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What is missing in the conventional analysis?

In conventional analysis, the recoiled nucleus is treated as a 
recoiled neutral atom. 
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In reality, it takes some time for the electrons to catch up…
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The process to catch up causes electron excitations/ionizations!

→ Migdal Effect ! [1939, Migdal]

Xe

Xe

Xe

DM DM

[ ’05 Vergados&Ejiri, ’07 Bernabei et al.  Application to DM detection ]
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Migdal’s approach
(a) (b)
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Just after the nuclear recoil, we assume only the nucleus is moving 
while the electron cloud is left behind.
(The electron clouds are no more in the energy eigenstates.)

Take the rest frame of the nucleus by the Galilei transformation. 

(a) (b)

N N

1

In this frame, the wave function of the electron cloud looks like :
approach, the 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 before the nuclear

recoil. The probability of the ionizations/excitations 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 conventional estimation of the Migdal e↵ect, the final state ionizations/excitations

are treated separately from the nuclear recoil. Accordingly, the energy-momentum conser-

vation is 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 is manifest while the final state ionizations/excitations are treated

properly. We also provide numerical estimates of the ionization and the excitation proba-

bilities for isolated atoms of Ar, Xe, Ge, Na, and I, where we use the single electron wave

functions obtained by the Dirac-Hartree-Fock method.

The Migdal e↵ect should be distinguished from the ionizations and the excitations in

scintillation processes, for example. The Migdal e↵ect takes place even for an isolated atom,

while the latter occur due to the interaction between atoms in the detectors. Furthermore,

the Migdal e↵ect can lead to ionizations/excitations from the inner orbitals, which are

not considered in scintillation processes. As we will see, the ionizations/excitations from

the inner orbitals lead to extra electronic energy injections in a few keV range, which can

enhance the detectability of a rather light dark matter in the GeV mass range even through

the nuclear scattering.

The organization of the paper is as follows. In Sec. II, we construct 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 ionizations

and the excitations at a nuclear recoil for isolated atoms. In Sec.VI, we discuss implications

for the dark matter direct detections. The final section is devoted to our conclusions and

3

Electron wave function in the initial 
state e.g. the ground state.

(a) (b)
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(a) (b)

N N

1

The probability of the excitation/ionization is given by
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CDMSlite, 2015, Run 2

PICO-60, 2017, 1.2 ton-d

LUX, 2017, 34 ton-d

PandaX-II, 2016, 33 ton-d

CRESST-II, 2015

Neutrino background for a Xe target

WIMP Limit Plotter
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Neutrino background for a Xe target

A few hundred events with Edet = O(1)keV are  expected for 105 kg days !

Edet  = (0.1-0.2) ER  + EEM EEM = Ee + Edex ~ Ee - En 

The atom recoil energy is much lower than threshold  ER < MDM2 /MA  x vDM2   = O(1)eV

XM
ASS threshold

Neutrino Background
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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

27

Implication on Dark Matter Direct Detection Experiments

Migdal Effect single-phase Liquid Xe detectors 

[ Single phase Experiment  = only scintillation energy :  
Only 10-20 % of ER is measured ]
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DMによる電子のイオン化

