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Introduction



Dark matter

• accounts for 26.8% of the total 
energy density of the Universe 
• is invisible 
• has the gravitational interaction 
• can have additional interactions 
with SM particles 
• has not been directly observed



Moving in a DM Halo

Milky way

Dark matter halo

Figure 3: Key predictions from dark-matter-only (DMO) cosmological simulations. a) Pro-
jected density contours of the Aquarius Aq-A-1 DMO cosmological simulation of a halo of Milky
Way mass (M200 ⇠ 1012M�), run with 4.2 billion dark matter super-particles (Springel et al.,
2008). The size of the Galactic disc out to the Sun position R0 = 8kpc (not modelled in this
simulation) is marked by the red horizontal line. b) The spherically averaged dark matter den-
sity profile from the GHALO suite of Milky Way mass halo simulations (Stadel et al., 2009).
Four di↵erent resolutions (super-particle numbers) are marked, showing excellent numerical con-
vergence. c) The dark matter density Probability Distribution Function (PDF) in the Aquarius
suite, calculated using a kernel average (64 smoothing neighbours) at each super-particle, nor-
malised to a power law model fit over a thick ellipsoidal shell at 6-12 kpc from the halo centre
(Vogelsberger et al., 2009a). Simulations Aq-A-1 through Aq-A-5 (of decreasing numerical reso-
lution, as marked) are over-plotted; only Aq-A-1 and Aq-A-2 resolve the high density tail due to
subhalos. The black dashed line shows the intrinsic scatter due to Poisson noise in the density
estimator. d) The dark matter velocity PDF averaged over 2 kpc boxes at 7-9 kpc from the halo
centre of Aq-A-1.
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(Dark Matter Only)

We approximate it with the 
truncated Maxwell distribution

rays, where the entire recoil energy is transferred to the measurable electronic excitation.

Conventionally, the calibrated nuclear recoil energy Enr and the electron equivalent energy

Eee measured by the scintillation photons are related by

Enr =
Eee

Le↵
·
Se

Sn
, (108)

with each other. Here Le↵ is defined as the ratio between Eee and Enr at zero drift field

relative to 122 keV gamma rays, which is Le↵ ' 0.1 � 0.2 for Enr
<
⇠ 100 keV [37–40]. The

quantities Se and Sn are the scintillation quenching factors of electron and nuclear recoils

due to the drift electric field Ed, which are Se ' 0.4–1 [41] and Sn ' 1 [42] for Ed  4 kV/cm,

respectively.16

In the presence of the transition due to the Migdal e↵ect, the nuclear recoil is accompanied

by the electronic energy injections in the sub-keV to the keV range, which a↵ects the total

energy measured by the scintillation photons. By ignoring the energy resolution of the

detectors, the electron equivalent energy spectrum is roughly given by

dR

dEdetdvDM
'

Z
dERdEEM �(Edet � qnrER � EEM)

dR

dER dEEM dvDM
(109)

with qnr being the conversion between Enr and Eee in Eq. (108) (see also Eqs. (97) and (98)).

Here, we consider only the electronic energy injection of the emitted electron and the de-

excitation of the ionized atoms. The contributions from the excited atom in Eq. (99) are

not included since the transitions into unoccupied energy levels are not well defined in the

medium.17

In Fig. 4, we show the total electron equivalent energy spectrum for given cross sections of

the spin-independent nucleon-dark matter scattering.18 Here, we assume a ditector without

an external electric field, Ed = 0kV/cm, as in the single-phase experiment such as the

XMASS experiment [43]. We also fix qnr = Le↵ = 0.15 for simplicity. In the figure, we adopt

the Helm form factor [5, 8]. The local dark matter density is fixed to be ⇢DM = 0.3GeV/cm3.

The local circular velocity is also fixed to be vcirc = 220 km/s with the peculiar motions of

the Sun and the Earth neglected.19 We also assume a Maxwell velocity distribution with

the velocity dispersion, v0 = 220 km/s, which is truncated at the Galactic escape velocity

vesc = 544 km/s.

