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+ Dark Matter Direct Detection Experiment

DM

+ The Earth isimmersed in a dark matter halo (ppm~ 0.3-0.6 GeV/cm3)

+ Dark Matter in such a halo has a velocity dispersion (<vpu>~220km/s)

+ 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

detector

7

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

'

« The recoil energy is detected through ionization,
scintillation, and the production of heat in the
detectors.




v Why Nucleus Scattering ?

+ Weakly Interacting Massive Particle (WIMP)

Thermal freeze out temperature >> O(1) MeV

— Mpm >> O(10) MeV
+ Typical Momentum Transfer
q = 2uvpmsin? Ocu/2 M : /
M = Mtarget Mpm / (Mtarget + Mpm) < Ocm
Er (Lab) = q2/2Mtarget / Pi1= M Vbpm

«+ NucleusTarget ? Miarget = O(10-100)GeV
q < 0(100) MeV Erecoil < 0(100) keV

+ Free Electron Target at rest (unrealistic) (me << Mpm)
H ~Me q ~keV  Erecoit ~O(1) eV
Too low to be detected... (scintillator threshold ~ keV)

+ Atomic Electron kinetic energy < O(1) keV
Still low energy deposit...

The nuclear recoil is more detectable !



+ How is the Nucleus Scattering detected ?

e.g. Liquid Xenon (LXe) Detector

DM bm

7
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Recoiled Xe lose 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 (~ 1775nm)
= scintillation photon !

‘ y (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 this analysis?

e.g. Liquid Xenon (LXe) Detector

DM
£

In conventional analysis, the recoiled nucleus is treated as a

@ recoiled neutral atom.

' Inreality, it takes some “time” for the electrons to catch up...

—>» V

+ The process to catch up causes electron excitations/ionizations (of inner elecgtrons) !

— 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.)

‘@ In this frame, the wave function of the electron cloud looks like ;
(— Electron wave function in the initial

+  state e.g. the ground state.
(I)ec>

4 N
The probability of the excitation/ionization is given by
P = KOLIPL)? = (PLle™ ™ =V @), )

\, V.

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

|(I)/ > _ e—ime > VX
ec




+ 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?

« Itis not clear whether the electron excitation energy can be larger
than the recoil energy or not.

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



v Reformulation of the Migdal Effect

+ Migdal’s approach

4 N\
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

+ 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?



+ Construction of the atomic plane wave

+ Hamiltonian of an isolated atomic system (neutral atom)

: PR N~ P
+ HeC()A(N) - QmN + 2T;L

HAZ —FV(}A(Z—)A(N)

2mN

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

(2§VN + Flec(xN>) Vp(xn, {x}) = B4 Up(xn, 1x})

+ The Born-Oppenheimer approximation of the atom at rest.

4 Electron Cloud Energy Eigenstate for a “fixed” xw . A

]:IeC(XN)(I)eC({X}‘XN) = Eee(Xn) Pec({x}xN)

Electron could system does not depend on where the Nucleus is.
Eec(xn) = Eec Pp..({x}xn) = Pp..({x—xn})
Born-Oppenheimer approximation !
Ui (xw, {x}) = @i ({x — x})
Ea=Eec




+ Construction of the atomic plane wave

+ Isthe Born-Oppenheimer approximation OK ?

(;?ij AGC(XN)> Up(xy, {x}) = Ea Up(xy, {x})

;

22
< Py >~ e < B.. (By®r ({x—xn}) = szq’E (fx—xn}) )

2mN my

Kinetic energy of the nucleus is negligible!

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

7 )
HaVe™ (x, {x}) = B V5™ (xv, {x}) -

Uy (xy, {x}) = O, ({x — xn})
\ J

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



+ Construction of the atomic plane wave

The electrons are not necessarily bounded by the nucleus coulomb force !

T (xy, {x}) = Op ({x — xn})

o ——

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




+ Construction of the atomic plane wave

ONCE WE OBTAIN ELECTRON CLOUD WAVE FUNCTION OF THE NUCLEUS AT REST,
WE OBTAIN ANY WAVE FUNCTIONS OF THE ATOMIC SYSTEM !

