interpret the recent data from the Xenon1T experiment, establishing the first
direct bounds on coupling of scalars to electrons. We argue that the Xenon1T excess can be explained by
the emission of scalars from the Sun. Although our finding is in a similar tension with astrophysical bounds
as the solar axion hypothesis, we establish direct limits on scalar DM for the ~1-10 keV mass range. We
also update axio-ionization cross sections. Numerical data files are provided.
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The nature of dark matter (DM) remains an unsolved
problem of modern physics. Current experiments searching
for the simplest form of the weakly interacting massive
particles (WIMPs) have exhausted their predicted param-
eter space without obtaining unequivocal signals [1-8].
With experimental tests for supersymmetric theories, which
supply WIMP candidates [9-16], also experiencing diffi-
culties, there is a growing interest in other DM candidates,
including pseudoscalars (axions and axionlike particles
[17-32]) and scalars. In particular, the intriguing excess
rate in the recent XenonlT experiment [33] was attributed
to solar axions (at the 3.5¢ level). Although this interpre-
tation remains in tension with astrophysical bounds [34],
here we examine if the scalar particles could account for the
observed XenonlT excess. Not only do we show that the
previous work [35] substantially overestimated the cross
sections of atomic ionization by scalars and provide cross
section data for a variety of detectors, we also demonstrate
that the XenonlT excess can be explained by the emission
of scalars from the Sun. Our finding is in a similar tension
with astrophysical bounds as the solar axion hypothesis;
however, we establish direct limits on scalar DM for the
~1-10 keV mass range.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/21/127(8)/081301(7)

081301-1

Examples of scalars are abundant and include the scalar
familon, the sgoldstino, the dilaton, the relaxon, moduli,
and Higgs-portal DM. Among these, the Higgs-portal
scalar DM has become particularly well motivated since
the discovery of the Higgs particle at the Large Hadron
Collider [36]. Detection techniques for ultralight DM
scalars of mass m < 1 eV rely on a variety of techniques:
atomic clocks [37—42], resonant-mass detectors [43], accel-
erometers [44], atomic gravitational wave detectors [45],
laser and maser interferometry [39,46-48], atom interfer-
ometers [49], pulsar timing, and nongravitational lensing
[50]. Interactions between heavier scalars and electrons can
drive detectable bound-bound transitions in atomic and
molecular systems [51] if their energies match the transition
frequencies. Here we focus on DM scalars of mass
m ~ O(keV) that can drive bound-continuum transitions,
leading to ionization of atoms. This ionization channel
contributes to the detection rates of DM particle detectors.
Because DM halo particles are nonrelativistic, ultralight
DM scalar candidates cannot be probed directly in particle
detectors because of their small energies. Nevertheless,
these detectors may be sensitive to the fluxes of ultralight
scalars produced in the Sun. Solar scalars may have enough
energy to ionize the detector’s atoms, leading to measurable
signals.

In this Letter we consider the ionization of atoms by
scalar particles. This process was considered alongside the
axioelectric effect in an attempt to explain the signal
modulation observed by DAMA/Nal [35]. It was later
pointed out that Bernabei et al. [35] underestimated the
axioelectric effects by several orders of magnitude due to
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the omission of the leading term in the axion-electron
Hamiltonian [52]. Here, we show that Bernabei et al. [35]
overestimated the scalar ionization process by several
orders of magnitude due to the use of electron plane waves
that do not obey orthogonality conditions to electron bound
states. Furthermore, the calculation in Ref. [35] used a
simple model of atoms that ignored relativistic and many-
body effects. As a result, a relativistic Hartree-Fock (HF)
atomic calculation of the ionization cross section is needed
and is performed, for the first time, in this Letter. The
results of this work may be used in experiments searching
for DM and solar particles using underground detectors.
Theory.—The Lagrangian density of a scalar field ¢
coupled to an electron field y may be written in the form

‘Cz]bée = \/ﬁg%ée@/_/% (1)
where g,4., is a dimensionless coupling constant. We
consider the ionization process in which an atomic electron
in the bound state absorbs a scalar particle ¢ with energy €
and is ejected into the continuum. The ionization cross
section may be written in the form

0y = Gyee(c/0)Q(€)ag, 2)

where ¢ is the speed of light, v is the scalar particle’s
velocity in the laboratory frame, and ay &~ 5.29 x 10! m
is the Bohr radius. In standard halo models of nonrelativ-
istic DM, a typical velocity is » ~ 10~3¢. We also consider
the case of ultrarelativistic scalars, which may be produced
in the solar interior. Therefore, in addition to the non-
relativistic scalar case, we performed calculations for
m = 0. All intermediate cases are between the curves for
the nonrelativistic case and m =0 case in the graphs
in Fig. 2.