16 For Ed = 0kV/cm, Se = Sn = 0.
17 The probabilities into the unoccupied energy levels are much smaller than those of the ionizations (Tab. II).
18 The nucleon-dark matter cross section �̄n is related to �̄N via, �̄N = A2

⇥ µ2
N/µ2

n ⇥ �̄n.
19 The annual modulation caused by the Earth’s peculiar motion can be significantly enhanced as of the

inelastic nuclear scattering [44].
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Sun velocity~220km/s

(around our solar system)



Direct Detection
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Direct Detection

Atom

DM

Heat

Electronic excitations

Scintillation

80-90%

10-20%

Energy loss due to (in-)elastic scattering with other atoms

(with scintillator)
Usually, we assume the scattered atom is not excited or ionized

Only a small amount of recoil energy is used for scintillation



Direct Detection

Atom

DM

Energy loss due to (in-)elastic scattering with other atoms

Heat

Electronic excitations

Scintillation

80-90%

10-20%
Ion

Atom X-ray+

~100%

(with scintillator)

+ electron

~100%

If the atom is ionized,…

=> sensitive to smaller recoil energy
(lighter DM)

=> X-ray from recombination

[J. D. Vergados, H. Ejiri, ’05; R. Bernabei et al, ’07]

Usually, we assume the scattered atom is not excited or ionized



Formulation



T-matrix
TFI ' �2⇡�(EF � EI)hF |ĤDM�N|Ii

|F or Ii = |DMi ⌦ |atomi : energy eigenstate

|Ii

|F1i

|F2i

|F3i

+

+
ĤDM�N

+
...



atomic states
TFI ' �2⇡�(EF � EI)hF |ĤDM�N|Ii

|F or Ii = |DMi ⌦ |atomi

e�ix̂N ·p̂e⇥

gives an approximate energy eigenstate of the total Hamiltonian

: energy eigenstate

Plane wave of DM|DMi :
“Plane wave” of an atom

p

|piN

Nucleus

|atomi :

⌦
me

mN
p

ei
me
mN

p·x̂e | i
electron wave function at rest

Electrons



Atomic cross section

D. Atomic Recoil Spectrum

By paying attention to the inelasticity caused by the electron excitation, the atomic recoil

spectrum in the laboratory frame is obtained as follows.5 We define the atomic recoil energy

ER as

ER = pFA
0
�mF

A '
1

2
mAv

2
F , (63)

in the laboratory frame. Using the relations of the momentum transfer;

q2A ' (|pF |� |pI |)
2 + 2|pI ||pF |(1� cos ✓CM) , (64)

' �(EF
ec � EI

ec)
2 + 2mAER ' 2mAER , (65)

we obtain

ER '
q2A
2mA

'
|pF |

2 + |pI |
2
� 2|pI ||pF | cos ✓CM

2mA
. (66)

Thus the di↵erential cross section with respect to the atomic recoil energy is given by,

d�

dER
'

X

EF
ec

1

32⇡

mA

µ2
Nv

2
DM

|FA(q2A)|
2
|M|

2

(mN +mDM)2
|ZFI(qe)|

2 , (67)

'

X

EF
ec

1

2

mA

µ2
Nv

2
DM

|FA(q
2
A)|

2�̄N |ZFI(qe)|
2 , (68)

where

qe = mevF '
me

mA
qA . (69)

The final expression of Eq. (68) is again valid only when M is independent of the momentum

transfer.

Finally, the dark matter event rate for a unit detector mass is given by,

dR

dERdvDM
'

1

mA

⇢DM

mDM

d�

dER
vDM f̃DM(vDM) , (70)

'

X

EF
ec

1

2

⇢DM

mDM

1

µ2
N

|FA(q
2
A)|

2�̄N ⇥ |ZFI(qe)|
2
⇥

f̃(vDM)

vDM
. (71)

Here ⇢DM denotes the local dark matter density6 and f̃(vDM) is the spherical velocity dis-

tribution normalized as7
Z

f̃DM(vDM) dvDM = 1 . (72)

5 Similar analyses have been done in the context of “inelastic excitation of nucleus” in [19, 20].
6 For the Burkert profile [7], it is estimated to be ⇢DM ' 0.487+0.075

�0.088 GeV/cm3.
7 For astrophysical uncertainties of the direct detection experiments (see e.g. [21, 22]).
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For example, a contact spin-independent interaction between a Dirac dark matter and

the nucleon is given by,

L =
X

i=p,n

gi
M2

⇤
 ̄i i ̄DM DM , (30)

where M⇤ denotes a mass parameter and gp,n are dimensionless coupling constants. In this

case, the squared coherent invariant amplitude for the nucleus is given by,

|M|
2 = 16

m2
Nm

2
DM

M4
⇤

(gpZ + gn(A� Z))2 , (31)

where Z is the atomic number, A the mass number, and mDM the mass of the dark matter.