+ The energy eigenstate of the moving atom with a velocity v.

( )
Wi, (v, {x}) o P el 2 @ ey, {x))
¥~ Atom wave function

1
Eys~FE,.. + §mAU2 ma =my + N.m,

\_ Y,
(Galilei Transformation of the Rest Frame Solution)

Yeais the eigenstate of the energy and the total atomic momentum!
( )

(f)zv + Z f)z-> Vg, (xn, {x}) = (Mav) X Vg, (xn, {x})

. J

Yeadescribes the place wave of the atom ! ( Oxnearest) = - X Oxi Pealrest) )

(Weais not the eigenstates of the momentums of the nucleus and the electrons
separately !)



v “Atomic” Recoil Cross Section

+ DM-Nuclear Scattering without scattering in a field theoretical treatment.

4 N
1 — _
Contact interaction : L= Wwp,nwp,nzpDMwDM
*
’ITL2 m2
Invariant amplitude?: M? = 16— A2
M*
1 M2 1 p?
Cross section: ON ~ ~ =N 42
167 (mN + mDM)2 ™ Mi‘
§ y,

+ Nuclear Scattering is reproduced by the point-like interaction potential in QM.

4 N
H — HO + V;nt )
2 ~2
HO — pN + pDM + Vint ’
2mN QmDM

A - M

Vint = 53(XN — XDM)
L dmympr )

Wave Function : [Nuclear Plane Wave] x [DM Plane Wave]

Vr(XN,Xpy) = V2my PNEN V2mpy ePDarXDM

e
Yr(XN,Xpm) 2my ePNXN V2mpu ePhrXDM



v “Atomic” Recoil Cross Section

+ DM-Nuclear Scattering without scattering in a field theoretical treatment.

4 N
1 — _
Contact interaction : L= Wwp,nwp,nzpDMwDM
*
m2 m2
Invariant amplitude?2: M? = 16— A2
M*
1 M2 1 p?
Cross section: ON ~ ~ =N 42
167 (mN + mDM)2 ™ Mi‘
§ y,

+ Nuclear Scattering is reproduced by the point-like interaction potential.

4 N
H = HO + V;nt 3
~ 2 ~ 2
HO — pN + pDM + Vint 3
2mN QmDM
—M
Vine = 0 (XN - XDM)
L 4mNmDM )

Born Approximation
= Tpr=MX i(27r)45(E]€ + EgM - E]I\T - E1[7M)53(P§ + ng - PJIV - pIDM)

(with the asymptotic Nucleus plane waves)



v “Atomic” Recoil Cross Section

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

f A9 N
ﬁtot — [:IA + Py + ‘A/int
2mpum
X -M
Vint = 4—53(XN - XDM)
mynmMpM
o )

Initial: ¥r(xn, {x},xpn) = vV2mn Vg (xn, {x}) X V2m paye P XM
Final: (s, {x}, xpar) = V2mn ¥ pr (xv, {x}) X v/2mpae’Poa o

(Atomic plane wave)

(The normalization is to conform with < p’|p > = (2E)"/2(2m)3/263(p’-p) )

+ We assume that initial sate atom is at rest: p/a=0.

2

I
- P
Initial:  Er = E., + 5 ol

mpm

)

— F 2
m
Final: Ep=EL + 2% + Pom_
2 2mDM




v “Atomic” Recoil Cross Section

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

f A9 N
Htot = ﬁA + Py + Vint
2mpum
X -M
Vint = 4—53(XN - XDM)
mynmMpM
o )

TF] =M x Z(QW)(S(EF — E[) /d3XNd3XDM Hd?’xi 53(XN — XDM)

X(I) ({X XN}) Zzi qe-Xie—ipﬁ-XNq)Eé_c({X o XN})G_i(ng_pIDM)'XDM

= M xi(2m)*0(Er — E)6*(Mave + Phy — Phur) (correct energy momentum

/ H d3xz {x}) i, QeX; (I)Egc ({x}) . conservation)

Migdal factor!

