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FIG. 4. The 90% CL constraints (cyan shaded regions) from a SENSEI prototype detector located underground near the
MINOS cavern at FNAL. We show constraints on the DM-electron scattering cross-section, �e, as a function of DM mass, m�,
for two di↵erent DM form factors, FDM(q) = 1 (left) and FDM(q) = (↵me/q)

2 (middle), and constraints on the kinetic-mixing
parameter, ✏, versus the dark-photon mass, mA0 , for dark-photon-dark-matter absorption (right). The thick blue and red lines
use the one- and two-electron-rate constraints from the periodic-readout data, respectively, while the green line combines
the three-electron-rate constraints from the continuous-readout and periodic-readout data. Constraints are also shown
from the SENSEI surface run [13], XENON10 and XENON100 [17], DarkSide-50 [18], and CDMS-HVeV (without Fano-factor
fluctuations) [19] for the left and middle plots, and from the SENSEI surface run [13], DAMIC [20], XENON10, XENON100,
and CDMSlite [7] for the absorption limits on the right plot.

locity distribution [22] with a DM escape velocity of
544 km/s, and a mean local velocity of 220 km/s. To
be conservative, we do not include Fano-factor fluctua-
tions.

For DM-electron scattering, m� . 1 MeV (1 MeV .
m� . 4 MeV) is constrained most stringently by
the observed one-electron (two-electron) event rate
in the periodic-readout data, while the combined
continuous-readout and periodic-readout data pro-
vides the best SENSEI constraint form� > 0.4 MeV from
observing no three-electron events. These results provide
the most stringent direct-detection constraints on DM-
electron scattering for 500 keV . m� . 5 MeV. For
DM absorption, SENSEI now provides the world-leading
constraint for some range of masses below 12.4 eV.

OUTLOOK. The SENSEI Collaboration is procuring
⇠ 100 grams of new Skipper-CCDs and custom-designing
electronics for an experiment at SNOLAB. We expect
these new sensors to have an improved noise performance
and lower dark-count rate due to the use of higher-quality
silicon. We are implementing mitigation strategies for
amplifier-induced events based on a combination of op-
timizing the exposure time, readout-stage voltages, and
fiducialization, and exploiting the elongated form factor
of new detectors.
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of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Ze↵(r)/r. Ze↵(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l

0
, L once it converges.

Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, ne, (unobserved)
scintillation photons, n� , and heat. To calculate ne, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, Ni, and
a number of excited atoms, Nex, whose initial ratio is
determined to be Nex/Ni ⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, fR, is essentially zero at low energy,
resulting in ne = Ni and n� = Nex. The fraction, fe,
of initial quanta observed as electrons is therefore given
by fe = (1 � fR)(1 + Nex/Ni)�1

⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = Eer/W , where Eer is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with fR and Nex/Ni, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use Nex/Ni = 0.2, fR = 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < fR < 0.2, 0.1 < Nex/Ni < 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
Nex/Ni are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for fR is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n

(1) =
Floor(Eer/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n

(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus ne = n

0
e + n

00
e , where n

0
e represents the

primary electron and is thus 0 or 1 with probability fR

or (1 � fR), respectively, and n
00
e follows a binomial dis-

tribution with n
(1) + n

(2) trials and success probability
fe. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and FDM = 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
fR, Nex/Ni and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the mDM-�e plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(FDM = 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by
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FIG. 5. The 90% confidence level upper limits (black lines with gray shading above) on DM-matter scattering for the models
discussed in the text, with the dark matter mass m� on the horizontal axes. We show other results from XENON1T in blue [5, 6],
LUX in orange [39–42], PandaX-II in magenta [31, 43, 44], DarkSide-50 in green [36, 45, 46], XENON100 in turquoise [14, 47],
EDELWEISS-III [48] in maroon, and other constraints [35, 49–51] in purple. In panel D, the dashed line shows the limit without
considering signals with < 12 produced electrons; the solid line can be compared to the constraints from [35, 36] shown in the
same panel, the dashed line to our results on other DM models, which use the Qy cuto↵s described in the text. The limits jump
at 17.5GeV/c2 in panel A (and similarly elsewhere) because the observed count changes from 10 to 3 events in the ROIs left
and right of the jump, respectively.

Third, bosonic DM candidates, such as dark photons
and axion-like particles (ALPs), can be absorbed by xenon
atoms, analogous to photons in the photoelectric e↵ect.
The result is a monoenergetic ER signal at E� = m�c2,
with rates of


4 ⇥ 1023 keV · 2/E�

1.3 ⇥ 1019 keV�1 · gae
2E�

�
�pe

A
kg�1day�1,

where the top row corresponds to dark photons [37] and
the bottom to ALPs [38]. Here �pe is xenon’s photoelectric
cross-section at E� in barn, A xenon’s atomic mass in

u,  the dark photon-photon kinetic mixing parameter,
and gae the axioelectric coupling constant. This process
allows us to constrain keV-scale DM candidates.

Inference and Results.—We constrain these DM models
based on the number of events in pre-determined S2 ROIs,
which vary for each model and mass. The ROIs are opti-
mized to give stringent limits on the training data, while
requiring that the lower (upper) bound is between the
5th and 60th (40th and 95th) percentile of the signal dis-
tribution in S2 2 [90, 3000] PE after selections, and never
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FIG. 4. Comparison of the contribution of the 3s state to the
atomic kernel of iodine in the relativistic and nonrelativistic
approximations: (top) as a function of the energy deposition
(�E) for a value of the momentum transfer of q ' 9MeV,
and (bottom) as a function of q for �E ' 4 keV.

numerics, however, this is not necessary for the current
purpose.)

B. Calculations of the atomic kernel

To perform the atomic structure calculations we use
the relativistic Hartree-Fock method, which is described
briefly in Appendix A. Calculations of the bound-state
energies for the core orbitals of atomic Na, Ge, I, Xe,
and Tl are given in Table I.

In Fig. 5, we plot the contributions of the di↵erent core
states to the atomic kernel (9) for iodine as a function
of the energy deposition for a fixed momentum transfer.
It is seen that the s-states dominate the amplitude, as
expected. In Fig. 6 we plot the 3s core contribution to
the iodine atomic kernel for di↵erent values of the maxi-
mum included continuum-state angular momentum as a
function of the momentum transfer for fixed energy de-
position. For very low values of momentum transfer, only
the j = 1/2 states give significant contributions. For in-
termediate values, higher angular momentum states be-
come important. For the high momentum transfer values,

TABLE I. Relativistic Hartree-Fock ionization energies for the
core states of Na, Ge, I, Xe, and Tl in atomic unitsa.

