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v Dark Matter Direct Detection Experiment

«+ The Earth is immersed in a dark matter halo (ppom~ 0.3 GeV/cm?3)
« Dark Matter in such a halo has a velocity distribution (<vpu>~220kn/s)
v The Sun moves at a speed of 220 km/s around the Galaxy.

(The Earth moves around the Sun with a speed of 30 km/s)

Underground
DM

+ Dark matter scatters a nucleus of the detector
material and deposits recoil energy.

|

« For example, the recoll energy is detected
through ionization, scintillation, and the
rgy production of heat in the detectors.

detector



< How is the Nucleus Scattering detected ?
e.g. Liquid Xenon (LXe) Detector

— —
Recoiled Xe loses its energy Inelastic scattering leads to The excited/ionized Xe’s
via (in)elastic scattering with excitation/ionization of Xe’s. form excited molecular
other Xe. (excimer).

Excimer eventually decays by emitting a photon with a
characteristic wave length (~ 775nm)
= scintillation photon !

—
. (Typical Time Scale ~ O(1)ns - O(10)ns )
# scintillation photon < Recoil Energy

Nuclear recoil is detected by looking for

Scintillation photons & emitted electrons @ ionizations




v What is missing in the conventional analysis?

In conventional analysis, the recoiled nucleus is treated as
a recoiled neutral atom.

+ In reality, it takes some time for the electrons to catch up...
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v The process to catch up causes electron excitations/ionizations!
— Migdal Effect [1939, Migdal]

[ '05 Vergados&Ejiri, '07 Bernabei et al. Application to DM detection |



v Migdal’s approach

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.
In this frame, the wave function of the electron cloud looks like :

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

‘CI)/ > — e_ime Zz V-X; (I)ec>

The probability of the excitation/ionization is given by

P = K@L|P)* = (Becle™ ™= 2 V5@, )




v Disadvantage of the Migdal Approach

+ The nuclear scattering and the electron excitations/
ionizations are treated separately.

+ Energy Momentum Conservation is not clear...
+ Where does the electron get energy & momentum?

V' It is not clear whether the electron excitation energy can be
larger than the recoil energy or not.

— It is important to reformulate the Migdal effects in a more coherent way !



v Reformulation of the Migdal Effect

v Migdal’s approach

Initial state of the DM scattering : (DM plane wave) x (Nucleus plane wave)

Final state of the DM scattering : (DM plane wave) x (Nucleus plane wave)

Migdal Effect = Final state effects

The Migdal Effect is treated separately from the nuclear scattering

v New approach

Initial state of the DM scattering : (DM plane wave) x (Atomic plane wave)

Final state of the DM scattering : (DM plane wave) x (Atomic plane wave)

The Migdal Effect is automatically taken into account !

How do we construct the plane wave function of the atoms?



v Construction of the atomic plane wave

+ Hamiltonian of an isolated atomic system (neutral atom)

/\2 /\2 Ne /\2
2 Pn 2PN PN P; . R
Hy~ H..(%y) = V(% —
A 5 N -+ (XN) 2mN —+ - 9 ) + (X XN)

1

[ V are Coulomb forces between the nucleus-electron and the electron-electron ]

+ Energy eigenstate of the total atomic system (Ea : non-relativistic energy)

(254 ) ) Wl () = Ea Welx, (x)

+ The approximated energy eigenstate of the atom at rest.

Electron Cloud Energy Eigenstate for a “fixed” xn :
]:]60<XN)(I)66({X}|XN) = Bee(xn)Pec({x}XnN)

Electron could system does not depend on where the Nucleus is.
EeC(XN) — Eec Y q)Eec({X}‘XN> — ¢Eec({X o XN})

Born-Oppenheimer approximation !
Wi (x, {x}) = g, ({x — xn})
EA = Eec




v Construction of the atomic plane wave

v Is the Born-Oppenheimer approximation OK ?

(;?;?N AQC(XN)> Up(xy, {x}) = Ea Up(xy, {x})

;

2
< o >N — XEec (IA)N(I)E ({X_XN} ZP’L(I)E {X_XN}))

QmN my

Kinetic energy of the nucleus is negligible!

+ Total Energy Eigenstate in the Born-Oppenheimer approximation of
the total Atom at rest

[A{A\Ij(reSt) (XNa {X}) = EecqngSt) (XNa {X}) :

B0 (xy, {x}) = g, ({x — xn})




v Construction of the atomic plane wave

* The electrons are not necessarily bounded by the nucleus coulomb force.