The dimensionless form factor Q(e) may be presented as
a multipolar expansion (see the Supplemental Material [53]
for a derivation)

ﬂhc
o ZZ (2L +1

bc L=0

Blloclle). (3)

where the reduced matrix element (b||v; ||c) is given by

(bllozlle) = (=1)7712/(2jy + D (2jc + 1)

Jb Je L
X (I, +L+1,
(—1/2 1/2 0) (7 )
x / (ferfe — o geygec)jn (kr)dr. (4)

Here, the functions f and g are the upper and lower radial
components of the electron wave function

A

where a is the fine structure constant, ¢, is the electronic
bound state’s energy, j, its total angular momentum, /,, its
orbital angular momentum, and k, = (j, + 1/2)(=1)b"1.
The quantities €., j., [, and k.. are similarly defined for the
continuum state. We assumed that the bound state wave
functions are normalized to unity whereas the continuum
wave functions are normalized to the § function of
energy &(e. —€..). Note that the continuum state energy
necessarily satisfies the energy conservation condition
€. = €, + €. The function I1(x) imposes parity selection
rules; it returns 1 if x is even and zero if x is odd. The
quantity k = \/(e/c)* — (mc)*/h = ev/(hc?) is the wave
number of the scalar particle and j; (...) is the spherical
Bessel function of order L. The summation over L saturates
very rapidly and we cut it at L = 3. The electronic bound
and continuum wave functions needed for the radial
integral in Eq. (4) are calculated using the relativistic
HF method. The HF energies of all core states for several
atoms of interest may be found in the Supplemental
Material [53].

Itis worth emphasizing the failure of the photoionization-
derived intuition (see, e.g., [54]) about the relative impor-
tance of various multipolar contributions to Eq. (3). We find
that the monopole L = 0 contribution is suppressed due to
the following “orthogonality” arguments. The integral in the
monopole (L = 0) contribution to the matrix element in
Eq. (4) may be presented as

/ (fléZfe{ - azgleq;;ga )Jo(kr)
= 2a2/g§ﬁjg§( dr
/ (975 — g g olkr) — dr,  (6)

where we have used the orthogonality condition between
the bound and continuum radial wave functions,
[ (fe fec + a*get gec)dr = 0. In the nonrelativistic approxi-
mation, the first term on the right-hand side of Eq. (6)
vanishes and the second term is small because
|jo(kr) — 1| =~ (kr)?/6. For massive nonrelativistic scalar
kr ~0. For massless scalar, kr <1 in the interested
energy range.

Bernabei et al. [35] calculated the integral in Eq. (6) in
the nonrelativistic electron limit and obtained a nonzero
result when jo(kr)~ 1. This is because they used, for
the outgoing electron, plane waves instead of proper
continuum wave functions, violating the orthogonality
condition. As a result, Bernabei et al. [35] strongly
overestimated the cross section. In Fig. 1, we show the
results of computing the form factor Q(e) for the ionization
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FIG. 1. Comparison of the form factor Q(e) for ionization of Xe

by massive scalars obtained by using a HF continuum wave
function (red line), a free continuum wave function (black line),
and a free continuum wave function with an orthogonality
condition imposed (blue line).

of Xe by massive scalars using (a) a HF continuum wave
function, (b) a free continuum wave function, and (c) a free
continuum wave function with orthogonality condition

enforced manually. It is clear that the naive use of a free
continuum wave function gives incorrect results [55].

The next order term with L = 1 in Eq. (4) is proportional
to [ ferferdr, which is the same as the radial integral
appearing in the photoionization cross section o¢,. For
ultrarelativistic scalars, this L = 1 term dominates over
the small L = 0 term and one has (see the Supplemental
Material [53]).

