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OUTLINE

Searching for sub-GeV dark matter

The effective theory approach

MeV to GeV: Migdal effect in semiconductors

keV to MeV: superfluid *He and anti-ferromagnets

Outlook
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UB-GEV DARK MATTER

* Most of the matter (~80%) that interacts gravitationally I1s dark
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* One of the strongest evidences for physics beyond the Standard Model

—» detection techniques

* However... huge possible mass range

vary widely depending on the dark matter mass
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SUB-GEV DARK MATTER

too light to explain halo structure less than 1 dark
matter per year
s through Earth
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ADMX, CASPEr, SCENON. LUX.

atomic clocks, LIGO,

» Dark matter is a particle but too light for nuclear recoll

« Need new materials or observables
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EFT APPROACH

* For sub-GeV dark matter one needs to delve into the condensed
matter world

* Need to account for the complicated many-body physics
(correlations, strong coupling, ...), e.g.

W’)W. wv

ARV

R
SRS 7 |

wwv wvvv#m

* [t would be ideal to be able to ignore these Intricacies
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EFT APPROACH

* Hierarchy between scales (energy, time, wavelength, ...) —»
formulate the problem In effective field theory terms

* The EFT i1suniversal  —»  Independent on the complicated

physics of the far away scale, e.g,
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* Apply the same idea to condensed matter!
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MeV to GeV
Migdal effect in semiconductors
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MIGDAL EFFECT

* For sub-GeV dark matter nuclear recoll signals become challenging
—» sensitivity can be lowered by looking for inelastic processes

eSS, Mardon . Volansky — PRD 2012, 1108.5383; Kouvaris, Pradler®— PRI 20150 SEcES el

» One such process Is the Migdal effect

- Less likely... but lower thresholdl  —» expected to lower the

Sensi.tivi.ty 10O @(100 l\/le\/) masses [e.g., Vergados, Ejiri — PLB 2005, hep—p1h7/0074.0017125518;]

Ibe, Nakano, Shoji, Suzuki = JEEESENSS
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MIGDAL EFFECT

+ Semiconductors have small ©O(eV) bandgap

—» Migdal effect should allow to probe
down to O(MeV) masses

Migdal rate in a semiconductor is much harder

* S0 far approached only under some simplifying assumptions

[Liang, Zhang, Zheng, Zhang — PRD 2020, 1912.13484; Liu,
RN he sy PRD- 2020, 2007.10965; Knapen, Kozaczuk, Lin
S e 01 L 09496 Liang, Mo, Zheng, Zhang — PRD 2021,

BRSO iiang ' Mo, Zheng, Zhang — 2205.03395]

10—32
10733 -

ElNiie e s no reliable
prediction form, < 50 MeV

[Kfiapen, Kozaczuk, Lin — PRL  Z0Z e U G
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EFT

» Migdal effect in old-fashioned perturbation theory
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» Separation of scales (@ ~ eV > £, ~ 10 meV) allows to integrate

out the Intermediate lattice mode

et e
3 Berghaus, AE, Essig,
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MIGDAL RATE

* Now simple to determine the rate for Migdal emission

q-k+K)q-(k+K) =
<) ) Ko M ok @) S@SKEKE)

k KQ - /4 \

energy loss function (ELF) — electronic dynamics structure factor — crystal response

da)a’E

B Energy |OSS func-tlon lS already [e.g., Knapen, KozaczukysLin™ =SSERIVHIESE

2101.08275; Hochberg et al. — BRL I 2021 0N QNSREe o ns

\/\/e” S‘tudied Knapen, Kozaczuk, Lin — PRD 2022, 2104.12786]

Structure factor should be measured from neutron scattering data
d*c o, ke

n

= I I S(a.E
dQdE  4x kl-S(q’ )

No data yet in the range of interest (g ~ 10 keV — 100 keV)
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MIGDAL RATE

* | not Interested in phonon energy, the rate Is independent on the

detalls of the crystal lattice!
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* The description of Migdal effect iIn semiconductor is now complete
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keV to MeV
superfluid “He and anti-ferromagnets
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COLLECTIVE EXCITATIONS

* For sub-MeV dark matter nuclear and electronic recolils are not good
probes anymore  —» dark matter excites collective modes

X / *
N

* | will focus on two possibilities:

A. Spin-independent interactions: phonons in superfluid *He

B. Spin-dependent interactions: magnons in anti-ferromagnets

Vd
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COLLECTIVE EXCITATIONS

 Iry to detect the collective modes created by the interaction with a
dark matter particle

» Simple part: dark matter interaction with material

SuperﬂL“d 4|_|e antl_ferromagnets [Acanfora, AE, Polosa — EPJC

2019, 19023021 6N B
Pavaskar — to appear]

Lt ~ XX P Q@) | L ~ 1 Q) p(q, ®)

 (Collective modes:

A. superflud —» phonon (sound)

BSVERS) Sapienza, September 2022




EFT

* Hard part: description of the dynamics of phonons and magnons

» Superfluids and anti-ferromagnets spontaneously break a set of
symmetries —» gapless collective excitations are Goldstones

svihen g << 1/a, they can be described by an EFT:

supertluid phonon magnon In anti-ferromagnets

Lo~ — (V) (V2 2L, ~ @ -V +

: 59 3 : P ] :
P ~ 817+ 8" +83(Vr) + - P ~ I <5laﬂa + 6%e®un’ + )
from equation of state data from neutron scattering data
R ey VAR “Polosa — EPJC 2019, 1902.02361] [AE, Pavaskar — to appear]

+ Use particle physics method to compute condensed matter rates!
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SUPERFLUID “He

Calculation of event rates are now easy

Reproduce (and correct) the result
obtained with standard methods

Extend to 3-phonon emission
and discuss intriguing directional signal
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ANTI-FERROMAGNETS

. |dentifi

ed the optimal candidate

can probe down to O(keV) masses with single magnon

e E R malikes It possible to also

compute the 2-magnon rate —»

push all anti-ferromagnets to O(keV)
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OUTLOOK

The search for sub-GeV dark matter requires new ideas

* For light dark matter one must delve In the condensed matter world
» Many problems can be made simple by the use of EFTs

 Migdal effect: push the sensitivity of present day experiments to
O(MeV) masses

+ “He and anti-ferromagnets: using collective excitations can probe

spin-indep. and spin-dep. interactions down to O(keV)

Thanks for your attention!
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