The corresponding cross section is given by,

�̄N '
1

16⇡

|M|
2

(mN +mDM)2
, (32)

'
1

⇡

µ2
N

M4
⇤
(gpZ + gn(A� Z))2 , (33)

where µN is the reduced mass,

µN =
mNmDM

mN +mDM
. (34)

Quantum mechanically, the above invariant matrix element can be reproduced by an

interaction potential,

Ĥ = Ĥ0 + V̂int , (35)

Ĥ0 =
p̂2
N

2mN
+

p̂2
DM

2mDM
+ V̂int , (36)

V̂int =
�M

4mNmDM
�3(xN � xDM) , (37)

in the coordinate representation. In fact, by taking the initial and the final states in the

coordinate representation,

 I(xN ,xDM) =
p
2mN eip

I
N ·xN ⇥

p
2mDM eip

I
DM ·xDM , (38)

 F (xN ,xDM) =
p
2mN eip

F
N ·xN ⇥

p
2mDM eip

F
DM ·xDM , (39)

we obtain

TFI = M⇥ i(2⇡)4�(EF
N + EF

DM � EI
N � EI

DM)�3(pF
N + pF

DM � pI
N � pI

DM) . (40)

Here we normalize the initial and the final states in conforming with the one in Eq. (29)

with the relativistic energies approximated by their masses.

8

TFI ' �2⇡�(EF � EI)hF |ĤDM�N|Ii

�̄N ' 1

16⇡

|Mnuc(q ! 0)|2

(mN +mDM)2
: DM-Nucleus X-sec.

FA(q
2
A) : Nucleus form factor

: Reduced mass

recoil energy ZFI(qe) = h F |e�iqe·x̂| Ii

We assume a contact interaction 

qe =
me

mA
qA
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mA

⇢DM
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d�

dER
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X

EF
ec

1

2

⇢DM

mDM

1

µ2
N

|FA(q
2
A)|

2�̄N ⇥ |ZFI(qe)|
2
⇥

f̃(vDM)

vDM
. (71)
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�0.088 GeV/cm3.
7 For astrophysical uncertainties of the direct detection experiments (see e.g. [21, 22]).
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TFI ' �2⇡�(EF � EI)hF |ĤDM�N|Ii
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A) : Nucleus form factor

: Reduced mass
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We assume a contact interaction 

qe =
me

mA
qA

[Big bang theory]

Migdal factor

[Big bang theory]



Migdal effect

v
Galilei transf.

v

Nucleus rest frameLab. frame

electron wave functions

e�iqe·x̂| Ii

ZFI(qe) = h F |e�iqe·x̂| Ii

| Ii
qe = mev

[A. B. Migdal; 1939]



Electron wave functions
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It is an integrated software package by M. F. Gu to calculate various atomic radiative and collisional
processes, including energy levels, radiative transition rates, collisional excitation and ionization by
electron impact, photoionization, autoionization, radiative recombination and dielectronic capture. The
package also includes a collisional radiative model to construct synthetic spectra for plasmas under
different physical conditions. Physics and code descriptions can be found in the reference [Can. J. Phys.
86: 675689 (2008)].

cFAC was started around 2010 (based on FAC1.1.1, released in 2006), initially focusing on providing
large volumes of data as required, e.g., for collisionalradiative (CR) plasma modeling, and eliminating
reliance upon thirdparty Fortran numerical libraries with their C equivalents (hence the change in the
package name). Databases and source codes for CR modeling will be available shortly.

FAC and cFAC codes are currently available at GitHub repositories of FAC and cFAC and managed by M.
F. Gu and E. Stambulchik.

FAC_input_guidelines.pdf 

Atomic data for Kshell and Lshell charge states 
 Si1.py Si2.py Si3.py Si4.py Si5.py Si6.py Si7.py Si8.py Si9.py Si10.py Si11.py Si12.py 

 This is an example of calculating atomic data for Kshell and Lshell ions of silicon atoms. 
 

Atomic data for Mshell ions by UTA levels 
uta_data.py: For Au ion with 31 electrons, please type "python uta_data.py 31" 

 The input files create a set of atomic data to be used for Mshell ions.
 

Atomic data for Zeeman split levels 
 ebfield.py: For Fe, please type "python ebfield.py Fe" 

 This is an example of computing zemmann splitted levels and transition rates for Helike ions.
 