~
~

oy(m =0)/0,(¢, = €) ¥ gjz./ (4na). (7)
On the other hand, for massive scalars, the L = 1 con-
tribution is suppressed, compared to its massless counter-

part, by the factor v/c =~ 1073,

of=!(mc? ~e)/o,(e, = €) ® gy, v/ (4mac).  (8)
This suppression factor makes the massive L = 1 term

somewhat smaller than the massive L = 0 term.
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FIG. 2. Dimensionless form factors in the ionization cross sections of O, Na, Ar, Ca, Ge, I, Xe, W and TI by scalar particles of mass m
and energy e. Thin black line, Q for m = 0; thin dashed black line, Q for mc? = e; thick red line, Q for m = 0; thick dashed blue line, Q
for mc? = e. The leftmost sides of the graphs correspond with the lowest energies that can excite an electron. For all energies smaller
than these, the factors Q and Q have value zero. The numerical data used to plot these graphs and others are presented in the

Supplemental Material [53].
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Using Eq. (7) and experimental data on photoionization
cross sections [57-59], we performed a test for our
numerical calculations, obtaining agreement within a few
percent accuracy, except for near the thresholds of ioniza-
tion, where the difference is about 10%.

Results.—We computed the form factor Q(¢) in the
expression for the ionization cross section (2) for several
atoms currently used in DM search experiments including
O, Na, Ar, Ca, Ge, I, Xe, W and Tl [2-5,24,33,60-67]. The
results are presented in Fig. 2. In our calculations, corre-
lation corrections and field-theoretic effects beyond the
relativistic HF approximation are ignored. The accuracy of
this approximation is a few percent due to the dominating
contribution from the inner core states. For these states the
correlation corrections are small due to a strong nuclear
field. The initial core state is calculated in a self-consistent
potential including all electrons whereas the final electron
state in the continuum is calculated in the potential of the
ionized core. We use Eq. (6) to avoid problems with the
orthogonality condition. For energies above 100 eV, there is
practically no difference between the results obtained this
way and those obtained when both initial and final states
are calculated in the same potential. For smaller energies,
however, the deviations are significant and use of more
accurate potentials combined with Eq. (6) is important.

We computed the form factor Q assuming that outgoing
electrons with any nonzero energy are detectable. However,
current experiments can detect recoil electrons only with
energy 1 keV or above (see, e.g., Ref. [33]). Thus, we also
computed a reduced factor Q that receives contributions
only from those subshells that give rise to outgoing
electrons with energy at least 1 keV. The result from this
calculation for Q may be directly used to interpret recent
DM search results (see, e.g., Refs. [33,68]).

It is illustrative to compare the dimensionless factor Q(¢)
for the ionization by a scalar particle with the dimensionless
factor K(e) of the axioelectric effect, defined via [56,69]

o, = (€0/fa)*(c/v)K(€)ap, )

where o, is the axioelectric cross section and e, =
27.21 eV is the Hartree energy. As shown in Ref. [56],
K(e) is generally the largest when the energy of the
incoming axion is large enough to excite the 1s, 2s, and
2 p core electrons. In contrast, one observes from Fig. 2 that
O(e) generally peaks for sub-keV scalar particles. This fact
may be readily verified in the case of a massless axion and a
massless scalar particle. Using Eq. (7) and the relation (see
Ref. [52])

o (m, =0)/0,(e, =€) ¥ €*/(2naf;)  (10)
(here ¢ is the axion energy), one obtains

Q(m = 0)/K(m, = 0) ~ e5/(2¢?), (11)
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FIG. 3. Exclusion region for the |g,;,|,,,, coupling strength as
implied by XenonlT experiment, assuming that the XenonlT
signal was caused by ionization by scalar dark matter.

which shows that at high energies Q(e) is suppressed in
comparison with K(e). We tested the relation (11) numeri-
cally and found agreement within a few percent accuracy.
The numerical data for the form factor K and its “cutoff”
version K are also presented in the Supplemental
Material [53].

We now place limits on the electron-scalar coupling
constant by assuming that the excess events recently
recorded by the XenonlT experiment [33] were a result
of ionization by scalars.

We consider first the case in which the scalar particles
saturate the local cold DM density ppy ~ 0.3 GeV/cm?®.

In this case, the scalar flux is (I)gM = vppm/(mc?), where
v~ 1073¢ and the expected ionization signal peaks at the
scalar energy e =~ mc?, with an event rate given by

4. C =5 ee 2 k M
R N_SQ(m cz) ( g¢_17> (e_\;> <_>’ (12)
A year 10 mc ton

where A is the average atomic mass number of the detector
medium and M is the medium’s total mass (A ~ 131 and
M = 1ton for XenonlT). Note that we have used the
“cutoff” form factor Q to account for the energy threshold
of the detector.

The Xenon1T experiment reported an event rate of about
23.5/(ton x year) at around 2 keV. From the Supplemental
Material [53], we have Ox.(e=mc?>=2keV)~1.94x1073.
Substituting these values into Eq. (12), we find that the
XenonlT result is consistent with

|9gelppy & 8:2 x 10715, (13)
assuming that it is caused solely by scalar DM. The
XenonlT result may also be interpreted as imposing a
constraint on |g,;.| for different scalar mass, as shown
in Fig. 3.