① DMと電子の相互作用による電子のイオン化

② DMと原子核の相互作用による電子のイオン化（Migdal効果）

・Dark photonのような模型を考えた場合



DMによる電子のイオン化
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Topics

・Dark Photon模型

・電子のイオン化率の比較

・XENONデータによる制限

・結論



Dark Photon模型
・benchmark modelとしてdark photonを考える

<latexit sha1_base64="/Cf3TPlWtbrOd0r8Iw6OtlF1Xq4="></latexit>

e�, p

SMDM
<latexit sha1_base64="Qx4UKJBU8dBrPF3zyHZhagQweDM="></latexit>�

Dark Photon



Dark Photon模型
・benchmark modelとしてdark photonを考える

・fiducial DM scattering cross section for target T

<latexit sha1_base64="/Cf3TPlWtbrOd0r8Iw6OtlF1Xq4="></latexit>

e�, p

SMDM
<latexit sha1_base64="Qx4UKJBU8dBrPF3zyHZhagQweDM="></latexit>�

Dark Photon



電子のイオン化率の計算

<latexit sha1_base64="KMpya2SBVsxaYVXNfeF9paLT+zI="></latexit>

�+X ! �+X+ + e�・ を計算したい（isolated atomを仮定）

・Event rateはDM速度分布を使って表される

Targetに依存



・各散乱振幅はは次のように表される

電子のイオン化率の計算

<latexit sha1_base64="a7jZ9DywPGICiPVpqu2qn7cmDgQ="></latexit>

|M�e(q)|2 =
16⇡m2

�m
2
e�e

µ2
�e

|FDM (q)|2

<latexit sha1_base64="j0T99hKKqGc5rHMJb58/t6neMZM="></latexit>

|M�N (q)|2 = Z2 16⇡m
2
�m

2
N�p

µ2
�N

|FN (q)|2|FDM (q)|2



・各散乱振幅はは次のように表される

電子のイオン化率の計算
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電子散乱の場合

・Event rateには遷移電子の行列要素が現れる

<latexit sha1_base64="mbcwapQ/0FN9T0srn3FAC/qxaBo="></latexit>

<latexit sha1_base64="Qx4UKJBU8dBrPF3zyHZhagQweDM="></latexit>� <latexit sha1_base64="Qx4UKJBU8dBrPF3zyHZhagQweDM="></latexit>�

<latexit sha1_base64="0WR31rzAzTgqioSxQzcF4zsucEQ="></latexit>

e�bound
<latexit sha1_base64="4VVc/F4g5HhxSx32brD9acm8iBA="></latexit>

e�free

<latexit sha1_base64="pvoR6xpki92SNGhEbdPD1QM7oc0="></latexit>

Tfi ⇡ iM(q)h f |eiq·x| ii(2⇡)4�4(pf � pi)
scattering ionization



電子散乱の場合

・Event rateには遷移電子の行列要素が現れる

・large q で振動によるsuppressionがある

<latexit sha1_base64="mbcwapQ/0FN9T0srn3FAC/qxaBo="></latexit>
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e�bound
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e�free
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Tfi ⇡ iM(q)h f |eiq·x| ii(2⇡)4�4(pf � pi)
scattering ionization

<latexit sha1_base64="izZIcpj+R46NNcYwhy3/zi8jIVs="></latexit>
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Migdal散乱の場合
・Event rateは
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Tfi ⇡ iM(q)h f |eiqe·x| ii(2⇡)4�4(pf � pi)
scattering Migdal



Migdal散乱の場合
・Event rateは
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Migdal散乱の場合
・Event rateは
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２つの過程の比較

<latexit sha1_base64="72H1uExZ1tzFW2XuBNc5MhLa58U="></latexit>

T e
fi ⇡ iM�e(q)h f |eiq·x| ii(2⇡)4�4(pf � pi)

<latexit sha1_base64="So3+V+HVFvVeuPd4jlJw9QE84+E="></latexit>

TM
fi ⇡ iM�N (q)h f |eiqe·x| ii(2⇡)4�4(pf � pi)

・比較すると



Ionization Form Factor

<latexit sha1_base64="1OsJ0rHoFmNYfvcNK7aiYWmCx98="></latexit>

k02 = 2meEe

・ の場合又は

Migdal factorはelectron factorに勝てない

<latexit sha1_base64="STgho8dCDJWQmAwMngcQGd3FFbM="></latexit>

FDM (q) / q�2 <latexit sha1_base64="35mw7fYSAI/ECn1sBGDvzl+pe14="></latexit>mDM が小さい場合

Xe 5p state



Differential Event Rate

・100 MeVではelectron scatteringが
優勢だが、300 MeVでは逆転する

・Migdalのshapeは電子の波動関数
の形を反映



Comparison to XENON
・XENONのデータと比較するために
観測される電子の数を見積もる

１回のイベントで作られるquantized signalは



Comparison to XENON
・XENONのデータと比較するために
観測される電子の数を見積もる

１回のイベントで作られるquantized signalは

作られるquantaの数は
<latexit sha1_base64="HwnN7p1cDqoT9R5ZZgFE+uzAC3Y="></latexit>

ne = f0 + ntCf0
<latexit sha1_base64="lzfQ/liW/7Zu8ZQD3Vos6Unur2Y="></latexit>

f0：観測される確率
最初に作られた電子に対する確率



電子状態の計算精度について
・Xeのエネルギー準位の比較

・Essigの方法の方が実験値に近いが、波動関数が直行化されない



結果（XENON100, XENON1T）
<latexit sha1_base64="PCIhDubLUua3/4fsdoLYovvV9tI="></latexit>

�e = �
<latexit sha1_base64="OVk0JL7+PvfH1zT7XmxlIRMzjgA="></latexit>

�p =

 
µ2
�p

µ2
�e

!
�

CMB energy injection

S2 only Essig bound energy calculation
Ibe bound energy calculation



Conclusion

・ミグダル効果は暗黒物質探索においてsub-GeV regionで有効なrare eventである

・ミグダル効果とelectron scatteringは似た様な構造を持っているが、

・電子状態の計算の精密化によってミグダル効果の計算精度の向上が見込める

模型によってどちらがdominantか異なる


