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» Possible dark matter mass range Is huge

e 1/n" Ap <k
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coherent Y > scattering off nuclel or
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phenomena

» Dark matter is a particle but too light for recoll off nuclel / electrons

« Need new materials and/or observables
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* For an elastic scattering
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« Form, S 1 MeV elastic scattering off
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nuclel or electrons is very inefficient
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X

* Dark matter will rather interact with collective excrtations
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» Form, S 1 MeV, we cannot talk about isolated particles in the detector

« Dark matter will rather interact with collective excitations

1/g > a
1 1 >11& /_-\/
Ny > °
b SL ® .0.' ..'
o © ° [ 9 9@

* Interesting and active field with plenty of ideas

* phonons on solid Crygta|s le.g., Knapen et al. PLB 2018; Griffin et al. PRD 2021]

Guo, McKinsey PRD 2013; Schutz, Zurek PRL 20167

* phOﬂOnS Ia SuperﬂUid 4He (Eipgto AE, Polosa PRD 2019]

')K many O'thel"s K- [for a review, Kahn, Lin Rept.Prog.Phys. 2022]
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* A unexplored area Is dark matter with spin-dependent interactions

A possibility is to look for the interaction between dark matter and

" [Trickle, Zhang, Zurek PRL 2020; Mitridate et al. PRD 2020;
Spln_ordered SyStemS Chigus, Moroi, Nakayama PRD 2020; Trickle, Zhang, Zurek PRD 2022]

¥ ¥ O(x) = magnon

e
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* Ways to detect few magnons have been proposed (TES! SQUIDs!?
quantum Sensors? Cav'-tles?> [Trickle, Zhang, Zurek PRL 2020; Lachance-Quirion et al.

Science Advances 2017; Lachance-Quirion et al. Science 2020]
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» At low energies dark matter couples to spin density field

¢ [wo benchmark models:
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Dine, Thomas PLB 1994]

d ~Y V’[,[y %_6/’”/% _l_ V//t é}/ﬂe [e.g., Sigurdson et al. PRD 2004; Chang, Weiner,
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» At low energies dark matter couples to spin density field

¢ [wo benchmark models:
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Yavin PRD 2010]

o i i 5 [e.g., Banks, Fortin, Thomas 1007.5515; Bagnasco
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Dine, Thomas PLB 1994]

* For a non-relativistic system, at low energies:
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» At low energies dark matter couples to spin density field

¢ [wo benchmark models:

~ ~MU SasM [e.g., Sigurdson et al. PRD 2004; Chang, Weiner,
gm.d. = ,uy)(g s VMB}/ €

Yavin PRD 2010]

o i i 5 [e.g., Banks, Fortin, Thomas 1007.5515; Bagnasco
SOyt peye

Dine, Thomas PLB 1994]

* For a non-relativistic system, at low energies:

L —> xoly (67— V2ViVi) elole = yloly (67— V2ViVI) s,
<
NR IR

Lom. —> X ¥V 2V, elole — yTyVV, Si‘\

spin density
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* An optimal class of materials turns out to be anti-ferromagnets

A} A
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* For single-magnon emission:  ®,,,, ~ 4 (ve/v)() E,

- Nickel-oxide has vy~ 0.1v, —»  very efficient at absorbing

dar|< matter energy [AE, Pavaskar PRD 2023]
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AN TI-FERROMAGNE TS

» Magnons In anti-ferromagnets have two polarizations, analogous to
particle and anti-particle in a relativistic theory

* [his allows to emit magnon %?,7 (Jjj
and anti-magnon pairs while

preserving magnetization /v \
M=0

*  Multi-magnon emission process evades the kinematical constraints

and get down to m,, ~ O(keV)

Angelo Esposito 717 LDMA2025
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MAGNONS

* Anti-ferromagnets spontaneously break internal spin symmetry

i i IREE
Nl el SO
\‘fi\ TvTv

SO3) SO(2)

Gapless magnon = Goldstone

» At low energies/momenta magnons can be described by an EFT:
* Invariant under the full symmetry group

* organized In a derivative expansion
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« Very similar to the non-linear o-model.

n(x) = eil0'@h+00n L5 299 by

» At lowest order In the derivative expansion, the most general
invariant Lagrangian (density) Is

=1 n’ — Cy (V-n)2

l

—

= ¢, (6°)2= (V69 + ...
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« Very similar to the non-linear o-model.

n(x) = oil0'J + 0% D] | 5 SO(3)> R - n(x)

» At lowest order In the derivative expansion, the most general
invariant Lagrangian (density) Is

can be extracted from

2
A C n? — CH (Vin) dispersion relation +
,_/ \ neutron scattering data
=Cl<6’a)2— Cz(vea)2+ V0=62/C1

”
: | 0, X C|

REER Ao S PEn oYy -Rothstein=SciPost “iPhys52022;" AR, ' "Pavaskar FEREESZGEE
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» Recall that the dark matter interacts via spin density, $(x)