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

the Migdal factor appears automatically.

The total energy momentum conservation is manifest !
\ y




v “Atomic” Recoil Cross Section

After phase space integration (center of mass frame):

4 d 1 prl )
o PF 21412 21412 2
LN ja M Zeor(a)?
Tooston = 2 527 T T o A M 20
Zei(q,) = / TT @ @ ({x})e 9% ({x})
Doy = —Pa = Pr ~ ANV (pa'°= ma, pom'°= mpm)
\_ Y,

In addition to the total momenta of the initial/final states, we need to
specify the states of the electron clouds in the initial/finial states.

+ Initial state : DM = plane wave, atom = at rest,

EC = Ground State

« Final state : DM = plane wave, atom = moving,

EC = Ground/Excited/lonized State



v “Atomic” Recoil Cross Section

After phase space integration (center of mass frame):

[ L ol A
2w D I FA(g) PIM(B)P Zer )

d cosbOco pAO+PDM ) | I|

Zpr(qe) /Hd3Xz {X} 'X@Eéc({x})

Doy = —Ph = Pr ~ UNVDy (pa!' 9= ma, pom' °= mpu)

\§ J

The process is not elastic for Eccf # Ee(' !

2 Efé _ Eérc
INCM: prl? = prf? — 2un(EE — EL) o) = \/ < )

KN
[ elastic excitation ionization A
DM DM DM DM DM DM

N N N
%) %) %e)

N\ N

* N
‘ ‘ ‘ + electron

. J




v “Atomic” Recoil Cross Section

(Qe = meV = me/maq ~ [taMe/MAVDM )

Zeita) = [ [] ' @ ((xhe =00 (x))

g A
Z|Z |2_|Z |2_|_ Z d(nf—)n’f’)+2/dEeic(nf—>E)
FI| = |4I1 Py, o d Eepqe e
F ~T1  nen n,l
elastic excitation ionization
\_ / | _J
v
[ elastic excitation ionization h
DM DM DM DM DM DM
\ N, N
‘ ‘ ‘ + electron
\. y,




' Numerical Transition Rate (by using Flexible Atomic Code)

Hartree-Fock Approximation. Leading O(qe2?) approximation.

Xe (qe = me x 1073)

0] P Py Do Poo e [eV]|[ £ [dE, & Zpr(qe) ~ —i Zl/d3xk (Z)ak* (X u)ﬁbak (Xk)
(1) - - — |73 x10719(|3.5 x 101|| 4.6 x 106 -
2s - - - 1.8x 1078 ||5.4 x 103|| 2.9 x 1075 . . .
%0 ~ 13.0%1078/6.5 x 1072 - 4.9 x 108]| 1.3 x 10~ Ionization spectrum
3s - — - 2.7x 1077 ||1.1 x 103|| 8.7 x 107 102 g
3p - 3.4x1077[4.0 x 1077 - 9.3 x 102|| 5.2 x 104 — n=1
3d ||[2.3 x 107? - - 4.3 %1077 6.6 x 102]| 3.5 x 1073
4s - - - 3.1 x 107 |[2.0 x 102]| 3.4 x 104 T:
4p ~ |41x107%[3.0x 1070 - 1.4 x 102|| 1.4 x 1073 3
4d ||[7.0 x 1077 - - 1.5x 1074 [ 6.1 x 10| 3.4 x 1072 ‘% %.“’
5s —~ —~ - 1.2x107%|[2.1x10 || 4.1 x 10~* ,s| (l\:l
\5p/ - 3.6 x 1072|2.1 x 1072 - 9.8 1.0 x 101
T (n, ) 4f 5d 6s 6p 106 € il il i
initial state E,¢[eV]|| 0.85 1.6 3.3 2.2 0 1073 1072 10-1 109 107

cr: . . E. | keV
(transition is possible only for | A8 | = 1)

4 )

+ Theionization rate from n = 3 state can be of O(710-(3-2),
— leading to O(1)keV electronic energy deposition !

+ The rates for the excitation to the higher shells are smaller.