Next, we consider the case in which the ionizing scalars
are of solar origin, assuming v =~ c¢. Assuming that the
dominant mechanisms for producing of solar scalars are the
atomic recombination and deexcitation, Bremsstrahlung,
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FIG. 4. Exclusion region for the |g,;,|..,,. coupling strength as
implied by the XenonlT experiment, assuming that the Xenon1T
signal was caused by ionization by solar scalar.

and Compton-like (ABC) processes, we estimate the solar
scalar flux from solar opacity, as was done for axion in
Ref. [70]. Using Egs. (7) and (10), we write the ratio
between the axion and scalar emission cross sections, and
thus the corresponding fluxes, as

(D(sﬁolar/q)golar = 2g%¢éemg/(gzée€2)’ (14>

where ¢,z =2m,/f,. Note that although we derived
Egs. (7), (10), and (14) for the case of bound-free electron
transitions (ionization or recombination), they also hold for
the cases of free-free (Bremsstrahlung and Compton-like
processes) and bound-bound (deexcitation) transitions.
Redondo [70] gave, for g,z = 10713, the value @ =~
0.95 x 10%°/(yearm?) at an incoming axion energy of
2 keV [71]. Using this value and Eq. (14), we write the

rate of ionization by solar scalars as

830(m=0 e \*(keV\2 /M
R332 =0) (gyee \*(KVAZ(MA (g

A year 1071 € ton
Substituting into Eq. (15) the XenonlT event rate of

23.5/(tonxyear) and the value Qx.(m = 0,e = 2 keV) ~
0.144, one finds that the Xenon1T result is consistent with

|9gze| gy & 1.0 x 10714, (16)

Using the dependence on e of R [33], Q(m = 0) and the
solar axion flux [70], we also derived limits on |gz,| .. as
presented in Fig. 4.

We now compare the limits on g,;, with those due to
other DM searches and astrophysical observations. It is
useful to convert from gy;, to the electron mass modulus
d,,, , defined via

solar

9pee = V 4ﬂdm€me/mP’ (17)

where mp =~ 1.22 x 10" GeV is the Planck mass. The

constraint on |d,, |, may be inferred from that on

10"

dm,

108

"

RG cooling  HB (continuum)-|

105 I HB (resonant) solar scalar

0.001 0.010 0.100 1 10 100
mc? (keV)

FIG.5. Comparison of our limits on the electron mass modulus
|d,, | of scalar DM (thick red) and solar scalar (thick blue)
implied by XenonlT results with constraints from fifth-force
searches (thin black) [72], red-giant cooling (thick purple), and
horizontal-branch (HB) cooling (thick and thin orange) [73] and
the naturalness argument (green) for a 10 TeV cutoff.

|9pzelpy Presented in Fig. 3. The constraint on |d,, | ..
may be inferred from that on [g,;,| .. at a scalar energy
2 keV, where the XenonlT signal is the strongest, yielding

\d,,

ot < 6.8 107, (18)
Note that Eq. (18) is independent of the scalar mass m, as
long as mc> < € =2 keV.

Figure 5 shows constraints on |d,, | alongside with those
due to other scalar DM searches and astrophysical consid-
erations. We see that the XenonlT limits on |d,, |, and
|dn, |1 €Ut deep into the natural parameter space for a
10 TeV cutoff (the region below the green line). They are
always better than fifth-force limits, are about an order of
magnitude less stringent than the red-giant cooling limit,
and are comparable with or better than horizontal-branch
cooling limits.

One source of the observed excess rate in the Xenon1T
experiment was attributed to the solar ABC axions [33].
Although the XenonlT-derived constraints on the axion-
electron coupling strength are a factor of 5-10 weaker than
those from astrophysical analyses, Aprile et al. [33] argue
that this tension could be relieved by underestimated
systematic uncertainties in astrophysical analyses or esti-
mates in solar fluxes (see, however, Ref. [34]). Since the
ABC axion solar fluxes can be directly scaled to scalar
fluxes [see Eq. (14)], we can draw a similar conclusion: the
excess rate in XenonlT can be also attributed to the solar
scalars. As Fig. 5 shows, this interpretation is also in a
similar tension with current astrophysical bounds. Finally,
the scalar signal may also be detected by looking for
diurnal and annual modulation in the same way as with
solar axion and galactic dark matter.
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