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

* However... huge possible mass range —»  detection technigues
vary widely depending on the dark matter mass
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» Dark matter is a particle but too light for elastic recoll

ERNEec new materials and/or observables
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* For an elastic scattering
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For an elastic scattering

m, [ my
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» Jo evade this we must look Into Inelastic processes
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possibility are collective excitations
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* For light dark matter one needs to delve into condensed matter

Nuclear physics

g < AQCD

10° 10° m, [eV]
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* For light dark matter one needs to delve into condensed matter

Atomic physics Nuclear physics

10° 10° m, [eV]
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* For light dark matter one needs to delve into condensed matter
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strong coupling, ...)
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For light dark matter one needs to delve Into condensed matter

Condensed matter Atomic physics Nuclear physics
qg < 1/ag g~ l/ag
10° 108 m, [eV]
Must account for the complicated Q—-T—'?—*T
many-body physics (correlations, l>’£.>‘
strong coupling, ...) ‘ili‘_{l
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* For light dark matter one needs to delve into condensed matter

Condensed matter Atomic physics Nuclear physics
qg < l/ag g~ l/ag q < Agep
10° 10° m, [eV]
» Must account for the complicated U—-O—zﬁ—!
| | N1/
many-body physics (correlations, o—@
strong coupling, ...) l ‘ \.| i/L
l N | 4N

o——o—@
* Need theoretical tools that allow to solve or bypass these problems
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» All phases of matter spontaneously break spacetime and (maybe)
internal symmetries

roldstone’s Eheorem

Spontaneous symm. breaking <€—» existence of soft modes

B BlEEnergics the system can be described by an £F [FIGR
Goldstones, systematically organized in a derivative expansion

n,m
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» All phases of matter spontaneously break spacetime and (maybe)
internal symmetries

roldstone’s Eheorem

Spontaneous symm. breaking <€—» existence of soft modes
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Goldstones, systematically organized in a derivative expansion
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» All phases of matter spontaneously break spacetime and (maybe)
internal symmetries

roldstone’s Eheorem

Spontaneous symm. breaking <€—» existence of soft modes

B BlEEnergics the system can be described by an £F [FIGR
Goldstones, systematically organized in a derivative expansion

A>a
ZLgpr |7, 0] ~ Z Gl ’ 5

n,m
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» All phases of matter spontaneously break spacetime and (maybe)
internal symmetries

roldstone’s Eheorem

Spontaneous symm. breaking <€—» existence of soft modes

B BlEEnergics the system can be described by an £F [FIGR
Goldstones, systematically organized in a derivative expansion

A>a

complicated microscopic
physics encoded here
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» (Goldstone’s theorem for spontaneously broken spacetime
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» (Goldstone’s theorem for spontaneously broken spacetime
symmetries Is less constraining

Unbroken spa&aﬁme sYMmm. Brolkei spa&eﬁma SYMm,
num(z) = dm(G/H) num(z) < dm(G/H)
o(q) = |q| w(q) # | q]
Manifest Poincaré invariance Non-manifest Poincaré invariance
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» (Goldstone’s theorem for spontaneously broken spacetime
symmetries Is less constraining

Unbroken spa&a&me sYMmm. Brolkei spa&aﬁme SYMm,
num(z) = dm(G/H) num(z) < dm(G/H)
o(q) = |q| w(q) # | q]
Manifest Poincaré invariance Non-manifest Poincaré invariance

* SImple example: string in 2D
3 broken generators:

ox,(x;,1)
only one Goldstone: : / K,P,,J

\4

sl = e ol et e S e o
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+ Superfluid *He is an interesting target to probe dark matter with
spin-independent interactions
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SUPERFLUID “He

+ Superfluid *He is an interesting target to probe dark matter with
spin-independent interactions

izl o

onization = 29 €V —» low electronic background

2. High radiopurity

3. Multi-phonon processes allow to probe down to m, ~ O(keV)

» |dea: look for events where the dark
matter produces more than one phonon

RN sey, - PRD 2013, 1302.0534; Schutz, Zurek — PRL 2016,
1604.08206; Knapen, Lin, Zurek — PRD 2017, 1611.06228; Acanfora,
RN eI eSS EE - 2019, . 1902.02361; Caputo, AE, Polosa — PRD

