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Outline

oBackground and Motivation for Migdal Effect (in semiconductors)
olnvestigate Migdal interactions beyond standard spin-independent scattering

oResults: Direct-detection projections for EFT operators



Migdal Effect (In atoms)

In direct detection experiments, elastic nuclear recoil are only detectable for DM mass O(GeV).
Dark Matter induced electron transitions via the Migdal effect:

1711.09906

Advantages: Migdal effect allows us to probe sub-GeV DM masses to O(MeV).



Ability to probe lower DM masses

elastic DM-nucleus scattering DM-nucleus scattering w/ Migdal
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Migdal Effect (In semiconductors)

Advantage: Semiconductors have small energy gaps O(eV) compared to ionization of
atoms O(10 eV) = Semiconductor targets have very low thresholds for direct detection
experiments.
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* Lattice potential is introduced

* Phonon production is possible

Migdal e’

|
|
|
|
0eV| |
:
|
|
|

~ 1A 2011.09496



Effective DM-Migdal Hamiltonian in semiconductors

2210.06490
1 3 Electron— lattice Hamiltonian
Heﬂ' = L? [HXL’ [HL, HeL” + C’)(l/w ) ] is known/
— Hyg=—— S vHD . v,HD + 01/0?)
eff — me2 - 14441, It1eg, w-).

Take-away: DM-lattice and electron-lattice interactions factorize!



Effective DM-Migdal Hamiltonian in semiconductors

2210.06490
1 3 Electron— lattice Hamiltonian
Heff = L? [HXL’ [HL, HeL” + O(l/w ) ] is known/
— Hyg— — Y vHY v H +0(1/u°)
eff — me2 - 14441, It1eg, w-).

What interesting DM— lattice
interactions can we look at?

Take-away: DM-lattice and electron-lattice interactions factorize!
s this still true for all DM-lattice interactions? > (spoiler!) YES



Non-relativistic operators

Method: Write down every non-relativistic Galilean-invariant operator up to quadratic
order in momentum, which can arise from spin-0 or spin-1 exchanges.

1203.3542
Lig = Z ZCZ(-N)Oz'X+X_N+N_,

N=n,p 1 =] q

Define, U =vU+ Y
Difficult to UV complete A\

M O3 = iSy - (T X T, Coherent interactions: Sy independent
Rate contains enhancement of (A-Z)?

O4=§X‘§N7 @ 06:(§X®(§N®7

O7 = Sy -, Og =iSy - (Sy xq) O=1iSy-¢,



Non-relativistic operators

Method: Write down every non-relativistic Galilean-invariant operator up to quadratic
order in momentum, which can arise from spin-0 or spin-1 exchanges.

1203.3542
Liw = Y aVOix™x N*N-, Define, - = Tg + Ty,

N=n,p 1
Difficult to UV complete velocity split into center of mass

/Z/Z/M and intrinsic components (which
O, = (% ) : :
carry derivatives)



Differential Migdal Rate:

Goal: Calculate the differential Migdal rate in semiconductors using the EFT Hamiltonian for
all possible H,; .

dR nyNp [dmax dosoin . (AP
—(w) = =X / dq / dvvf, (v)—22 (¢) —— - (g, w)
dmin

dw mpn M dq
do onq s (N,N')
spm . n F (q,
dq :u’xn v? ’ZJ ]%,

Result: Electron shake-off probability and nuclear responses factorize for all DM — lattice
effective operators!
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Projections (preliminary)
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Ge 1 kg-yr Projections

(preliminary)

O3 =iSn - (gx v>r)
Os = 1Sy - (gX ’UJ‘) _
Oy =iSx - (SN X q) NE
9

07 = iSN- ’UJ‘ |
On =1i(Sx - q)
08 = in- ’UJ‘

Takeaway: Migdal effects allows us
to probe orders of magnitude lower in
DM mass for various interactions!
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Conclusions

* We have calculated the Migdal effect in semiconductors for
many different EFT operators.

 Allows experiments to search for these interactions for DM

masses as low as MeV, several orders of magnitude lower than
before!
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Thank you!

Questions?