Atom Na Ge I Xe Tl
Z 11 32 53 54 81

1s1/2 40.54 411.1 1226 1277 2851
2s1/2 2.805 53.46 193.0 202.5 484.5
2p1/2 1.522 47.33 180.6 189.7 465.7
2p3/2 1.515 46.15 169.6 177.7 465.7
3s1/2 0.182 7.410 40.53 43.01 117.1
3p1/2 5.325 35.34 37.66 108.2
3p3/2 5.157 32.21 35.33 108.2
3d3/2 1.616 24.19 26.02 91.71
3d5/2 1.592 23.75 25.54 91.71
4s1/2 0.569 7.759 8.430 26.88
4p1/2 0.282 5.869 6.453 22.92
4p3/2 0.273 5.450 5.983 22.92
4d3/2 2.342 2.711 15.65
4d5/2 2.274 2.634 15.65
5s1/2 0.876 1.010 4.617
5p1/2 0.434 0.493 3.230
5p3/2 0.390 0.440 3.230
4f5/2 5.784
4f7/2 5.784
5d3/2 0.967
5d5/2 0.967
6s1/2 0.360
6p1/2 0.201
6p3/2 0.201

a Note: 1 au = 27.211 eV

which are those relevant to the ionization problem, the
higher angular momentum states contribute negligibly
and only s-wave continuum states are important. Note
that this is a result of the relativistic e↵ects; in the non-
relativistic limit higher angular momentum states con-
tribute non-negligibly because the s-state contribution is
significantly underestimated. The general result is that
in the calculations, only s-states need to be considered
both for the bound states and for the continuum states,
as suggested above; p-states contribute at the few-percent
level. We have checked this in the direct calculations of
the cross section as well, and it continues to hold true.
Regardless of that, in our full atomic structure calcula-
tions we keep all higher angular momentum states until
the cross section converges explicitly to the ⇠ 0.1% level.
For lower values of energy deposition (�E . 1 keV) this
condition becomes less strong. Though not directly rel-
evant to the DAMA experiment, (�E . 1 keV) range
may be important for other types of electron-recoil ex-
periments, such as the XENON10 experiment [50], and
those suggested in Refs. [34, 37].

⇠ q�8
<latexit sha1_base64="1z/iHOujC0b2fj1Gjx52y2rVUnI=">AAACBXicbVDLSgMxFM34rPVVdekmWAQ3lpkq2GXRjcsK9gHtWDJppg1NMmNyRyhD136BW/0Cd+LW7/AD/A/Tdha29cCFwzn3cg8niAU34Lrfzsrq2vrGZm4rv72zu7dfODhsmCjRlNVpJCLdCohhgitWBw6CtWLNiAwEawbDm4nffGLa8EjdwyhmviR9xUNOCVip3TFc4seH9Lwy7haKbsmdAi8TLyNFlKHWLfx0ehFNJFNABTGm7bkx+CnRwKlg43wnMSwmdEj6rG2pIpIZP51GHuNTq/RwGGk7CvBU/XuREmnMSAZ2UxIYmEVvIv7ntRMIK37KVZwAU3QuRRpoMmQwex4mAkOEJ53gHteMghhZQqjmNj+mA6IJBduc7cVbbGGZNMol76JUvrssVq+zhnLoGJ2gM+ShK1RFt6iG6oiiCL2gV/TmPDvvzofzOVtdcbKbIzQH5+sXktyZNQ==</latexit>

⇠ q�6+2(Z↵)2

<latexit sha1_base64="NjxX5WH0NvffpescRfRPTcDRizo=">AAACFXicbVDJSgNBEO2JW4zbqCfx0hiEiBhmRlGPQS8eI5gFs1HT6SRNeha7e4QwBD/DL/CqX+BNvHr2A/wPO8kcTOKDgsd7VVTVc0POpLKsbyO1sLi0vJJezaytb2xumds7ZRlEgtASCXggqi5IyplPS4opTquhoOC5nFbc/vXIrzxSIVng36lBSBsedH3WYQSUllrmXl0yDz8045PzYyd3j+vAwx4cNZ1hy8xaeWsMPE/shGRRgmLL/Km3AxJ51FeEg5Q12wpVIwahGOF0mKlHkoZA+tClNU198KhsxOMXhvhQK23cCYQuX+Gx+nciBk/KgefqTg9UT856I/E/rxapzmUjZn4YKeqTqStiV0CfqsnyTsSxCvAoI9xmghLFB5oAEUzfj0kPBBClk9S52LMpzJOyk7dP887tWbZwlSSURvvoAOWQjS5QAd2gIiohgp7QC3pFb8az8W58GJ+T1pSRzOyiKRhfv+T8ngo=</latexit>
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numerics, however, this is not necessary for the current
purpose.)

B. Calculations of the atomic kernel

To perform the atomic structure calculations we use
the relativistic Hartree-Fock method, which is described
briefly in Appendix A. Calculations of the bound-state
energies for the core orbitals of atomic Na, Ge, I, Xe,
and Tl are given in Table I.

In Fig. 5, we plot the contributions of the di↵erent core
states to the atomic kernel (9) for iodine as a function
of the energy deposition for a fixed momentum transfer.
It is seen that the s-states dominate the amplitude, as
expected. In Fig. 6 we plot the 3s core contribution to
the iodine atomic kernel for di↵erent values of the maxi-
mum included continuum-state angular momentum as a
function of the momentum transfer for fixed energy de-
position. For very low values of momentum transfer, only
the j = 1/2 states give significant contributions. For in-
termediate values, higher angular momentum states be-
come important. For the high momentum transfer values,

TABLE I. Relativistic Hartree-Fock ionization energies for the
core states of Na, Ge, I, Xe, and Tl in atomic unitsa.

Atom Na Ge I Xe Tl
Z 11 32 53 54 81

1s1/2 40.54 411.1 1226 1277 2851
2s1/2 2.805 53.46 193.0 202.5 484.5
2p1/2 1.522 47.33 180.6 189.7 465.7
2p3/2 1.515 46.15 169.6 177.7 465.7
3s1/2 0.182 7.410 40.53 43.01 117.1
3p1/2 5.325 35.34 37.66 108.2
3p3/2 5.157 32.21 35.33 108.2
3d3/2 1.616 24.19 26.02 91.71
3d5/2 1.592 23.75 25.54 91.71
4s1/2 0.569 7.759 8.430 26.88
4p1/2 0.282 5.869 6.453 22.92
4p3/2 0.273 5.450 5.983 22.92
4d3/2 2.342 2.711 15.65
4d5/2 2.274 2.634 15.65
5s1/2 0.876 1.010 4.617
5p1/2 0.434 0.493 3.230
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4f7/2 5.784
5d3/2 0.967
5d5/2 0.967
6s1/2 0.360
6p1/2 0.201
6p3/2 0.201

a Note: 1 au = 27.211 eV

which are those relevant to the ionization problem, the
higher angular momentum states contribute negligibly
and only s-wave continuum states are important. Note
that this is a result of the relativistic e↵ects; in the non-
relativistic limit higher angular momentum states con-
tribute non-negligibly because the s-state contribution is
significantly underestimated. The general result is that
in the calculations, only s-states need to be considered
both for the bound states and for the continuum states,
as suggested above; p-states contribute at the few-percent
level. We have checked this in the direct calculations of
the cross section as well, and it continues to hold true.
Regardless of that, in our full atomic structure calcula-
tions we keep all higher angular momentum states until
the cross section converges explicitly to the ⇠ 0.1% level.
For lower values of energy deposition (�E . 1 keV) this
condition becomes less strong. Though not directly rel-
evant to the DAMA experiment, (�E . 1 keV) range
may be important for other types of electron-recoil ex-
periments, such as the XENON10 experiment [50], and
those suggested in Refs. [34, 37].
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FIG. 1. Atomic factor K (3) for the 3s state of Xe at fixed
energy (2 keV), calculated using di↵erent approximations. For
3s Xe state, we have Ze↵ = n

p
2Injl/EH ' 28.