BRSO 06550 Baym et al. — PRD 2021, 2005.08824; Caputo,
BESSEecT), Polesa, Rossi — PRD 2021, 2012.01432; Matchev et
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+ Superfluid *He is an interesting target to probe dark matter with
spin-independent interactions

|, B nisation = 29 €V —»  low electronic background

2. High radiopurity

3. Multi-phonon processes allow to probe down to m, ~ O(keV)

» |dea: look for events where the dark
matter produces more than one phonon  y

\
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+ Superfluid *He is an interesting target to probe dark matter with
spin-independent interactions

|, B nisation = 29 €V —»  low electronic background

2. High radiopurity

3. Multi-phonon processes allow to probe down to m, ~ O(keV)

» |dea: look for events where the dark T
matter produces more than one phonon  y

\\\\\\ T
RN sey, - PRD 2013, 1302.0534; Schutz, Zurek — PRL 2016,
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* Inturtive example: gas of weakly repulsive bosons

 AtT=0all bosons are inthe k=0state @ —  system described
by a single collective wave function

P(x) = 4/n(x) e¥™

* Repulsion generates density waves with w =c,q —  below a
critical velocity, the supertluid is inviscid (no dissipation)
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* Inturtive example: gas of weakly repulsive bosons

 AtT=0all bosons are inthe k=0state @ —  system described
by a single collective wave function

P(x) = 4/n(x) e¥™

* Repulsion generates density waves with w =c,q —  below a
critical velocity, the supertluid is inviscid (no dissipation)
dN qu q—)()\
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* Inturtive example: gas of weakly repulsive bosons

 AtT=0all bosons are inthe k=0state @ —  system described
by a single collective wave function

P(x) = 4/n(x) e¥™

* Repulsion generates density waves with w =c,q —  below a
critical velocity, the supertluid is inviscid (no dissipation)
dN qu q—)()\

,0(60)=%0<6] s

0

* Not enough modes to lose energy/momentum Into

Angelo Esposito g SAPENA INFN
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standard way

strongly coupled atomic Hamiltonian

v

clever ansatz for the condensate w.f.
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THE COND-MAT WAY

+ *He is microscopically strongly coupled

emission rate Is hard to compute

standard way

strongly coupled atomic Hamiltonian

v

clever ansatz for the condensate w.f.

v

extrapolation of the structure factor

dr pHe Gan

= S(g, w
dodqg  2m, my. p; (4, @)

- 0 C -
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THE COND-MAT WAY

+ *He is microscopically strongly coupled

emission rate Is hard to compute

standard way

strongly coupled atomic Hamiltonian

v

clever ansatz for the condensate w.f.

v

extrapolation of the structure factor

PHe Gxn q

= 5(q, w)
zm)( Mye Pi
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» Alternatively, the symmetry breaking pattern of a supertfluid:

XK AP J.& — P, J H=H-u0
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» Alternatively, the symmetry breaking pattern of a supertfluid:

XK AP J.& — P, J H=H-u0

» Realized by a real scalar field

w(x) - w(x) +a (w(x)) = pt w(x) = ut + 7(x)

[see, e.g., Son — hep-th/0204199; Nicolis, Piazza — JHEP 2012, 1112.5174]
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» Alternatively, the symmetry breaking pattern of a supertfluid:

KHP ). — P, J H=H-uQ

» Realized by a real scalar field

w(x) - w(x) +a (w(x)) = pt w(x) = ut + 7(x)

[see, e.g., Son — hep-th/0204199; Nicolis, Piazza — JHEP 2012, 1112.5174]

» (Gapless phonon = Goldstone —»  low energy EFI:
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» Alternatively, the symmetry breaking pattern of a supertfluid:

KHP ). — P, J H=H-uQ

» Realized by a real scalar field

w(x) - w(x) +a (w(x)) = pt w(x) = ut + 7(x)

[see, e.g., Son — hep-th/0204199; Nicolis, Piazza — JHEP 2012, 1112.5174]

» (Gapless phonon = Goldstone —»  low energy EFI:

= Teiag i <\/aﬂ 1//6’“‘1//)
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» Alternatively, the symmetry breaking pattern of a supertfluid:

KHP ). — P, J H=H-uQ

» Realized by a real scalar field

w(x) - w(x) +a (w(x)) = pt w(x) = ut + 7(x)

[see, e.g., Son — hep-th/0204199; Nicolis, Piazza — JHEP 2012, 1112.5174]

» (Gapless phonon = Goldstone —»  low energy EFI:

= Teiag i <\/aﬂ 1//6’“‘1//)

~ it —c}(Vr) +Ax(Vr)? + 17 + ...

e L Canfora, AE, Polosa — EPJC 2019, 1902.02361]
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» Alternatively, the symmetry breaking pattern of a supertfluid:

KHP ). — P, J H=H-uQ

» Realized by a real scalar field

w(x) - w(x) +a (w(x)) = pt w(x) = ut + 7(x)

[see, e.g., Son — hep-th/0204199; Nicolis, Piazza — JHEP 2012, 1112.5174]