T (xy, {x}) = Op. ({x — X))

All the electrons are bounded by the Not all the electrons are bounded by
Coulomb force of the nucleus. the Coulomb force of the nucleus
= lonized atom

The EC wave function can be obtained by e.g. Hartree-Fock approximation !



v Construction of the atomic plane wave

+ The energy eigenstate of the moving atom with a velocity v can be obtained

by the Galilei transformation !

; S~ Ne .. . (res
Uy, (X, {x}) o PV Dt dexiqg o9 (- (31

PN = MNV

1
By~ FE,.. + §mAv2

e = MV

ma = my + N.m,

~—

Atomic wave function
at rest

Weais the eigenstate of the energy and the total atomic momentum !

Wea describes the plane wave of the atom !

( I YPeares) = - Z Oxi Eea(res?) )

Weais not the eigenstates of the momentums of the nucleus and the

electrons separately !



v “Atomic” Recoil Cross Section

v DM-Nuclear Scattering without Migdal Effect in a field theoretical treatment.

1 _ _
Contact interaction : L= W%,n%,npr@DDM
%

Invariant amplitude?2: M|? =16

Cross section:

H — HO + Mnt 3
a3 f)z IA)2 2 m3,m?
2my  2mpuy b

+ Wave Function : [Nuclear Plane Wave] x [DM Plane Wave]
wl (XN7 XDM) — 2mN Gip{\r.xN X \/m eipIDM'XDM

VXN, Xpar) = V2 €PNV X /2y ePDarxom



v “Atomic” Recoil Cross Section

v DM-Nuclear Scattering without Migdal Effect in a field theoretical treatment.

1 _ _
Contact interaction : L= W%,n%,npr@DDM
%

Invariant amplitude?2: M|? =16

Cross section:

H = HO + Mnt )

. f)? f)Q . m2.1m2

Hy= 2N Py MP = 167
2mN szM *

+ Born Approximation
= Tpr = M xi(2n)*0(Ey + Epy — Exy — Epy)8° (Py + Poar — Py — Poar)

(with the asymptotic Nucleus plane waves)



v “Atomic” Recoil Cross Section

+ Atomic Scattering via the contact DM-nuclear interaction term :

|n|t|a| \IJI(X]\U {X}axDM) — V 27nN\IJEJI4 (XN7 {X}) X \/m(gip{DM'XDM
Final: Vr(xn, {x},xpy) = V2my¥gr(xy, {x}) x VM g€ Phaxom

(Atomic plane wave)

( The normalization is to conform with <p’l p > = (2E)12 (2m)32 d3(p’-p) )

v We assume that initial sate atom is atrest : pla =0

2

I Ia . ec QmDM

)

2

m F

m
Final: Er = EE + Ay2 4 Py
2 QmDM

)



v “Atomic” Recoil Cross Section

+ Atomic Scattering via the contact DM-nuclear interaction term :

TF[ — M X Z(27T)5(EF — E[) /dSXNd3XDM HdBXi 53(XN — XDM)

X(I) ({X XN}) —1 ZZ qe-xie—ipﬁ-qu)Egc({X L XN})G—i(ng_pf)M).XDM

= M x i(2m)*6(Er — Er)0°(Mavr + Py — Pou) (correct energy momentum

/ H dx; O {X} SIS K L ({x}) conservation)

Migdal factor !

By taking the asymptotic states consist of the atomic plane waves,

the Migdal factor appears automatically.
The total energy momentum conservation is manifest !




v “Atomic” Recoil Cross Section

After phase space integration (center of mass frame):

dcosOcy (P40 + ph )2 P

do 1 p
SR ME Iz (0
Ef

Nuclear Form Factor Migdal factor

Zerla) = [ T @ (xDe =050 ()

I I \

Ppy — _p{4 = Pr =~ UnVpy (CM frame) Qe = MV

The process is not elastic for EecF # Eec! !