Atomic data for polarized atoms 
 pol_data.py pol_spec.py

 This is an example of calculating poplarizations under unidirectional excitation of an electron beam.
pol_data.py calculates the atomic data and pol_spec.py calculates the spectral model and produce the
linear polarization of the spectral lines. 

 
CollisionalRadiatve model calculations 
d.py: type "phtyon d.py 10 3 5"

 s.py: type "phtyon s.py 10 3"
 sel.py: type "phtyon sel.py 10 3"

 This is an example of running the process, starting from generating the atomic data, solving rate
equation and postprocessing. d.py generates atomic data for Z=10, number of electrons =3, maximum
n=5 for excitation. s.py runs the collisional radiative module. sel.py prints the line intensities in ascii
format. Due to matrix size limitation, the CR module in FAC code is best suited for a single charge state
calculation. For charge balance calculations which involve numerous autoionizing states (dielectronic
recombination channels), it is recommended to use a different code to solve the rate matrix equations. 

 

Helium Atomic Data Sets 
 Lithium Atomic Data Sets 
 Beryllium Data Sets 

 Boron Data Sets 
 Carbon Data Sets 
 Nitrogen Data Sets 
 Oxygen Data Sets 
 Fluorine Data Sets 
 Neon Data Sets 

 Sodium Data Sets 
 Magnesium Data Sets 

 Aliminium Data Sets 
 Silicon Data Sets 

 

    IAEA Nuclear Data Section    
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 IAEA Meetings

 AMO/PSI Meetings

Apr 912, 2017:
International workshop
on Warm Dense Matter
May 1619, 2017: 16th
International Conference
on PlasmaFacing
Materials and
Components for Fusion
Applications
Jun 59, 2017: 48th
Annual Meeting of the
APS Division of
Atomic,Molecular and
Optical Physics
Jul 2325, 2017: 25th
International Symposium
on Ion Atom Collisions
(ISIAC 2017)
Jul 26 Aug 1, 2017: XXX
International Conference
on Photonic,Electronic
and Atomic Collisions
Sep 2529, 2017: 13th
International Symposium
on Fusion Nuclear
Technology (ISFNT 2017)

Mar 2024, 2017 
 The 4th Spectral Line

Shapes in Plasma
Workshop, Baden,
Austria
May 2224, 2017 

 Third International
Workshop on Models
and Data for Plasma
Material Interaction in
Fusion Devices,
Juelich, Germany
June 1921, 2017 

 1st RCM of CRP on
Data for Atomic
Processes of Neutral
Beams in Fusion
Plasma
June 2730, 2017 

 3rd RCM of CRP on
PlasmaWall
Interaction for
Irradiated Tungsten
and Tungsten Alloys in
Fusion Devices
Sep 46, 2017 

 24th Meeting of the
Atomic and Molecular

(Dirac-Hartree-Fock)



Initial/Final states

Ground state
Excited state 
(single electron)

Ionized state 
(single electron)

| F i

= | Ii

(Including an exchange of electrons)



Migdal factor

TABLE II. The excitation probabilities into unoccupied states for a given initial state orbital (n, `).

Here P!n0`0 is defined by P!n0`0 ⌘ pdqe(n` ! n0`0). The probabilities not shown in this table are

forbidden or negligibly small.

Ar (qe = me ⇥ 10�3)

(n, `) P!3d P!4s P!4p P!4d P!5s P!5p En` [eV] 1
2⇡

R
dEe

dpc

dEe

1s – – 1.3⇥ 10�7 – – 4.3⇥ 10�8 3.2⇥ 103 7.2⇥ 10�5

2s – – 5.3⇥ 10�6 – – 1.8⇥ 10�6 3.0⇥ 102 4.1⇥ 10�4

2p 4.3⇥ 10�6 5.0⇥ 10�6 – 3.0⇥ 10�6 1.3⇥ 10�6 – 2.4⇥ 102 4.2⇥ 10�3

3s – – 5.3⇥ 10�7 – – 1.1⇥ 10�6 2.7⇥ 10 1.2⇥ 10�3

3p 7.9⇥ 10�3 8.5⇥ 10�3 – 4.0⇥ 10�3 1.2⇥ 10�3 – 1.3⇥ 10 7.4⇥ 10�2

(n, `) 3d 4s 4p 4d 5s 5p

En`[eV] 1.6 3.7 2.5 0.88 1.6 1.2

Xe (qe = me ⇥ 10�3)