(Coulomb-like interaction), it reduces to F� = (a0q)�2.
This is a convenient way to parameterise the calcula-
tions, and allows for easy model independent comparison
between di↵erent results.

There is no contribution to the event rate stemming
from DM velocities below vmin =

p
2E/m�, the mini-

mum required to deposit energy E. If the majority of the
target momentum-space wavefunction density lies inside
the (q�, q+) region, then the integration over q in Eq. (2)
is essentially independent of the integration limits, so one
may write

hd�vi / ⌘(vmin)

Z
qdq |FDM(q)|2K(E, q) dE,

where ⌘(vmin) is the mean inverse speed of DM parti-
cles fast enough to cause the ionisation (v > vmin) for
the given velocity distribution. This is a common way to
calculate DM direct detection event rates, particularly
for nuclear recoils, however, we note that in the case of
electron scattering it is not valid. The cross section de-
pends strongly on q� and hence the DM velocity, since,
in many cases, the bulk of the electron momentum-space
wavefunction lies below the allowed region for momentum
transfer. This means that a careful treatment of the DM
speed distribution, including uncertainties, is required for
the analysis (see also Ref. [44]).

B. Calculation of the atomic ionisation factor

In Fig. 1 we show a comparison of the atomic ionisation
factor as calculated using a number of di↵erent approxi-
mations, as a function of the momentum transfer q (for
fixed E). For the values relevant to this work, around
q ⇠ 1MeV, there is almost four orders of magnitude dif-
ference between the various approximations. Also note
that the relativistic e↵ects are very important for large q,
and the corrections continue grow with increasing q [27].

Since the typical kinetic energy of a ⇠GeV mass

WIMP is large compared to typical atomic transition en-
ergies, the minimum momentum transfer is given ~qmin ⇠
m�v� ⇠ E/v� (4). Therefore, we see that ~qmin &
mev2e/v� = pe(ve/v�) � pe, with ve ⇠ ↵c � Z↵c the
typical velocity of an atomic electron. The consequence
is that only the very high-momentum tail of the wave-
functions (in momentum space) can contribute to such
processes. In position space, this part of the wavefunc-
tion comes from distances very close to the nucleus. For
a detailed discussion, see Ref. [27].
Therefore, care must be taken to perform the cal-

culations of such processes correctly. For example, it
is common to calculate such processes using analytic
hydrogen-like wavefunctions, with an e↵ective nuclear
charge, which is chosen to reproduce experimental bind-
ing energies: Ze↵ = n

p
2Injl/EH . While such functions

give a reasonable approximation for low q, for the large q
values important for this work, they drastically underes-
timate the cross-section. This is because such functions
have incorrect scaling at distances close to the nucleus,
which is the only part of the electron wavefunction that
can contribute enough momentum transfer.
Another common approach is to approximate the out-

going ionisation electron wavefunction as a plane wave
state. Such functions also have the incorrect scaling at
small distances, and underestimate the cross section by
orders of magnitude for large q. (This is mostly due
to the missing Sommerfield enhancement as discussed in
Ref. [40].) More details regarding this point are given in
Appendix A.
Therefore, to perform accurate calculations one must

employ a technique known to accurately reproduce the
electron orbitals. Namely, the relativistic Hartree-Fock
method, including finite-nuclear size, and using contin-
uum energy eigenstates as the outgoing electron orbitals.
Detailed calculations and discussion was presented in
Ref. [18]. Formulas are given in the appendix A.
Given the extreme dependence on the atomic physics

seen in Fig. 1, it is important to estimate the uncer-
tainty in the calculations. To gauge this, we also cal-
culation the cross-section using other (simpler) methods.
Namely, we exclude the e↵ect of the exchange potential
from the Hartree-Fock method, and also solve the Dirac
equations using only a local parametric potential (cho-
sen to reproduce the ionisation energies) instead of the
Hartree-Fock equations. The e↵ect this has on the cal-
culations is very small, with the main di↵erence coming
from small changes in the calculated values for the ionisa-
tion energies. This is as expected, since the cross-section
is due mainly to the value of the wavefunctions on small
distances, close to the nucleus, where many-body elec-
tron e↵ects are less important (but the correct scaling
is crucial). All of these methods (unlike the e↵ective
Z method, or plane-wave assumption) give the correct
small-r scaling of the bound and continuum electron or-
bitals.
The finite-nuclear size correction is important for large

values of q, but is small compared to the relativistic cor-
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Including directionality: subtleties?

Essig et al arXiv:1509.01598

In general, both the electron wavefunctions and the DM velocity distribution will not be spheri-
cally symmetric. As noted in [9], the rate will then depend on the orientation of the target with respect
to the galaxy. Here we ignore this interesting complication, and approximate the velocity distribu-
tion as being spherically symmetric. We can then use the d3v integral to eliminate the �-function in
Eq. (A.12), giving

R1!2 = ⇢�/m�
�e
µ2
�e

Z
d3q

4⇡

Z
v2dvd�v

qv
g�(v)⇥

⇣
v � vmin(q,�E1!2)

⌘
⇥ |FDM(q)|2|f1!2(~q )|

2

= ⇢�/m�
�e

8⇡µ2
�e

Z
d3q

1

q
⌘
�
vmin(q,�E1!2)

�
|FDM(q)|2|f1!2(~q )|

2 . (A.14)

Here ⌘(vmin) has its usual definition,

⌘(vmin) =

Z
d3v

v
g�(v)⇥(v � vmin) , (A.15)

and vmin is a function of q and the energy transfer given by

vmin(q,�E1!2) =
�E1!2

q
+

q

2m�
. (A.16)

A.3 Ionizing an isolated atom

For the purposes of connecting with previous work [9], in this subsection we consider ionization
of electrons bound in isolated atomic potentials. We derive the ionization rate of such a system,
assuming a spherical atomic potential and filled shells. This approximation was used in [9] to model
a liquid xenon target material, and the results below reproduce Eqs. (5) and (6) of that paper. The
full calculation of event rates in liquid xenon would require knowledge of electron wavefunctions in
the dense, disordered xenon liquid. This is a more challenging calculation than for a semiconductor
crystal, but can in principle be performed with similar methods – we leave this for future work. The
corrections, however, can be argued to be small, lowering the ionization threshold and increasing the
event rate.

An electron ionized from an atom can be treated as being in one of a continuum of positive-energy
bound states. These states are affected by the potential well of the atom, but can be approximated as
free particle states at asymptotically large radii. We denote their wavefunctions as e k0l0m0(~x), where
l0 and m0 are angular quantum numbers, and k0 is the momentum at asymptotically large radius. The
energy of such a state is therefore ER = k02/2me.