InCM : Ipel = [pif? — 2w (B — BL) ol - ¢

2(LZ — Ee.)
KN

elastic excitation lonization
DM DM DM DM DM DM

N_ NS NS

N N

* N +
. . ‘ + electron




v Numerical Transition Rate (by using Flexible Atomic Code)

Xe (ge = me x 1073)

O Posy | Posa | Poes Pocy || Ene [eV]| & [ dE. 2
(1) - - ~ 7.3 % 10719([3.5 x 10%|| 4.6 x 10°
2s — — — 1.8 x 1078 (5.4 x 103|| 2.9 x 107?
2p —~ 3.0 x 1078]6.5 x 1079 —~ 4.9 x 10%]| 1.3 x 1074
3s — — — 2.7x 1077 {|1.1 x 103|| 8.7 x 10~°
3p — 3.4x1077(4.0 x 1077 — 9.3 x 10%|| 5.2 x 10~*
3d |[|2.3 x 107° — — 4.3 x 1077 (6.6 x 10%|| 3.5 x 1073
4s — - —~ 3.1 x 1079 {2.0 x 10%|| 3.4 x 10~
4p - 4.1 x1078]3.0 x 107° — 1.4 x 10%|| 1.4 x 1073
4d ||[7.0 x 107 —~ —~ 1.5 x 1074 | 6.1 x 10 || 3.4 x 1072
5s — - - 1.2x107%|[21x10 || 4.1 x 1074
\5p/ - 3.6 x 1072(2.1 x 102 — 9.8 1.0 x 1071
T (n,?) 4f 5d 6s 6p
initial state E.[eV]|| 085 | 1.6 | 3.3 | 22

In the dipole approximation
(1) only one electron gets excited or ionized

(2)Transition is possible only for1 A€ | =1

ionization probability < qez
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E. spectrum is purely determined the structure of the electron clouds !
E. spectrum is independent of the dark matter velocity vom and mpmu.
Rate is proportional to qe?



v Implication on Dark Matter Direct Detection Experiments

Electron Orbits

The number of electrons in a shell for the ground state configurations.

1s 2s 2p 3s 3p 3d 4s 4p 4d 4f 5s 5p

Nal2 2 6 4 0 000 0 0 00

Ar|2 2 6 2 6 0 0 0 0 0 0O

Gel2 2 6 2 6102 2 0 0 0 O

12 2 6 2 6 102 6 100 2 5

Xel2 2 6 2 6102 6 100 2 6

We cannot use our results based on the isolated atoms for the
valence electrons.

For the inner electrons, the effects from the environments are not significant.



dRIdE 4et [ 1/kgldaylkeV ]

v Implication on Dark Matter Direct Detection Experiments

v Migdal Effect single-phase Liquid Xe detectors
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dEdet a dEdet w/o Migdal dEdet w/ Migdal

Edet = (0.1-0.2) Er + Eem Eem = Ee + Edex ~ EecF - Eec!

[ Single phase experiment = scintillation energy :
Only 10-20 % of Er is measured ]

For heavier dark matter, the atom recoil energy exceeds the threshold energy.
Er < Ma2 x voi® = O(10-100)keV

The Migdal effect is submerged below the conventional nuclear recoil spectrum.



v Implication on Dark Matter Direct Detection Experiments

v Migdal Effect single-phase Liquid Xe detectors
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[ Single phase experiment = scintillation energy :
Only 10-20 % of Eris measured ]

A few events with Eqet = O(1)keV are expected for 10° kg days !
The atom recoil energy is lower than threshold Er < Mpu? /Ma x von? = O(1)keV



v Implication on Dark Matter Direct Detection Experiments

' Migdal Effect single-phase Liquid Xe detectors (Extreme Example)

WIMP Limit Plotter
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Edget = (0.1-0.2) Er + EEm  Eem= Ee + Edex~ EecF - Eec!

[ Single phase experiment = scintillation energy :
Only 10-20 % of Eris measured ]

A few hundred events with Eqet = O(1)keV are expected for 10° kg days !
The atom recoil energy is much lower than threshold Er < Mpu?2 /Ma x von? = O(1)eV



v/ SUMMARY

+ Inthe conventional analysis of dark matter direct detection experiments through
the nuclear scattering, the whole atom is assumed to be recoiled.

+ Inreality, the electrons take some time to catch up with the recoiled nucleus
leading to electronic energy injection in addition to the atomic recoil = Migdal Effect

+ We reformulated the Migdal effect, where we can manifestly see the energy-
momentum conservation and the probability conservation.

« The emitted electronic energy can be in the keV range even for a rather light dark
matter (Mpu < 10GeV) where the atomic recoil energy is lower than energy
threshold, i.e. O(1)keV.

« Migdal Effects has advantages to look for small “q” with a large cross section
dark matter — it provides new signals to look for a rather light DM !

+ Experimental tests of the Migdal Effect itself is important !!!
—> Miuchi san’s talk tomorrow .