\. J




' Numerical Transition Rate (by using Flexible Atomic Code)

Hartree-Fock Approximation. Leading O(qe2?) approximation.

Xe (qe = me x 1073)

4
z 7 o)~ —i A3xp 0 (x5) (qe - X5 )2 (x
ol o T T 7 T 7 T i i) ~ i3 [ e (e x)ens 0
(15 —~ — - 7.3 x10719(13.5 x 10*|| 4.6 x 1076
2s - - - 1.8x 1078 ||5.4 x 103|| 2.9 x 1075 . . .
2 ~ 130x10°8|65x107° 49 %103 1.3 x 10 Ionization spectrum
3S o B B 27X10_7 11X103 87X10_5 102 T T IIIIII| T T IIIIII| T T IIIIII| T T IIIIII|
3p - 3.4x1077[4.0 x 1077 - 9.3 x 102|| 5.2 x 104 — n=1
3d |[|2.3 x 1077 - - 4.3 %1077 (6.6 x 10%|| 3.5 x 1073 n=2
—6 2 —4 -
4s - - - 3.1 x 107 |[2.0 x 10%|| 3.4 x 10 § — n=3
4p ~ |41x10783.0x 1077 - 1.4 x 102|| 1.4 x 103 < ~ 4
-7 _ _ —4 _92 o o
4d |[|7.0 x 10 1.5x1074{ 6.1 x 10 || 3.4 x 10 5|y — =5
5s —~ —~ - 1.2x107%|[2.1x10 || 4.1 x 10~* ,s| K
SV
\5p/ - 3.6 x 1072|2.1 x 1072 - 9.8 1.0 x 101
T (n, ) 4f 5d 6s 6p
10—8 Lol Lol Lol Lol
initial state E[eV]]| 085 | 1.6 | 3.3 | 2.2 1073 102 101 109 107

cr: . . E. | keV
(transition is possible only for | A8 | = 1)

E. spectrum is purely determined by the structure of the electron cloud !
E. spectrum is independent of the dark matter velocity vom and mpmu.



' Differential Event Rate for an Isolated Atom

(

G

dR dRy 1 d )
~ o © (nl - E,)
dER dEe dUDM dER dUDM X 2T ; dEepqe(n — )
dfio 1 ppy 1 2112~ flvpar)
dEgdvpy  2mpuy M%\r| alza)f'ow x Upam
y,

(Ee : free electron kinetic energy)

lonization = free electron + ion with a core hole

+ When the core-hole (the vacancy in the inner shell) is created by ionization,
the states are de-excited immediately O(70)fs.

(Auger electron

) )

(Coster-Kronig electron

o—

—

pr— —

—

>
"

o—
—_—
)

J

New J.Phys. 15 (2013) 083040

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

EEM — Ee + Edex
~ AF

Differential Event Rate with respect to the measurable electric energy

dR dRy

dER dEEM d’UDM = dER d’UDM

1 d
¢ (nt Eroyv — Fae
X QW;dEepqe(n — (Epnm — Eaew)




dRIdER[ 1/kglday/keV]

' Differential Event Rate for an Isolated Atom

mpm = 1TeV, oy = 10-45cm?

dR/dEr [ 1/kg/day/keV]
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101

10}

102}

TS

1077 10° 10" 10°

ErplkeV

Ll Lol Lol Lo
107 109 107 10
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lonization rate from an outer orbit is higher!
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dR/dERg[ 1/kgl daylkeV]

' Differential Event Rate for an Isolated Atom

mpm = 2GeV, oy = 10-40%cm?

dR/dEr [ 1/kg/day/keV]
10° L L) L L D L B
10* Nuclear Recoil =
10° =
102 E
107 E
100 =
107 =
102 E
1078 ,
T T T T
EnlkeV
n;=3