The ionization rate for such an atom is found by taking Eq. (A.14), summing over occupied
electron shells, and integrating over the phase space of all possible ionized states. Since these are
asymptotically free spherical-wave states, the phase space is

ionized electron phase space =
X

l0m0

Z
k02dk0

(2⇡)3
=

1

2

X

l0m0

Z
k03d lnER

(2⇡)3
, (A.17)

when the wavefunction normalization is, as in [9], taken to be

h e k0l0m0 | e klmi = (2⇡)3�l0l�m0m
1

k2
�(k � k0) . (A.18)
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… but no directional electron scattering 
calculations in the literature (to my knowledge)
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For sub-GeV dark matter:

…but photons and electrons can be 
emitted from the atom

Migdal 1939 
Kouvaris & Pradler PRL 
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A more careful treatment of scattering



Atom emits an electron (Migdal effect)

Ibe, Nakano, Shoji, Suzuki, JHEP, arXiv:1707.07258 
Dolan, Kahlhoefer, CM, PRL, arXiv:1711.09906 

Baxter et al, arXiv:1908.00012 
Essig et al, arXiv:1908.10881
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Polarised atom emits a photon

Kouvaris & Pradler PRL, arXiv:1607.01789 
CM PRD, arXiv:1702.04730 
Bell et al, arXiv:1905.00046

a.

b.

Scattering rate suppression factor ~10-8

Scattering rate suppression factor ~10-5

New (old) idea: emission from the atom



a. Polarised atom emits a photon
Kouvaris & Pradler: 1607.01789, PRL

Maximum photon energy:

!max ⇡ 3 keV · (mDM/1 GeV)

Emax
R ⇡ 0.1 keV

⇥ (131/A) (mDM/1 GeV)2
Maximum nuclear recoil energy:

-

�

+

N
N* recoil

DM

DM

N

γ�
a.

From the kinematics, easy to work out energies:

Positive charge displaced: 
a dipole is formed



keV photons in LUX

~keV photons are 
easily detected
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New constraints and discovery potential of sub-GeV dark matter with xenon detectors

Christopher McCabe1, ⇤

1
GRAPPA Centre of Excellence, Institute for Theoretical Physics Amsterdam and Delta Institute for

Theoretical Physics, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands

Existing xenon dark matter (DM) direct detection experiments can probe the DM-nucleon inter-
action of DM with a sub-GeV mass through a search for bremsstrahlung from the recoiling xenon
atom. We show that LUX’s constraints on sub-GeV DM, which utilise the scintillation (S1) and
ionisation (S2) signals, are approximately three orders of magnitude more stringent than previous
xenon constraints in this mass range, derived from the XENON10 and XENON100 S2-only searches.
The new LUX constraints provide the most stringent direct detection constraints for DM particles
with a mass below 0.5 GeV. In addition, the bremsstrahlung signal in LUX and its successor LZ
maintain the discrimination between background and signal events so that an unambiguous discov-
ery of sub-GeV DM is possible. We show that LZ has the potential to reconstruct the DM mass
with ' 20% accuracy for particles lighter than 0.5 GeV.

I. INTRODUCTION

Identifying the nature of particle dark matter (DM) re-
mains one of the most compelling problems in astroparti-
cle physics. Motivated by the weakly interacting massive
particle (WIMP) paradigm, DM direct detection experi-
ments have traditionally concentrated on the 10 GeV to
10 TeV mass range. The non-detection of DM in this
mass range has led to significant theoretical and experi-
mental e↵orts focussing on lower mass particles.

The di�culty faced by low mass searches is that the
energy deposited in a detector by low mass DM is
small. For instance, the maximum recoil energy im-
parted by DM (of mass mDM) to a nucleus (with mass
number A) in two-to-two elastic scattering is Emax

R ⇡

0.1 keV · (131/A) (mDM/1 GeV)2. The nuclear recoil
energy threshold of dual-phase xenon detectors (AXe '

131) is approximately 1 keV, which implies that they
are limited to mDM & 3 GeV. The lighter nuclei and
lower energy thresholds employed in the CRESST [1, 2],
DAMIC [3], EDELWEISS [4] and SuperCDMS [5, 6] de-
tectors allow them to probe lower masses, with current
exclusion limits reaching down to mDM ' 0.5 GeV. Un-
fortunately, the push to a lower energy threshold comes
with the loss of good discrimination between background
and DM events, limiting their ability to make an unam-
biguous discovery of sub-GeV DM. Beyond this, there
are new proposals and first limits on sub-GeV DM from
DM-electron scattering [7–13]; proposals and first lim-
its from DM absorption [14–19]; and proposals for new
technologies to search for DM-nucleon interactions from
MeV-scale DM [20–23].

In Ref. [24], it was pointed out that existing xenon de-
tectors can probe sub-GeV DM through the irreducible
photon emission in the form of bremsstrahlung from the
recoiling xenon atom. In this two-to-three scattering pro-
cess with a photon in the final state, the maximum pho-
ton energy is !max

⇡ 3 keV·(mDM/1 GeV). We will show

⇤ c.mccabe@uva.nl

later that the LUX dual-phase experiment is sensitive to
photon energies ! & 0.3 keV, implying that sub-GeV DM
can be easily probed through this two-to-three process.
In this note, we calculate the parameter space excluded

by LUX’s two WIMP-seaches [25, 26] and show that
the current generation of dual-phase xenon detectors are
much more sensitive than previously thought (by up to
three orders of magnitude). This is because the photon’s
energy is large enough to produce detectable scintilla-
tion and ionisation charge signals, with the result that
events from the fiducial volume, where the background is
lower [27], can be selected. Moreover, events from keV-
energy photons retain the good discrimination between
background and signal events based on the scintillation
and ionisation signals. This further reduces the back-
ground rate and importantly, allows for an unambiguous
detection of DM to be made. We demonstrate this ex-
plicitly for LZ [28], where we calculate its sensitivity and
show for the first time that an experiment under con-
struction has the potential to accurately reconstruct the
parameters of sub-GeV DM.

II. PHOTON EMISSION SCATTERING RATE

The di↵erential rate for a DM particle to undergo two-
to-three scattering with a nucleus of mass mT is

dR

d!
=

⇢DM

mTmDM

Z

vmin

d3vvf(v+vE)

Z E+
R

E�
R

dER
d2�

d!dER
, (1)

where ⇢DM = 0.3 GeV/cm3 is the local DM density and
f(v) is the DM velocity distribution in the galactic frame,
which we assume is a Maxwell-Boltzmann (MB) distribu-
tion with a cut-o↵ at vesc = 544 km/s and most probable
speed of v0 = 220 km/s. We boost from the galactic
to the Earth reference frame with vE [29, 30]. Small
deviations from a MB distribution are likely, as seen
in numerical simulations, e.g. [31–33], and predicted by
Earth-scattering e↵ects, e.g. [34–36], but we don’t con-
sider them in this work. For sub-GeV DM, ER is far be-
low a xenon detector’s threshold so we integrate over it.
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What’s the catch?
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Price to pay 

Can we overcome this suppression in rate? 