+ Improvement of Theoretical Prediction (~ O(10)% rate estimation )

See 2208.12222 (Cox, Dolan, McCabe, Quiney) for Beyond the dipole Approximation.
(For DM searches by Xenon, the dipole approximation looks OK.)



Back up



v Experimental Confirmation of Migdal Effect Itself ?
Migdal effects have been observed experimentally in radioactive decays

v a-decays (X-ray emission at the de-excitation to the K,L,M-hole made by Migdal effect)

“Investigation of the “Jolting” of electron shells of oriented molecules containing P32”,
E. E. Berlovich et al., Sov. Phys. JETP, Vol. 21, 675 (1965)

“K-shell electron shake-off accompanying alpha decay”,
M.S. Rapaport, F. Asaro and |. Pearlman, PRC 11, 1740-1745 (1975)

“L- and M-shell electron shake-off accompanying alpha decay”,
M.S. Rapaport, F. Asaro and |. Pearlman, PRC 11, 1746-1754 (1975)

v ﬁ-decays (Distinguishing 6He+ — 6Lj2+ (NO Migdal effect) and 6Li3+ (with Migdal effect) )

“Internal Bremsstrahlung and lonization Accompanying Beta Decay”’,
F. Boehm and C. S. Wu, _Phys. Rev. 93, Number 3, 518 (1954)

“First Measurement of Pure Electron Shakeoff in the 3 Decay of Trapped 6He+lons”,
C. Couratin et al. , PRL 108, 243201 (2012)

v PB+-decays

"Electron Shakeoff following the B+ decay of Trapped 19Ne+ and 35Ar+ trapped ions”,
X. Fabian et al., PRA, 97, 023402 (2018)

+ So far, Migdal electrons have not been measured directly !

It is difficult to confirm the Migdal effect in neutral process.



+ How is the Nucleus Scattering detected ?

Why is LXe transparent to their own scintillation light?

V(R)




v The dark matter event rate per unit detector mass

dR 1 PDM do ~
&~ UDMfDM(UDM) 3

dERdUDM N mampm dER

f(UDM)

UDM
Nuclear Form Factor Migdal factor

(g)°an % | Zri(ge)]? X

DM velocity distribution / fom(vpm) dvpy =1

[ ¢4 _ |pr|* + |p1* = 2|prl|pr| cos 0o
R - =

o ZmA QmA

Ppy = —Pa = P1 ™ UNVDy (CM frame)

prl* ~ |pi)° — 2un(EL — E.)

E.c.Ff = E¢! : nuclear recoil = atomic recoil (conventional dark matter event)

E.cF # Eec! : nuclear recoil = atomic recoil + electric energy injection !

Migdal Effect converts some of the recoil energy into electronic energy !



v Single Electron Approximation

v For numerical estimation, we use the Dirac-Hartree-Fock approximation to
obtain the electron wave functions .
Electron wave function ~ Slater determinant of single electrons

+ Accordingly, the “atomic plane wave” is also given by a Slater determinant

eiqe-X1 ¢gal(1) <X]_ - XN>€iqe.X2 ¢gj(2) (X2 - XN)

X GO, (3, = X)

o(Ne)

662{01,02,"'0]\[6} Oi:(Ei,lﬁ}i,mi) /-i'::F(j—Fl/Q) fOI‘]Zf:l:l/Q

5nn’ 5/{/{’ 5mm’ (bOUHde)

(2m)0(E — E')0xw/Ommy  (unbounded)

a; = 1- 4 : Dirac Spinor index

+ In this approximation, the Migdal factor is given by the transition late between

the single electron orbitals
Ne 4

Zeila) = Y sen@) [] 30 [ dixieny (e o x)

O'ESNe =1 ;=1




v Single Electron Approximation

+ For a DM-nucleus scattering,

ge = Me ga/Mma < 103 me (qa/100MeV) (Qa= Ha Vbom)
— (e Xe << ge X ( Bhor Radius ) <1

+ Atthe leading order of ge, only one electron can be excited/ionized.