DM I\/Ilgda\ EFT Picture 2210.06490
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Figure 2: Schematic representation of the EFT procedure applied to the result of old-
fashioned perturbation theory. Each line corresponds to a state in the Hilbert spaces of
the dark matter (dashed), electron (solid), and crystal lattice (wavy). The intermediate
lattice mode has high frequency and, when integrated out, it leads to an effective Hamiltonian
that is local in time and independent on the complicated dynamics of the lattice.
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BUIldlﬂg blocks 1203.3542

Complete set of Galilean, Hermitian invariants: 4§, @, Sy, S.

P-conserving

— —

Set of T-conserving operators: 1, S, - Sy, 2, (S, xq)-7, - (Sy x @), (S, 7Sy Q)
v+ SX, ot - Sy, zS (Sy x ). P-violating

Set of T-violating operators: Sy - g, 1S, - ¢, «—— P-conserving

(iSy - Q)T+ - ), (@S, - q)(T* - Sn). P-violating
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Higher spin > 1 mediated operators

my
_ g . 9\yg. oy, 4
O1i5 = —(Sx mN)((S X U) mN)
= q .\, 3 q q°
O = —((Syx7T) - ——)(Sn-—). = O15+ —5 0,

1203.3542
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Dark Matter — Lattice Hamiltonian

HXL:Zloé(:c —w1)+z [ “’x_"’f)+5 _m"
i 215 (xy — 1) + Z an @» (xy — 1) + (T — 1) 75
2mn>@(wx — 1) +0(@y — f”‘ 1203.3542

Nucleon spin written in terms of Pauli matrices

Intrinsic velocity dependence from EFT operators rewritten as derivatives terms
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Dark Matter — Lattice Hamiltonian

EFT coefficients contain all DM-spin and DM-momentum (q) dependence

HXLZ x — 1) +Z‘[_1%‘ od(xy —xy) +0(x —:61)0-%6_1)]
+Z@05 —:BI)+Z@[—EV5 x — 1) +94(x —mI)%ﬁ]

+ Z @[%_1 X o06(xy — 1) + d(T — XTI)O X VI] 1203.3542

Although it gets complicated when including all operators, we can calculate H_ eff!
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Operator Form Factors 1203352

2
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Nuclear Responses

X 2311 W)((P ?) (0)
M spin-independent Z?

7 spin-dependent (longitudinal) 4% (Sp)?

>/ spin-dependent (transverse) 8LEL(S,)?

A angular-momentum-dependent % % (Lp)?

ol angular-momentum-and-spin-dependent ~ <§p ' Ep>2a

table from 1401.3739
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Nuclear Responses

From writing down the matrix element you get an e i@ % \which can be expanded into the (vector)

spherical harmonics depending on term.
Mjym(gx) = js(q2)Yim ()

MM (qx) = j;(a2)Yrom ()

Depending on the operator you will have terms which also come with derivatives and/or Pauli matrices

Asar(gz) = MM (qz) - é?

v (gx) = —z‘[é? X M%(qm)] o Squaring the Matrix eIeme2?:crlgives relevant form factors
(o) = [TV Monr(as)| - FSV@) = fj T 2 GG G ),
& (qz) = é? < M%(qx): - [a < %6’] + MM (a2) o =

3" (qz) = i[%%’MJM(qm)] . :0' v 3 ]

1203.3542 23



Constraints from UV completions

e« PSEUDOSCALAR MEDIATOR
* meson decays
* super nova cooling
 GANDHI experiment from nuclear decays

e AXIAL-VECTOR MEDIATOR
e Zexchange is widely ruled out, look for BSM exchanges
* limits from UV completion required to cancel anomalies
on axial-vectors

e VECTOR MEDIATOR
* unexamined.

104} : GANDHI

108

yN1987A
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mg [GeV]
1905.04319

FIG. 1. Terrestrial and astrophysical limits on the pseu-
doscalar Yukawa coupling to nucleons are plotted as a
function of pseudoscalar mass m,. Terrestrial limits are
adapted from [26] and organized into proton and neutron
couplings as well as into visible and invisible decay chan-
nels for the pseudoscalar. SN1987A constraints are from

[29]. Also shown are projected limits from [10]. 24



UV models
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UV Models: pseudoscalar mediated

seuaoscalar 1 . — \ ] . — \ ] s N ]
L = o5 ) (XX NN + f'ixxN7°N + £33 *xN7°N)
N=n,p
. = my
ZX’)/5XNN % 011
My

Z)ZXN’Y5N — 010
~ _ m
XV XNA°N — ——2 0,
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1401.3739
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