=> yes, because the recoil spectrum is exponentially rising  
      with smaller recoil energy!  

» 7 ˆ 10´8
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pXenonq
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Approximate result: 
full calculation involves 
atomic scattering factors
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=> importantly, we can draw from atomic data listings!

including atomic physics modification
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b. Atom emits an electron (Migdal effect)
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Abstract

The effect pointed out by A. B. Migdal in the 40’s (hereafter named Migdal
effect) has so far been usually neglected in the direct searches for WIMP Dark
Matter candidates. This effect consists in the ionization and the excitation of
bound atomic electrons induced by the recoiling atomic nucleus. In the present
paper the related theoretical arguments are developed and some consequences of
the proper accounting for this effect are discussed by some examples of practical
interest.

Keywords: Dark Matter; WIMP; underground Physics
PACS numbers: 95.35.+d

1 Introduction

The Migdal effect is known since long time and is described both in devoted papers
[1] and in textbooks [2]; it has also been recently addressed for the Dark Matter
(DM) field in ref. [3]. This effect consists in the ionization and the excitation of
bound atomic electrons induced by the presence of a recoiling atomic nucleus. In
this paper, it will be accounted in the case of the WIMP-nucleus elastic scattering.
In fact, since the recoiling nucleus can ”shake off” some of the atomic electrons, an
electromagnetic contribution is present together with a recoil signal in the analysis
of DM direct searches (with whatever approach) when interpreted in terms of WIMP
candidates. Since this contribution is not quenched, one can expect that this part
(usually unaccounted) can play a role as well.

1also: University of Jing Gangshan, Jiangxi, China
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Ionisation induced by neutrons 

G Baurt, F RoselS and D Trautmann 
Institut fur Physik der Universitat Basel, CH-4056 Basel, Switzerland 
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Abstract. The ionisation of an atom by neutron bombardment is studied in a quantum- 
mechanical formulation. The total K-shell ionisation probability is calculated for hydrogen- 
like electronic wavefunctions. The semiclassical results of Migdal can be derived under 
certain assumptions; time delay effects are clearly exhibited and the experimental 
possibilities are briefly discussed. 

Inner-shell ionisation in light ion collisions with atoms is caused primarily by the 
Coulomb interaction of the incoming projectile with the target electrons. At a first 
glance, one might therefore perhaps assume that neutron-atom collisions do not lead 
to ionisation of the atom. However, due to the recoil of the target nucleus, the 
electrons can be ionised. This effect is also present, as an interference term with the 
‘direct’ ionisation, in the ionisation with charged particles, especially in close collisions 
(see e.g. Rose1 et al 1982, and references therein). The neutron-atom system, on 
the other hand, offers the distinct advantage of allowing this recoil ionisation to be 
observed in its pure form. 

A long time ago, Migdal (1941, 1977) gave a rather simple formula for this 
ionisation probability. The transition probability Pi from an initial electron state i to 
a final electron state f is given by 

Pi = I(~f(r)l expCi(me/fi)uf rIbi(r)>12 (1) 
where uf denotes the final velocity of the target nucleus, which was initially at rest in 
the laboratory system and r is the electron coordinate with respect to the centre of 
mass of the target nucleus. The electron mass is given by me and the initial and final 
electron wavefunctions are denoted as cpi(r) and q ( r ) ,  respectively. For of<< vel (vel = 
electron velocity) the exponential factor in equation (1) can be expanded and we get 
up to first order 

where we have assumed that uf is in the direction of the z axis. Migdal obtained his 
result by a semiclassical method: the target nucleus is assumed to be at rest for times 
t < 0, at t = 0 it suddenly acquires the final velocity of, due to the nuclear interaction. 
(Note that due to our assumption of << vel, only electronic dipole transitions occur; 
this assumption is avoided in a recent paper by Feagin (1982).) 

t Permanent address: Institut fur Kernphysik, Kernforschungsanlage Jiilich D-5170 Jiilich, West Germany. 
$ Permanent address: Eidg. Institut fur Reaktorforschung, CH-5303 Wurenlingen, Switzerland. 
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Abstract. A description of atomic recoil excitation caused by the projectile nucleus is 
given using the two-potential formula. The relation of the direct and recoil ionisation 
amplitudes are discussed demonstrating that their interference in the dipole approximation 
may only be approximately destructive. The recoil mechanism can produce strong multiple 
ionisation and the strength of the satellite lines follow the binomial distribution strictly. 
The recoil ionisation in neutron-induced reactions, the lifetime of the inner-shell vacancy 
in recoiled ions and the recoil effects in the electron conversion coefficients are discussed. 

1. Introduction 

In the last few years there has been an increasing interest in atomic ionisation 
phenomena influenced by the recoil of the target nucleus. The recoil of the nucleus 
of the atom may ‘shake off’ some of the electrons (Migdal 1941, Levinger 1953, 
Ciochetti and Molinari 1965, Andersen et a1 1976) and it is known to be important 
at very small values of the impact parameter b where it can give a large contribution 
to the ionisation. The recoil matrix element (Migdal 1941, Levinger 1953, Andersen 
et a1 1976, Feagin et al 1979) obtained in the sudden approximation has the following 
form: 

where rpi and cpf are the initial and final atomic wavefunctions, respectively, depending 
on the electron coordinates ri( j = 1 . . . 2,) fixed to the centre of the target nucleus 
with atomic number zp k is defined as 

where m and MT are the electron and target nucleus masses, respectively, and -4 is 
the momentum of the recoiled nucleus in the laboratory system. 

The sudden approximation can be used if the duration of the momentum transfer 
to the target nucleus is much shorter than the electron periodic time on the investigated 
orbit. This condition is fulfilled in nuclear processes except for some resonance reactions 
(Feagin 1982) governed by the short-range strong interaction. 

In the case of the Coulomb interaction the dominant part of the recoil momentum 
is transferred at nucleus-nucleus distances close to the perihelion because this is the 
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Abstract

The probable role of the sudden nuclear charge change and nuclear recoil in the shaking processes dur-
ing the neutron- or heavy-ion-induced nuclear reactions and weakly interacting massive particle–nucleus 
scattering has been investigated in the present work. Using hydrogenic wavefunctions, general analytical ex-
pressions of survival, shakeup/shakedown, and shakeoff probability have been derived for various subshells 
of hydrogen-like atomic systems. These expressions are employed to calculate the shaking, shakeup/shake-
down, and shakeoff probabilities in some important cases of interest in the nuclear astrophysics and the 
dark matter search experiments. The results underline that the shaking processes are one of the probable 
channels of electronic transitions during the weakly interacting massive particle–nucleus scattering, which 
can be used to probe the dark matter in the sub-GeV regime. Further, it is found that the shaking pro-
cesses initiating due to nuclear charge change and nuclear recoil during the nuclear reactions may influence 
the electronic configuration of the participating atomic systems and thus may affect the nuclear reaction 
measurements at astrophysically relevant energies.
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proach [18, 19] (see also [20]). Following [15], we call these e↵ects the Migdal e↵ects. In the

Migdal’s approach, a state of the electron cloud just after a nuclear recoil is approximated

by

|�0
eci = e�ime

P
i v·x̂i |�eci , (1)

in the rest frame of the nucleus. Here me is the electron mass, x̂i the position operator of

the i-th electron, v the nucleus velocity after the recoil, and |�eci the state of the electron

cloud before the nuclear recoil. The probability of ionization/excitation is then given by

P = |h�⇤
ec|�

0
eci|

2 , (2)

where |�⇤
eci denotes either the ionized or excited energy eigenstate of the electron cloud.