For a given set of the initial orbitals, only one orbital can be different
in the final state.

ec = {017... 70k7°°'} —9'€C,:: {017... 70%7...}

4

Zr1(4) = 2 (B i i B i) = =i 37 [ 0 (), - x2)5 )

ap=1

(dipole approximation)

dE
2 2 d ! pl € c
EF:\ZFA _|ZH|1+ > plnt—nt)+ ) o dEepqe(n€—>Ee)

/4
nt.n' n,t

: e P o)
elastic excitation « g’ jonization < g

excitation/ionization rates can be obtained via the wave functions
of the single electron orbitals

For a recent discussion on the validity of the dipole approximation
—> See 2208.12222 (Cox, Dolan, McCabe, Quiney)



dp,/dE, [keV 1]

Difference [%]

Beyond the Dipole Approximation

See. 2208.12222 (Cox, Dolan, McCabe, Quiney)
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+ The dipole approximation seems to reproduce the analysis beyond the dipole
approximation better than the 20% accuracy for the Xenon case (n<4, Ec> 1keV)
+ The analysis beyond the dipole approximation becomes more important

for higher the higher recoil energy.

(In the Xenon case, the large discrepancies below O(10)eV are probably from
our usage of the approximated electron potential.)



v Differential lonization Event Rate for an Isolated Atom

dR d Ry

1
- 53
dERdEedUDM dERdUDM 2T "y dFE

d Ry

dER dUDM =

d
pge(nﬁ — F.) ,

(Ee : free electron kinetic energy)

lonization = free electron + ion with a core hole

v When the core-hole (the vacancy in the inner shell) is created by ionization,
the states are de-excited immediately in O(10)fs.

[Auger electron

[Coster-Kronig electron \

L L =F—— e —
—  — ———— — — Y ~—
K K

\ J

New J.Phys. 15 (2013) 083040

The electron energy and the de-excitation energy
are measured simultaneously.

EEM — Ee + Edex
~ AF = (E::: o Eelc)

Differential Event Rate with respect to the measurable electric energy

dR d Ry

dER dEEM d’UDM = dERd’UDM 8 2T

1 d
Z pg. (Nl = (Epym — Fex))

dE,

n, b




v Kinematical Constraint

ER, max (ER, AE)
1OSE T TTTTI I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ T TTITT
; - _ 41n-3 Xe
2* o zgx’;;zma /«""\‘ AE EecF Eec I> 0 IpFI <Ipll ln CM
10 E ,,’ \l —
f | LAE=0
> 107 270 - ‘ dotted outer circle : Ipil
= ': | dotted inner circle : Ipfl
W, EN : :
q 10 E '//,/ \\ : : —
- o ‘| :> 1
s 3 |8 2 For AE>0: Ipnl> 0
107 AN A Ipnl min~ AE
'3 | I | &
-2 ol ol : E i E Ll Hmui g\mm
10510410310210’100 0 1o—+0i—t04
Er/ keV
I _ I _ - I 2 2
Ppy = —Pa = P1 = UNVDy Pr|” ~ |PI|* — 2uNAE
o~ _ prl? +1prl® — 2|psllpr| cos fom
R — -
QmA QmA

The maximum AE

AEmaX —

V2maERvpn — %ER
HUN




dRIdERg[1/kgldaylkeV]

v Differential Event Rate for an Isolated Atom

mpy = 1TeV, on = 10%5cm? (<— has been excluded though)
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lonization rate from an outer orbit is higher !
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v Differential Event Rate for an Isolated Atom

mpu = 2GeV, oy = 10-40cm?
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Typical AE is independent of the DM mass
Er max is suppressed for a smaller DM



v Implication on Dark Matter Direct Detection Experiments

v In the detector, the atoms are not isolated .
e.g.) Typical separation in the liquid Xe ground state ~2 x 10-8cm

¥ The wave function of the valence (the outermost) electrons are affected
by the electrons of the neighbor atoms.

van der Waals force

R = deformation of the electron cloud
— the transition rate from the valence
electrons for the isolated atom is not

W R reliable

2x108cm ~ 4 x Bohr radius

V(R)

+ lonization energies are slightly reduced by about O(1)eV

— the transition rates from the valence electrons for the isolated
atom are not reliable

~2x108cm

potential of the valence quark




v Implication on Dark Matter Direct Detection Experiments

+ The timescale of the atomic scattering should be much smaller than

Tscattering ~ 10'14cm/VDM << 10'8 cm / Vou ~ 10'15 sec
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+ The timescale of the Migdal effect

DM DM The nucleus recoil is propagated to the electrons
via electro magnetic interaction.

The time scale of the Migdal effect
Twmigaai ~ Bohr Radius / speed of light

~ 1019 sec

~ Bohr Radius
< >

The time scale is consistent with the atomic plane wave treatment.

In the following, we apply the Migdal effects on the isolated atom to

the dark matter detection for the non-valence electrons.