-4.5

102 j T T -6.0

F -7.5

10" 90

3 g -10.5
E 100 V_E_ §S -12.0
Dl § -135
10—1; -15.0

-16.5

1072 bt i i ~18.0

102 107" 10° 10" 107
Egrl/keV

AE/keV

AE/keV

dR/dERdAE [ 1/kg/day/keV/keV] AE > Ejon

n;=5

10%¢

102 107 10° 10’
Egrl/keV
n=2
102§ £
107;* E
5 _eaa
100 3
10‘@ E
10—2:1 Ll Laanl L nnl Laannl
102 1077 10° 10" 107
Egrl/keV

-18
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AE/keV
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n,=4

10—2 :1

T
ErlkeV
n=1
102; I
10’;
100;
10-’;
T
ErlkeV

Typical AE is independent of the DM mass

Er maxis suppressed for a smaller DM

-18
-36
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-14.4
-16.2
-18.0



« Implication on Dark Matter Direct Detection Experiments

+ In the detector, the atoms are not isolated .

e.g.) Typical separation in the liquid Xe ground state ~2 x 10-8cm

v The wave function of the valence (the outermost) electrons are affected by the
electrons of the neighboring atoms.

van der Waals force

= deformation of the electron cloud

V(R)

— the transition rate from the valence
electrons for the isolated atom is not reliable

\Jamee— F

2x10-8cm ~ 4 x Bohr radius

+ lonization energies are slightly reduced by about O(7)eV
— the transition rates from the valence electrons for the isolated atom
are not reliable

~2x108cm

potential of the valence quark




« Implication on Dark Matter Direct Detection Experiments

Electron Orbits

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

1s 25 2p 3s 3p 3d 4s 4p 4d 4f 5s d5p
Naj2 2 6 £ 0 0 0 0 0 0 00
Ar|2 2 6 2 6 0 00 00 0O
Gel2 2 6 2 6102 2 0 0 0 0
I12 26 2 6102 6 100 2 35
Xel2 2 6 2 6102 6100 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.



« Implication on Dark Matter Direct Detection Experiments

' Migdal Effect single-phase Liquid Xe detectors

WIMP Limit Plotter
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Edet = (0. 1'0.2) ER + EEM EEM = Ee + Edex"’ Ee - En

A few events with Eqe: = O(1)keV are expected for 10° kg days !

The atom recoil energy is lower than threshold Er < Mpm? /Ma x vpm? < O(1)keV



« Implication on Dark Matter Direct Detection Experiments

' Migdal Effect single-phase Liquid Xe detectors

WIMP Limit Plotter
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A few hundred events with Eqet = O(1)keV are expected for 105 kg days !

The atom recoil energy is much lower than threshold Er < Mpm? /Ma x vpu? = O(1)eV



« Implication on Dark Matter Direct Detection Experiments

' Migdal Effect single-phase Liquid Xe detectors

dRIdE et [1/kgldaylkeV ]
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For heavier dark matter, the atom recoil energy is much lower than threshold
Er<Ma2xvpm? =0(10-100)keV

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



« LUXresult (1811.11241 LUX collaboration)

Double Phase Experiment (detect scintillation photon and ionized electrons)
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+ LUX collaboration analyzed data by taking into account of the Migdal effects.
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« The result shows that the LXe can test the low mass dark matter region !




« EDELWEISS result (1901.03588 EDELWEISS Collaboration)

EDELWEISS = Ge bolometer experiment : signal = deposited energy & ionization
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Color solid line : raw prediction
Color points : prediction after cut

« The electron signal in the Migdal effects leads to a higher energy signal
for a given size of the momentum transfer !

Again, the Migdal effects allow a search for a lighter WIMP !



« EDELWEISS result (1901.03588 EDELWEISS Collaboration)

EDELWEISS = Ge bolometer experiment : signal = deposited energy
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+ The EDELWEISS extended their reach to the sub-GeV dark matter!



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

In reality, 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 (Mpm < 10GeV) where the atomic recoil energy is lower than energy
threshold, i.e. O(1)keV.

Migdal Effects has advantageous to look for small “q” with a large cross section
dark matter = Lower Mass dark matter such as SIDM/Asymmeteric Dark matter

Can we use emulsion experiment to test the Migdal effects themselves ???