In the above analysis, the final state ionization/excitation are treated separately from

the nuclear recoil. Thus, the energy-momentum conservation and the probability conserva-

tion are made somewhat obscure. In this paper, we reformulate the Migdal e↵ect so that

the “atomic recoil” cross section is obtained coherently. In our reformulation, the energy-

momentum conservation and the probability conservation are manifest while the final state

ionization/excitation are treated automatically. We also provide numerical estimates of the

ionization/excitation probabilities for isolated atoms of Ar, Xe, Ge, Na, and I.

The Migdal e↵ect should be distinguished from the ionization and the excitation in scin-

tillation processes. The Migdal e↵ect takes place even for a scattering of an isolated atom,

while the latter occurs due to the interaction between atoms in the detectors. It should be

also emphasized that the Migdal e↵ect can ionize/excite electrons in inner orbitals, which

are not expected in scintillation processes. As we will see, the ionization/excitation from

the inner orbitals result in extra electronic energy injections in the keV range, which can

enhance detectability of rather light dark matter in the GeV mass range.

The organization of the paper is as follows. In Sec. II, we discuss approximate energy

eigenstates of an atomic state by paying particular attention to the total atomic motion.

In Sec. III, we reformulate the atomic recoil cross section with the Migdal e↵ect by taking

the energy eigenstates in Sec. II as asymptotic states. In Sec. IV, we calculate the Migdal

e↵ect with single electron wave functions. In Sec.V, we estimate the probabilities of the

ionization/excitation at a nuclear recoil. In Sec.VI, we discuss implications for dark matter

direct detection. In Sec.VII, we briefly discuss the Migdal e↵ect in a coherent neutrino-

nucleus scattering. The final section is devoted to our conclusions and discussion.
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“…it takes some time for the electrons to catch up, 
which causes ionisation of the atom.”
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in the rest frame of the nucleus after the scattering. The
shell vacancy is immediately refilled, and an X-ray or an
Auger electron with energy En,l is emitted. En,l is mea-
sured simultaneously with the energy deposited by the
ionized electron, since the typical timescale of the de-
excitation process is O(10) fs. Atomic electrons can also
undergo excitation instead of ionization, in which case
an X-ray is emitted during de-excitation [12]. Excita-
tion, however, is sub-dominant compared to the ioniza-
tion process, and thus is not considered in this analysis.
The calculation of the signal rate in [12] is based on the
isolated atom assumption. Thus, signals from the Migdal
e↵ect, where the valence electrons (n=5) are ionized, are
neglected in this work. Only the contributions from the
ionization of M-shell (n=3) and N-shell (n=4) electrons
are considered, as inner electrons (n2) are too strongly
bound to the nucleus to contribute significantly. An il-
lustration of the Migdal e↵ect and BREM is given in
Fig. 1. The radiation from the Migdal e↵ect is typically
3-4 orders of magnitude more likely to occur than BREM.
Although only a very small fraction (0.001⇠0.1%) of NRs
accompanies Migdal radiations, the larger energy and ER
nature make them easier to be detected than the pure
NRs.
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FIG. 1. Illustration of the ER signal production from BREM
(green) and Migdal processes (pink) after elastic scattering
between DM (�) and a xenon nucleus.

The data used in previous analyses [8] consists of two
science runs with a livetime of 32.1 days (SR0) and 246.7
days (SR1), respectively. The two runs were taken under
slightly di↵erent detector conditions. To maximize the
amount of data acquired under stable detector conditions
we decided to use SR1 only. The same event selection,
fiducial mass, and background models as described in [8]
are used for the SR1 data, which we refer to as the S1-
S2 data in later text. The exposure of the S1-S2 data is
about 320 tonne-days. The interpretation of such S1-S2
analysis is based on the corrected S1 (cS1) signal and
the corrected S2 signal from the PMTs at the bottom of

the TPC (cS2b), to minimize the signal variation due to
geometric light-collection e↵ects [16].

FIG. 2. Median e↵ective exposures of ER signals after event
selections as a function of recoil energy for the S1-S2 data
(black line) and S2-only data (red line). The 68% credible re-
gions of the e↵ective exposures are also shown as the shaded
regions. The expected event rate of DM-nucleus scattering
from the Migdal e↵ect/BREM for DM masses of 0.1 and
1.0GeV/c2 are overlaid as well, in magenta/green dashed and
solid lines, respectively, assuming a spin-independent DM-
nucleon interaction cross section of 10�35 cm2.

The region of interest in the S1-S2 data is from 3 to 70
photoelectrons (PEs) in cS1, which corresponds to me-
dian ER energies from 1.4 to 10.6 keV in the 1.3-tonne
fiducial volume (FV) of XENON1T. The lower value is
dictated by the requirement of the 3-fold PMT coinci-
dence for defining a valid S1 signal [16]. A detailed sig-
nal response model [17] is used to derive the influence
of various detector features, including the requirement of
the 3-fold PMT coincidence, on the reconstructed signals.
The e↵ective exposure and its uncertainty as a function
of deposited ER energy for the S1-S2 data are shown in
Fig. 2, with the signal spectra from the Migdal e↵ect and
BREM induced by 0.1GeV/c2 and 1GeV/c2 DM masses
overlaid. The rise of the event rate at around 0.85 keV
for DM mass of 1.0GeV/c2 is contributed by the ioniza-
tion of M-shell electrons [10, 12]. In our signal models,
deposited energy below 1 keV, at which the median detec-
tion e�ciency in 1.3-tonne FV is 10%, from the Migdal
e↵ect and BREM is neglected for the S1-S2 data in the
following analysis. There is only one sub-keV measure-
ment of ionization yield for ER in LXe [19].
The S1-S2 data selections [16] provide excellent rejec-

tion of noise and backgrounds, and are characterized as
well by the well-established background models [17] and
a fully blind analysis [8]. However they also limit the
detection e�ciency of O(1) keV energy depositions. We
therefore consider also the events with no specific require-
ment on S1 (S2-only data) in this work. Although the
reduction of available information in the S2-only data im-
plies less background discrimination, the increased detec-
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where EI,F
ec are the energy eigenvalues of the initial and the final electron clouds in the rest

frame, respectively. By using the energy eigenfunctions in Eq. (23), the T -matrix of this

process is given by

iTFI = �i(2⇡)�(EF � EI)
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q2A = (pF
DM � pI

DM)2 . (54)

In the second equality, we shifted the integration variables xi and xDM by xN .