» (Gapless phonon = Goldstone —»  low energy EFI:

P ( \/ 0, l/,aﬂl/,) effective coefficients
are given by the

~ it —ci(Vr)* +Ax(Vr)*+ Va + ... equation of state:

e e canfora, AE, Polosa — EPJC 2019, 1902.02361] P —— P(//l)
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» At low energies, dark matter couples to the number density field
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DM-PHONON INTERACTION

» At low energies, dark matter couples to the number density field

X X X X

qg <K AQCD
>

N N

Lot ~ |27 € G,,G* @~ |y|PNN
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DM-PHONON INTERACTION

» At low energies, dark matter couples to the number density field

X X X X X X

g < AQCD qg < 1l/ag
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DM-PHONON INTERACTION

» At low energies, dark matter couples to the number density field

X X X X X
q < AQCD q < I/CZB
> >
g g N N

2 £
ZLini ™~ | x|I° G, G* ZLw~ |x|°NN Liw ~ x| 1(x)

X

» Obtain from the U(1) Noether current within the EFT

L= G| 7P ~ |y (87 + g7 +8" (V) + ... )

e NG s A C AT RO & AR TRO 1 0 g8y = sERJCH 20 1 00 = m UGB 28NS O fl e
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* We can now use standard QFT methods to compute event rates
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EAL REATHS

* We can now use standard QFT methods to compute event rates

=g1(w1G2- g3 +w2q1 - g3 +ws3q1 - G2)

+92w1 Wo W3 ,

=1iA1(g1-9293- 91+ G193 G2 - Qa4
+4q1-9492 - q3)

+ido(wiwags- Qs+ wiwsgs - qs

TWiwiqe g3 +w2wW3q1-qs

+ w2 ws q1 'Q3+w3w4(I1'(I2)
+iA3 w1 Wa w3 wy

———

%T’I = Gymyaw,

q\ = iGymy (611 - @2 + Bowr w2) ,

q:\ qz/q: =G mx[’Y1(w1q2 g3 +w2q1-q3

T —
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EAL REATHS

* We can now use standard QFT methods to compute event rates

=gi(wi1q2-q3s+w2q1-q3+w3qr-qa)

+ go w1 wa w3,

=1iA1(g1-9293- 91+ G193 G2 - Qa4
+4q1-9492 - q3)

+ iAg (w1 w2 g3 - @1 + w1 W3 G2 - qa
+wiwiqe - g3+ w2w3q1-qs
+wrwaqy - g3 +w3waqa - G2)

+ 1Az w1 wo W3 Wy,

op (cm?)

\ —
T T EET T SR EET T SRTANT RNt RN

SE-T e "—‘/‘C
10—44 o pNASE 7T \\4
Pule .=
___,.—"'—-;L)(,\’k
10—46 il Lol Lol Lol L1t
1072 107" 1 10 102
m, (MeV)
I — T ——

[Acanfora, AE, Polosa. — EPJC 207 975 O 0EstEs i
Caputo, AR, Poloesa’ — +PRD: 2019, sl o0 i

/145 = Gymy [71(w1 62 - g3 + w2 g1 - g3
%—w3Q1'qQ)4—72w1w2am].
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EAL REATHS

* We can now use standard QFT methods to compute event rates

revise results obtained with

traditional methods
=gi(wi1q2-q3s+w2q1-q3+w3qr-qa)

+ go w1 wa w3,

=1iA1(g1-9293- 91+ G193 G2 - Qa4
+4q1-9492 - q3)

+ iAg (w1 w2 g3 - @1 + w1 W3 G2 - qa

+wiwiqe - g3+ w2w3q1-qs

+wrwaqy - g3 +w3waqa - G2)

+iA3 W1 Wa w3 wy
I — ——5

op (cm?)

\ —
[T T T R SR R RR SE AN RET NEm

T . 1 O—44

= Gymyaw,

-
-
- -
- -
-
- —

1l Lol Lol Lol R
1072 1071 1 10 102
= iGxymy (8191 - @2 + Powr wa) , m, (MeV)

[Acanfora, AE, Polosa. — EPJC 207 975 O 0EstEs i
Caputo, AR, Poloesa’ — +PRD: 2019, sl o0 i

> > 1 0—46

= Gymy [ (w1g2-g3+w2q1-qs
+w3q1 - q2) +72w1w2w3] -

———
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» Er [ allows to also study more complicated signals

Angelo Esposito

© iz (INFN 16/32 LNF 2024



DIRECTIONALITY

» Er [ allows to also study more complicated signals

Angelo Esposito

a SAPIENZA INFN 16/32 LINF 2022
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» Er [ allows to also study more complicated signals

impossible with ¥
traditional methods, but y
very simple within EFT —. 7
T
T
X
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DIRECTIONALITY