(n, `) P!4f P!5d P!6s P!6p En` [eV] 1
2⇡

R
dEe

dpc

dEe

1s – – – 7.3⇥ 10�10 3.5⇥ 104 4.6⇥ 10�6

2s – – – 1.8⇥ 10�8 5.4⇥ 103 2.9⇥ 10�5

2p – 3.0⇥ 10�8 6.5⇥ 10�9 – 4.9⇥ 103 1.3⇥ 10�4

3s – – – 2.7⇥ 10�7 1.1⇥ 103 8.7⇥ 10�5

3p – 3.4⇥ 10�7 4.0⇥ 10�7 – 9.3⇥ 102 5.2⇥ 10�4

3d 2.3⇥ 10�9 – – 4.3⇥ 10�7 6.6⇥ 102 3.5⇥ 10�3

4s – – – 3.1⇥ 10�6 2.0⇥ 102 3.4⇥ 10�4

4p – 4.1⇥ 10�8 3.0⇥ 10�5 – 1.4⇥ 102 1.4⇥ 10�3

4d 7.0⇥ 10�7 – – 1.5⇥ 10�4 6.1⇥ 10 3.4⇥ 10�2

5s – – – 1.2⇥ 10�4 2.1⇥ 10 4.1⇥ 10�4

5p – 3.6⇥ 10�2 2.1⇥ 10�2 – 9.8 1.0⇥ 10�1

(n, `) 4f 5d 6s 6p

En`[eV] 0.85 1.6 3.3 2.2
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Initial

Excitation Ionization

|ZFI(qe)|2 = |h F |e�iqe·x̂| Ii|2 ' |h F |qe · x̂| Ii|2
(F 6= I)



Spectrum of ionized electron
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FIG. 3. 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.
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Initial
qe = me ⇥ 10�3

(F 6= I)

|ZFI(qe)|2 = |h F |e�iqe·x̂| Ii|2 ' |h F |qe · x̂| Ii|2



Results



DD of light DM
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FIG. 4. The di↵erential event rates expected at the single-phase experiments with the liquid Xe

target. The black lines show the conventional atomic recoil spectrum with the electron cloud

una↵ected, which are almost the same as the ones in the conventional analysis. The green, blue,

and pink lines show the rates with the ionization from n = 3, 4, and 5, respectively. Here, we do

not take the energy resolution into account. Since we apply the estimations for the isolated atoms,

the ionization spectrum from the valence electrons, i.e. n = 5, are not reliable.

The figures show that the electronic energy from the ionizations can be larger than the

maximum value of the (electron equivalent) nuclear recoil energy for a rather light dark

matter. As discussed in the previous section, the shape of the energy spectrum of the

electronic injections is not sensitive to the incident dark matter velocity as long as they are

kinematically allowed. The nuclear recoil energy, on the other hand, depends on the dark
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a few events expected for 10^5 kg days

Liquid Xenon
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a few hundred events expected for 10^5 kg days
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FIG. 4. The di↵erential event rates expected at the single-phase experiments with the liquid Xe

target. The black lines show the conventional atomic recoil spectrum with the electron cloud

una↵ected, which are almost the same as the ones in the conventional analysis. The green, blue,

and pink lines show the rates with the ionization from n = 3, 4, and 5, respectively. Here, we do

not take the energy resolution into account. Since we apply the estimations for the isolated atoms,

the ionization spectrum from the valence electrons, i.e. n = 5, are not reliable.

The figures show that the electronic energy from the ionizations can be larger than the

maximum value of the (electron equivalent) nuclear recoil energy for a rather light dark

matter. As discussed in the previous section, the shape of the energy spectrum of the

electronic injections is not sensitive to the incident dark matter velocity as long as they are

kinematically allowed. The nuclear recoil energy, on the other hand, depends on the dark
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Summary
• When we discuss the direct detection of DM, we usually assume 
that the recoil atom is not excited or ionized. 

• If we consider excitation and ionization, we expect more efficient 
scintillation due to emitted electrons and photons from the recoil 
atom. 

• We re-formulated the scattering of DM and an atom with the 
utmost care to the transition rates of electrons, which is not 
correctly discussed in the previous works. 

• Including the excitation/ionization effects, we can search for dark 
matter with a few or sub- GeV mass even with existing detectors.



Thank you!

[Big bang theory]

RAJ; Oooh, dark matter! We better bring a flashlight. … I was making a joke. 

SHELDON; I’m the boss. I make the jokes.


