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Interplay of multiple topics*®

1. The Migdal Effect— electron ionization signal from DM-nucleus
Interaction

2. Event signals in semiconductor detectors

1. Electron ionization
2. Phonon production

3. Effective DM-nucleon interactions

* Lots of these topics have been explored in detail independently or in other contexts. See notable citations where appropriate.



Outline

1. The Migdal Effect— electron ionization signal from DM-nucleus
Interaction

1. =He=free-gicms———
2. In semiconductors

2. Eventsignals in semiconductor detectors
1. Electron ionization

2. Prororrproaacaon See back-up slides and discussions in [2205.02250, 2506.11191]

3. Effective DM-nucleon interactions
4. Results



Migdal Effect (In semiconductors)

Semiconductors have small energy gaps O(eV) compared to ionization of atoms O(10 eV).
Therefore, semiconductor targets have very low thresholds for direct detection
experiments.

Advantage: Migdal effect allows us to probe DM masses to O(1 MeV).
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Complications:

* Lattice potential is introduced

* Phonon production is possible  20eV
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DM-nucleus interaction in a non-relativistic theory

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 = Y Y ¢VOx X N*N-,

N=n,p 1

Difficult to UV complete
O T )2, Oy = ,ig’N (7 X ,51), Coherent interactions: S, independent
Rate contains enhancement of (A-Z)?
O4=§x-§N; OG=(§X®(§N®J
O?ZgN-ﬁl, Og:igx'(gNXQ) Ol{):z'gN'Q_':



DM-nucleus interaction in a non-relativistic theory

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 = Y Y ¢VOx X N*N-, Define, ¥ = Uy + Uy,

N=n,p 1
velocity split into center of mass

Difficult to UV complete
0, — / and intrinsic components (which
carry derivatives).



Effective DM-Migdal Hamiltonian in semiconductors

2210.06490 Complicated lattice potential
1 —
He{f — E [HXL’ [HL’ HBL]] + 0(1/w3) ’ Electron-Lattice Hamiltonian
gy H(ﬁ)
I I 3
m— Heg = — Z:Vj'LYJ Hi +0(1/w).

DM-Lattice Hamiltonian

Previous study: DM-lattice and electron-lattice interactions factorize and H_4 is
independent of lattice potential = DM-nucleus interaction and electron response
decouple in a way that is computationally manageable.



Effective DM-Migdal Hamiltonian in semiconductors

Goal of our work: Derive the effective Hamiltonian for any non-relativistic DM-nucleus
interaction.

~ 21 (VIH6L+O (|ke+K| V%HBL)>
wmpy mpy
Now we can...

1. Calculate the Migdal ionization and phonon rate for any of the non-relativistic DM-
nucleus interactions we discussed.
2. Constrain these non-relativistic DM-nucleus interactions using existing data.
 Reminder: any experiment set up for DM-electron detection can also detect DM-
Migdal events.




Migdal ionization Rate:

Electron “shake-off” probability: contains electron loss
function/dielectric function. Sets the dominant shape

Gmax
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Results: Electron shake-off probability and nuclear
responses factorize for all DM-nucleus effective

operators.
And operators with different velocity dependence

can have different ionization spectra.

DM-nucleus differential cross section: operator
form factors, contains nuclear responses.

dR/dw [eV~1/kag/year]
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different reference cross sections.



Constraints and

Proj

ections

Os= 8y - SN

New constraint

Using data from [2003.01046]
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Constraints and
Projections

Os= 8y - SN

Projection
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Constraints and
Projections

Os= 8y - SN

Previous constraints mapped to
appropriate operator/interaction
using Migdal and DM-nucleus

[1810.00607] and [2210.00199]
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Constraints and
Projections

Os= 8y - SN

Estimate of the appropriate
Earth-Shielding bound, operator
dependent.
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Constraints and
Projections

Os= 8y - SN

Benchmark considerations regarding
UV completions:

(dotted) Previous results from heavy-
SM mediators [1905.04319]

(dashed) bounds from perturbative
couplings
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Constraints and Projections
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Conclusions

* We have calculated the Migdal effective Hamiltonian for a
variety of DM-nucleon interactions.

* We can probe an order of magnitude lower in DM mass for
some interactions.

Open thoughts/questions

* What are the best probes we can use to constrain the EFT
operator coefficients?

* How can UV completions motivate (or de-motivate) the EFT
interactions?

» Are there some EFT operators which allow us to consider a
complete set of possible UV models?

17



Thank you!

Questions?



Back up slides / notes



DM Migdal EFT Picture

2210.06490

momentum

DM

H,.~~H
Lattice states @Pﬂ

Electron @

momentum

pe + k.

EFT validity

0.5 50 250 q [keV]
| | |

1/a EFT (AE) < w) 2mx(Epn) \/ 2mNwg

free ion

impulse

incoherent

0.5 50 250 m, [MeV]

!;I )\f \\ // Af
hRN f,r-rjj \\J /,/
A f\j\ﬂ /\_r\f\f\ﬁ
1
pe+ke DPe De +ke

20



Higher spin > 1 mediated operators

(912 = gx-(gNX’UJ')

O3 = 7;(5‘;( - 7) (S - miN)
a2 4 a2 .
O = i(Sy- m_N)(SN . 7)
015 = —(g . i)((gj\f X ?7J‘) . i)
X mp my
- W T va d g’
Ow = —((Sxxv7)- m—N)(SN - m—N)- = O+ 5O,



Another signal: phonon production with an
accompanying Migdal electron

dR nyNrp 2c¢ 3 fx (v) 3 o
iE My /dw3( / d°v f dQZJ q,v)
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Results: Operators with different velocity and/or 0.3
momentum dependence have different ionization 0.2 O/(m. =100 MeV)
. . -"II T f X
spectra. Note, these differences become quite small 0.1 Ll

at lower DM masses. E [eV]
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Constraints from UV completions 1905.04319

 PSEUDOSCALAR MEDIATOR (06 & 010)
* meson decays
* super nova cooling

* GANDHI experiment from nuclear
decays

* AXIAL-VECTOR MEDIATOR (0O4)

e Z exchange is widely ruled out, look for
BSM exchanges

e limits from UV completion required to ﬁ/'ls?j.s’ie (r;\o/lre) recfnt [2506.11151]
. ediator- coupling,
cancel anomalies D1nS

Mediator-DM coupling (SIDM),

on axial-vectors Cosmology



UV models
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