» Easily computed as SO(3) Noether current in the EFT:

s . ] .Cl a .b 2V Banzelsiieatit
;= ¢y MXN), = (040" + 0;3€,5 00" + ... | 2003, ™0
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» Easily computed as SO(3) Noether current in the EFT:

i . bl 7 .b SV Pavale st
7= (X ), =€ (8,074 86,0700+ .| 1

4 »
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» Recall that the dark matter interacts via spin density, $(x)

» Easily computed as SO(3) Noether current in the EFT:

== . — : .b ’ avaskKkar
s; =c¢p (MXM), = ¢ [5ia9a+5l—3 €,,0%0° + ] [ P

4 »

one-magnon / \

emission two-magnons
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» Structure completely dictated by symmetry —»  just need ¢
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Recall that the dark matter interacts via spin density, S(x)

» Easily computed as SO(3) Noether current in the EFT:

== . — : .b ’ avaskKkar
s; =c¢p (MXM), = ¢ [5ia9a+5l—3 €,,0%0° + ] [ P

4 »

one-magnon / \

emission two-magnons
emission

» Structure completely dictated by symmetry —»  just need ¢

* Much more "HEP friendly” than standard language
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* Local QFT Lagrangian —» use standard QFT methods to compute
event rates (ak, ravaskar PrD 2023]

a, A\ ek i
i _ gxge\/clw % 4 Ax Pi,(gq)o" m.d
s 4.8 Me q°/q? p.m.
a, 1 b, A2 A
\ ’ _P q)o m d
SN = IxYe (w1 — wa)eap X Az ;z( )
> q°/q p.m
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EAL REATHS

* Local QFT Lagrangian —» use standard QFT methods to compute
event rates (ak, ravaskar PrD 2023]

R _ gxgew/clw " {AXPi (g)o* m.d.
1 / m a /.2 ’
s 4 .8 e q*/q p.m.
a, M b\
‘\1 ,‘2 4 p ( )Ufi m.d
» A _ gxge . AX 1 q hiais
N7 /2 (wl w2)€ab X 2 2
ANV Me q°/q p.m.
I — ——
10_30 Il ’)l T Illllll T T I‘lllll T T IIIIIII ] I Ill T T l'lllll T T |IIIII|
‘_ /x;gg,//O/ Magnetic dipole gapped W Pseudo—me;dla‘ted gapped |
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- . —40|_
107 - 0
L
£, 107%| -
1S I
107381 , i
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* The very same material can be used to look for axion dark matter,
COUpliﬂg tO e|6C't|"OﬂS [Catinari, BE, Pavaskar 2411.11971]

» The axion can be absorbed by the anti-ferromagnet:

£ = Sace d,a (ey'rle) — Sdee NFg
2m, m,
0
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* For axion conversion to a single magnon, energy and momentum
conservation implies

m, = w(m,v,) =~ »(0)

* |t Is necessary for magnons to have a finite gap, w(0) > 0

 Fear not! This Is Indeed what
happens In reality

ENERGY

real magnons have

oo gap N
Faghs
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* o study this case we extended the EFT to include more details of
EEsstetlre of NIO:

A. Intrinsic magnetic anisotropy (induces a gap)

B. external magnetic field (makes the gap tunable)

« The EFT 1s slightly more complicated, but much richer:
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* o study this case we extended the EFT to include more details of
EEsstetlre of NIO:

A. Intrinsic magnetic anisotropy (induces a gap)

B. external magnetic field (makes the gap tunable)

« The EFT 1s slightly more complicated, but much richer:

X X

& =c; |(i+uBxn)’ =vZ (Vi) + 2,12 = 40|

[Catinari, AE, Pavaskar 2411.09761]

* Rather non-trivial field theory!
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*  Nickel-oxide Is very promising also for axion searches:
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WHAIT NEXT/?

» A plethora of open questions:

» IS any other good material out there! werocco, wneater 250118120

» what Is the actual observable! How do we see magnons!

H=uB-S = |phys)=[0)+aly)

£
produce \_/ detect

4 Wha-t -the aCtual magnon ||fe-t|me? [work in progress w/ Carugno, Catinari, Pavaskar]

'@ — y) 3
['(0 — phonons)

2
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* The search for sub-MeV dark matter requires new ideas
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* The search for sub-MeV dark matter requires new ideas

» Condensed matter effects (or signatures!) become unavoidable and
one must find a way to incorporate them In a theoretical framework
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* The search for sub-MeV dark matter requires new ideas

» Condensed matter effects (or signatures!) become unavoidable and

one must find a way to incorporate them In a theoretical framework

» Many particle physics programs find themselves at the edge with
condensed matter. This can be a challenge... but also a great asset!
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* The search for sub-MeV dark matter requires new ideas

» Condensed matter effects (or signatures!) become unavoidable and

one must find a way to incorporate them In a theoretical framework

» Many particle physics programs find themselves at the edge with
condensed matter. This can be a challenge... but also a great asset!

Thank you for the attention!

Angelo Esposito [l LDMA2025



