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Quantum Mechanics
(Non-relativistic The. - PROBLEM 3. Determine the total probability of excitation and ionization of an atom of

ydrogen which receives a sudden “jolt’’ (see Problem 2).

Course of Theoretica’ "7 0o g
Volume 3 Third Edition =

- PROBLEM 4. Determine the probability that an electron will leave the K-shell of an atom

‘with large atomic number Z when the nucleus undergoes f-decay. The velocity of the
assumed large 1in compartson with that of the K-electron (A. B. Migdal and

3t/ '_t\?'.}‘-': | @& an -3 ’ '
s ‘|
L‘) Eq = 'l.?l]

berg 1941).

PROBLE J Determine the probability of emergence of an electron from .thc K—shell
f an atom with large Z in a-decay of the nucleus. The velocity of the a-particle is small

1 a'i:;xg,};/fl‘,ﬁ'fr% that of the K-electron, but the time which it takes to leave the nucleus is small

me t@* with the time of revolution of the electron (A. B. Migdal 1941, ]J. S. Levinger



The prompt ionization of an atom™
following the scattering/recoil of its nucleus

Atom
DM Physicists recolls &
—>
jonizes e

*or something more general, eq. the electronic response of a semiconductor
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The electrons can not adjust to the recolling nucleus during scattering

/
<¢f\exp( zmeva )\¢>

Instantaneously: Electronic tranS|t|on operator is a Galilean boost

(bl exp zﬁZq )\¢>

ne N

Dipole approximation: ﬁqr <K 1 my DM-nucleus momentum transfer

“q- (e Rl Qowmk ok

i=1 dEpdw dER 2 dw
Factorized cross section




Bewels des Adiabatensatzes.

Von M. Born und V. Fock in Gattingen.
(Eingegangen am 1. August 1928.)

mechanik. Numeriert man die Zustdinde eines Systems mit den Nummern
der entsprechenden Energieniveaus, so behauptet der Adiabatensatz, daB,
falls das System sich anfangs in einem Zustand mit einer bestimmten
Nummer befand, bei einer adiabatischen Anderung die Wahrscheinlichkeit
des Ubergangs des Systems in einen Zustand mit einer anderen Nummer
unendlich klein ist, trotzdem die Energieniveaus nach der Anderung sich
von ihren Anfangswerten um endliche Groflen unterscheiden konnen.

A gapped’ eigenstate remains in a corresponding eigenstate after
adiabatic evolution.




How long does it take for the electron cloud to catch up to
the recoiling nucleus?




H,|¢,)=E,|¢,)

Introduce perturbing potential V,y(X,, — X ) and
asymptotic states |i/f) = P, i/f> Py, i/f> ‘¢i/f>

= 21)° V(@ 8 (q+ (P = Pry) ) (XD | e WP 25001 g ((x0 )

The impulse approximation creeps up again \ /
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Induces atomic transitions
and inelasticity
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We can compute to first order in the transition operator

Initial and final states \l/f) = ‘ ,,f

\wpz :
M= fIBVVND) - )T, \z>———Fﬁ<w> d,

@)
Force matrix elemi/
Dipole matrix element c

Fﬁ(a) q, pz) — <Wpf‘ v,V N(p)‘

<¢f\2er | )




We take the limit of plane wave states X

h/rl_’:/j) — ‘pi/f> WPJ
— N
F (@, q.p) = = (P V, Vol 2) [ Pi) [y
VV(P) = i[ﬁp’ Vn(p)] pi) X l €

N
M g = l; V) q-dg 5

We recover the impulse approximation!




Square, normalize For m, < my Jacobi
and integrate coordinates — lab coordinates

dGZN 1 dp nt—k
dER 271' da)

Born

dgmﬂ —k
dE Rda)

Adiabatic form factor Elastic form factor

| o (g, p) |

|'F (@, q,p) |
X7 2
gl oa(q,p) | [V n(q)]

2
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Adiabatic form factor

Timescale

q/pi = 0.21
q/pi = 0.41
q/p; = 0.61
q/pi = 0.81
q/p; = 1.02
q/p; = 1.22
q/p; = 1.42
q/p; = 1.62
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do,, ;. _ @@ oy | 1 dpsy
dERda) dER 2 dw

Born

*WWe always have elastic corrections
with respect to Born

-Adiabatic corrections present for
long-ranged interactions

*Adiabatic suppression kills Migdal
lonization
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* The impulse approximation is exact at Born level

* Temporal effects require beyond Born calculations
-Adiabatic suppression emerges in long-range, semiclassical scattering
DM searches lie in the unsuppressed regime

Searches for Migdal with neutrons may get corrections

‘Extend formalism to other systems, such as semiconductors




Thank you for your time and
attention!




Backup slides




= 21 V@) 8 (q+ (P = Pay) ) ({X, D | e WP 25001 g ((x7 1)

The impulse approximation creeps up again

I(E) = V+ VGY(E)T(E) GH(E) = (E — Hy+ i0™")™

|

@ VGé"')(E)V-I- VG(§+)(E)VG(§+)(E)V_|_ VG(§+)(E)VG(§+)(E)VG(§+)(E)V—|—

Born approximation includes no propagators - instantaneous




The electrons can not adjust to the recolling nucleus during scattering

<¢f|exp(zﬁ2q )\¢>
/

d%”—% doy 1 dpuesk In the impulse approximation, the ionization
dExdw  dEp 27 dw probability multiplies the cross section

llntegrate cross section over DM distribution in lab frame
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Extreme loss of sensitivity below 1 GeV
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Nobel gas detector have thresholds ~ O(keV) WIMP mass [GeV/c?]




max

l/gp(p) = Z Z Cfm(pp) f(p)Yfm(p)
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Using numerical radial Continuum

Dipole selection rules and normalization

solutions of the Yukawa potential '=¢x1, m=mm=l




W) = T(L £ ine™51eP7 Fy(Fin, 1, & ip,p = 5, P)
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Transformed from gradient using dipole identities
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H,|¢,)=E,|¢,)

Couple nucleus to external force

V(i)=—-Fy®) - Xy

H(t)= Hy—ma(t)- Y ;= mua) - X cou

The timescale A is related to the width of W (i) PN

the acceleration profile AJ A




S| = T exp (—int /V\I(t)) We can directly compute in interaction picture
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S| = T exp (—i dr /V\I(t)) We can directly compute in interaction picture

N G = o
ijl. ) = — deo(k) Y(wp_y  D)dy_y 150" — i)
' =1
Instantaneous A — () Adiabatic A — o
y(w,,A) — 1 y(w,,A) — o(a — b)

Sum of terms becomes exponential

/ /Z
lim S = exp| i . T, lim S = diag exp| i . T,
lim p(ﬁZq ]) g p(lﬁZq J>
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- Local DM density p ~ 0.3 GeV/cm? and typical velocity is v ~ 1073 ¢ —Jp» non-relativistic

» Typical momentum transfer g ~ 10 — 100 MeV can interact coherently with nucleus when 1/g > 10fm
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Z-scale DM-quark EFT EFT with partons and form factors
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Differential event rate with astrophysics Matrix element can be used to match to NR Hamiltonian;

Fourier transform is effective NR potential