As a result, we obtain the matrix element

iTFI ' FA(q
2
A)M(q2A)⇥ ZFI(qe)⇥ i(2⇡)4�4(pF � pI) , (55)

where

�4(pF � pI) = � (EF � EI)⇥ �3(mAvF + pF
DM � pI

DM) , (56)

ZFI(qe) =

Z Y

i

d3xi �
⇤
EF

ec
({x})e�i

P
i qe·xi�EI

ec
({x}) , (57)

qe = mevF , (58)

for vI = 0.5 The term proportional to M denotes the nuclear recoil while the factor ZFI(qe)

denotes the transition of the electron cloud. It should be emphasized that our approach

treats the nucleus and the electron cloud coherently. This treatment enables us to derive

the invariant amplitude with manifest energy-momentum conservation.

C. Phase Space Integration

By noting the normalizations in Eqs. (23), (29), (see also (A1)), the di↵erential cross

section is given by6

d� '

X

EF
ec

d3pF
A

(2⇡)32pFA
0

d3pF
DM

(2⇡)32pFDM
0

|FA(q2A)|
2
|M(q2A)|

2
⇥ |ZFI(qe)|2

4
p
(pIA · pIDM)2 �m2

Am
2
DM

⇥(2⇡)4�4(pFA + pFDM � pIA � pIDM) . (59)

5 The Fermi’s golden rule is justified by taking the timescale much loner than (EF
ec�EI

ec)
�1. This timescale

is also much longer than the typical radius of the electron cloud divided by the speed of light, and hence,

the use of the electrostatic potential is also justified.
6 The factor |ZFI |

2 is missing in the cross section in [14].

10

Ionisation form factor for Migdal similar form to ionisation case:

Treatment for directional signals for ionisation and Migdal will be similar?



Ibe, Nakano, Shoji, Suzuki, JHEP, arXiv:1707.07258 

P = | h�⇤
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eci |2 ⇠ 10�3
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‘Atomic form factor’

Ionisation probability Ee>0.5 keV:
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FIG. 4. The di↵erential ionization probabilities as a function of the emitted electron energy, Ee,

for isolated Ar, Xe, Ge, Na, and I. The contributions from di↵erent `’s are summed. We also

summed all the possible final states for a given n. The integrated probabilities are given in Tab. II.

The ionization probabilities are available in ancillary files to the arXiv version.

the excitation probabilities are much smaller than the ionization probabilities for a given

initial n.

Before closing this section, let us comment on the probability conservation in the single

electron transition. As discussed in the appendix B, the single electron transition probability

satisfies,

1

!n,`

 
X

n0,`0

pdqe(n` ! n0`0)+

Z
dEe

2⇡

d

dEe
pcqe(n` ! Ee)

!
=1� punchanged(n`)�poccupied(n`) .(111)

Here, punchanged and poccupied are given in Eqs. (B6) and (B8), while the lefthand side corre-
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Migdal (e-) spectrum still extends to higher energy 
but less suppressed compared to polarisation (𝛾)
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FIG. 5. Contours containing 95% of the expected DM sig-
nal from the Bremsstrahlung and Migdal e↵ects using NEST
package v2.0 [22]. The solid amber contour indicates a
Bremsstrahlung signal of mDM = 0.4 GeV/c2 assuming a
heavy scalar mediator (7.9 events). The other two con-
tours are for the Migdal e↵ect: The dashed teal contour
is for mDM = 1 GeV/c2 assuming a heavy scalar media-
tor (10.8 events), and the dash-dot light blue contour is for
mDM = 5 GeV/c2 assuming a light vector mediator (11.5
events). The number in parentheses indicates the expected
number of signal events within the contour for a given signal
model with a cross section at the 90% C.L. upper limit. The
contours are overlaid on 591 events observed in the region
of interest from the 2013 LUX exposure of 95 live days and
145 kg fiducial mass (cf. Ref [6]). Points at radius < 18 cm are
black; those at 18-20 cm are gray since they are more likely
to be caused by radio contaminants near the detector walls.
Distributions of uniform-in-energy electron recoils (blue) and
an example signal from mDM =50 GeV/c2 (red) are indicated
by 50th (solid), 10th, and 90th (dashed) percentiles of S2 at
given S1. Gray lines, with an ER scale of keVee at the top and
Lindhard-model NR scale of keVnr at the bottom, are con-
tours of the linear-combined S1-and-S2 energy estimator [25].

GeV signal and most backgrounds are in the ER band,
so ER-NR discrimination cannot be used to reduce back-
grounds in this analysis. The ER band is populated sig-
nificantly, with contributions from �-rays and � particles
from radioactive contamination within the xenon, detec-
tor instrumentation, and external environmental sources
as described in [24]. For further information about the
background model, refer to [6, 19] as the background
model used in this Letter is identical.

Results.— The sub-GeV DM signal hypotheses are
tested with a two-sided profile likelihood ratio (PLR)
statistic. For each DM mass, a scan over the SI DM-
nucleon cross section is performed to construct a 90%
confidence interval, with the test statistic distribution
evaluated by Monte Carlo sampling using the RooSt-
ats package [36]. Systematic uncertainties in background
rates are treated as nuisance parameters with Gaussian
constraints in the likelihood. Six nuisance parameters
are included for low-z-origin �-rays, other �-rays, � par-

FIG. 6. Upper limits on the SI DM-nucleon cross sec-
tion at 90% C.L. as calculated using the Bremsstrahlung
and Migdal e↵ect signal models assuming a scalar media-
tor (coupling proportional to A2). The 1- and 2-� ranges of
background-only trials for this result are presented as green
and yellow bands, respectively, with the median limit shown
as a black dashed line. The top figure presents the limit
for a light mediator with qref = 1 MeV. Also shown is a
limit from PandaX-II [10] (pink), but note that Ref. [10]
uses a slightly di↵erent definition of Fmed in their signal
model. The bottom figure shows limits for a heavy media-
tor along with limits from the SI analyses of LUX [1] (red),
PandaX-II [2] (gray), XENON1T [26] (orange), XENON100
S2-only [27] (pink), CDEX-10 [28] (purple), CDMSlite [29]
(teal), CRESST-II [30] (dark blue), CRESST-III [31] (light
blue), CRESST-surface [32] (cyan), DarkSide-50 [33] (green),
NEWS-G [34] (brown), and XMASS [35] (lavender).

ticles, 127Xe, 37Ar, and wall counts, as described in [6]
(cf. Table I). Systematic uncertainties from light yield
have been studied but were not included in the final PLR
statistic since their e↵ects were negligible. This is ex-
pected as the error on light yield obtained from the tri-
tium measurements ranges from 10% at low energies to
sub 1% at higher energies. Moreover, slightly changing
the light yield is not expected to change the limit sig-
nificantly since only a small fraction of events near the

PRL, 2019  
(arXiv:1811.11241)
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FIG. 4. Upper limits on the SI (upper panel), SD proton-
only (middle panel), and SD neutron-only (lower panel) DM-
nucleon interaction cross-sections at 90% C.L. using signal
models from the Migdal e↵ect and BREM in the XENON1T
experiment with the S1-S2 data (blue solid lines) and S2-
only data (black solid lines). Green and yellow shaded re-
gions give the 1 and 2� sensitivity contours for the S1-S2
data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [26], EDELWEISS [27],
CDEX [28], CRESST-III [29], NEWS-G [30], CDMSLite-
II [31], and DarkSide-50 [32], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [29, 33]
and CDMSLite [34] are also shown. Note that the upper limits
derived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [16] and simple Poisson
statistics with the optimized event selection [20], respectively.
As in [20], the jumps in the S2-only limits are due to changes
in the observed event count due to the mass-dependent ROIs.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [20].

due to the long-range nature of the interaction. There-
fore, the results are interpreted for DM mass up to 5
GeV/c2 for SI-LM DM-nucleon elastic scattering.

No significant excess is observed above the background
expectation in the search using the S1-S2 data. Fig. 4
shows the 90% confidence-level (C.L.) upper limits on
the SI and SD (proton-only and neutron-only cases)

FIG. 5. Upper limits on the SI-LM DM-nucleon interac-
tion cross-sections at 90% C.L. using signal models from the
Migdal e↵ect and BREM in the XENON1T experiment with
the S1-S2 data (blue solid lines) and S2-only data (black solid
lines). Green and yellow shaded regions give the 1 and 2� sen-
sitivity contours for the S1-S2 data, respectively. The upper
limits on the SI DM-nucleon interaction cross sections from
LUX [26] and XENON1T S2-only (elastic NR results) [20] are
also shown.

DM-nucleon interaction cross-section using signal mod-
els from the Migdal e↵ect and BREM with masses from
60MeV/c2 to 2GeV/c2, and Fig. 5 shows the 90% C.L.
upper limits on the SI-LM DM-nucleon interaction cross-
section with masses from 60MeV/c2 to 5GeV/c2. The
upper limits derived using the S1-S2 data deviate from
the median sensitivity by about 1-2� due to the under-
fluctuation of the ER background in the low energy re-
gion. The results, by searching for ER signals induced
by the Migdal e↵ect, give the best constraint on SI, SD
proton-only, SD neutron-only, and SI-LM DM-nucleon
interaction cross-section for mass below about 1.8, 2.0,
2.0, and 4.0GeV/c2, respectively as compared to previ-
ous experiments [26–34]. The upper limits derived from
the S1-S2 data become comparable with those from the
S2-only data at ⇠GeV/c2 since the e�ciency of the S1-
S2 data to DM signals with mass of ⇠GeV/c2 becomes
su�ciently high. However, the upper limits derived from
the S1-S2 data do not provide significantly better con-
straints than those from the S2-only data for DM masses
larger than 1GeV/c2, because both data are dominated
by the ER background, which is very similar to the ex-
pected DM signal.
In summary, we performed a search for LDM by

probing ER signals induced by the Migdal e↵ect and
BREM, using data from the XENON1T experiment.
These new detection channels significantly enhance the
sensitivity of LXe experiments to masses unreachable
in the standard NR searches. We set the most strin-
gent upper limits on the SI and SD DM-nucleon inter-
action cross-sections for masses below 1.8GeV/c2 and
2GeV/c2, respectively. Together with the standard NR
search [8], XENON1T results have reached unprece-
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FIG. 4. Upper limits on the SI (upper panel), SD proton-
only (middle panel), and SD neutron-only (lower panel) DM-
nucleon interaction cross-sections at 90% C.L. using signal
models from the Migdal e↵ect and BREM in the XENON1T
experiment with the S1-S2 data (blue solid lines) and S2-
only data (black solid lines). Green and yellow shaded re-
gions give the 1 and 2� sensitivity contours for the S1-S2
data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [26], EDELWEISS [27],
CDEX [28], CRESST-III [29], NEWS-G [30], CDMSLite-
II [31], and DarkSide-50 [32], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [29, 33]
and CDMSLite [34] are also shown. Note that the upper limits
derived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [16] and simple Poisson
statistics with the optimized event selection [20], respectively.
As in [20], the jumps in the S2-only limits are due to changes
in the observed event count due to the mass-dependent ROIs.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [20].

due to the long-range nature of the interaction. There-
fore, the results are interpreted for DM mass up to 5
GeV/c2 for SI-LM DM-nucleon elastic scattering.

No significant excess is observed above the background
expectation in the search using the S1-S2 data. Fig. 4
shows the 90% confidence-level (C.L.) upper limits on
the SI and SD (proton-only and neutron-only cases)

FIG. 5. Upper limits on the SI-LM DM-nucleon interac-
tion cross-sections at 90% C.L. using signal models from the
Migdal e↵ect and BREM in the XENON1T experiment with
the S1-S2 data (blue solid lines) and S2-only data (black solid
lines). Green and yellow shaded regions give the 1 and 2� sen-
sitivity contours for the S1-S2 data, respectively. The upper
limits on the SI DM-nucleon interaction cross sections from
LUX [26] and XENON1T S2-only (elastic NR results) [20] are
also shown.

DM-nucleon interaction cross-section using signal mod-
els from the Migdal e↵ect and BREM with masses from
60MeV/c2 to 2GeV/c2, and Fig. 5 shows the 90% C.L.
upper limits on the SI-LM DM-nucleon interaction cross-
section with masses from 60MeV/c2 to 5GeV/c2. The
upper limits derived using the S1-S2 data deviate from
the median sensitivity by about 1-2� due to the under-
fluctuation of the ER background in the low energy re-
gion. The results, by searching for ER signals induced
by the Migdal e↵ect, give the best constraint on SI, SD
proton-only, SD neutron-only, and SI-LM DM-nucleon
interaction cross-section for mass below about 1.8, 2.0,
2.0, and 4.0GeV/c2, respectively as compared to previ-
ous experiments [26–34]. The upper limits derived from
the S1-S2 data become comparable with those from the
S2-only data at ⇠GeV/c2 since the e�ciency of the S1-
S2 data to DM signals with mass of ⇠GeV/c2 becomes
su�ciently high. However, the upper limits derived from
the S1-S2 data do not provide significantly better con-
straints than those from the S2-only data for DM masses
larger than 1GeV/c2, because both data are dominated
by the ER background, which is very similar to the ex-
pected DM signal.
In summary, we performed a search for LDM by

probing ER signals induced by the Migdal e↵ect and
BREM, using data from the XENON1T experiment.
These new detection channels significantly enhance the
sensitivity of LXe experiments to masses unreachable
in the standard NR searches. We set the most strin-
gent upper limits on the SI and SD DM-nucleon inter-
action cross-sections for masses below 1.8GeV/c2 and
2GeV/c2, respectively. Together with the standard NR
search [8], XENON1T results have reached unprece-
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Open question

Signal looks promising from a theory point of view

Challenges for experimental colleagues:

1. Can the Migdal effect be observed with neutron 
calibration data?