» Er [ allows to also study more complicated signals

impossible with ¥
traditional methods, but 4
very simple within EFT —. 7
T
T
X

* It not completely suppressed, this configuration would provide a
coincident, direction signal  —»  optimal for background
rejection
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* We compute the complicated 4-body, non-Lorentz invariant phase
space using Monte Carlo technigues again borrowed from particle
physics
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* We compute the complicated 4-body, non-Lorentz invariant phase
space using Monte Carlo technigues again borrowed from particle
physics

3 2 2
Pi Py
dCD4~d3pf I Id361i5<————cs|(h| — ¢l q,| —CS|CI3|) 5(3)<pi_Pf_(h_CI2_QS)
=i

2m)( 2m)(
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DIRECTIONALITY

* We compute the complicated 4-body, non-Lorentz invariant phase

space using Monte Carlo technigues again borrowed from particle

physics

3 P
P
dCI>4~d3pf I Id3c]i5<————CS|(h| — G| — ¢l g5
=1

2m)(

Py

Zm)(
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* We compute the complicated 4-body, non-Lorentz invariant phase
space using Monte Carlo technigues again borrowed from particle
physics

9
D P

3
a0y~ d’p; [ [, 8( = - ——clail -l —clasl ) 69(pi-pr- a1 - 02 - 45)
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* We still have a long way, but R&D efforts are already going on:
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* We still have a long way, but R&D efforts are already going on:

IR

Elcciiodes for trapping and e”/3He movement

Enriched 4He * 3He diffusion ® o
van der Waals film : electrons to trap, move

and aggregate “He
[Guo, McKinsey —

1322.0534; Hertel et al. —
1810.06283; TESSERACT —

L ]
A

van der Waals He film 5 3He atom quantum evaporation

. . 3 .
Emeillas s S Maril s,  Seidel, Detect “He atoms in
: quantum sensor via e” to
S 0600117 Lyon ~ 1 meV phonon ) nuclear spin coupling
et al. — 2201.00738] 5
Dark matter absorber/scattering material
I— ———
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R&D

* We still have a long way, but R&D efforts are already going on:

IR

Elcciiodes for trapping and e'/3He movement

. 4 L3 R ° ”
Euricked THe : He diffusion electrons to trap, move
van der Waals film :
; . and aggregate “He
EGuieors NMcKinsey  — 4

1322.0534; Hertel et al. —
1810.06283; TESSERACT —

van der Waals He film 5 3He atom quantum evaporation

. . 3 ;
SnowMass; Maris, Seidel, 4 Bisies ) atomsung
: & quantum sensor via e to
S 0600117 Lyon ~ 1 meV phonon N nuclear spin coupling
SR 2201 . 007381 6
Dark matter absorber/scattering material
T — ——

Fim bumer

SR e ioht e
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[Krosigk et al. —
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—
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R&D

* We still have a long way, but R&D efforts are already going on:

IR

[Guo, McKinsey —
1322.0534; Hertel et al. —
1810.06283; TESSERACT —
SnowMass; Maris, Seidel,
Bl 06200117 Lyon
et al. — 2201.00738]

B, DELight

[Krosigk et al. —
20 1:095,0 |

L SAPIENZA

¥ UNIVERSITA DI ROMA

INFN

Intituts Rasamale & Fsica Nackare

Angelo Esposito

sh
Fim bumer super loak \
heated baffles “\ fimflow restricion
‘ [/ ‘ | | fill line
MMC D 1
He - Vacuum —
Interface
Superfiuid Helium
below 20 mK
MMC Detectors level meter
N
|
N ‘

Elcciiodes for trapping and e'/3He movement

. 4 A3 e ® o
Enriched “"He 5 He diffusion electrons to trap, move
van der Waals film :

; and aggregate “He

L3 He atom quantum evaporation

Detect 3He atoms in
quantum sensor via e~ to
~ 1 meV phonon . nuclear spin coupling
®
Dark matter absorber/scattering material
T — T——

Getting there!
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Anti-ferromagnets

[w/ Catinari, Pavaskar]
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» How about dark matter with spin-dependent interactions?
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» How about dark matter with spin-dependent interactions?

A possibility is to look for the interaction between dark matter and
spin-ordered systems
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» How about dark matter with spin-dependent interactions?

A possibility is to look for the interaction between dark matter and
spin-ordered systems
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(ANTI-)FERROMAGNETS

» How about dark matter with spin-dependent interactions?

A possibility is to look for the interaction between dark matter and
spin-ordered systems

X X
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(ANTI-)FERROMAGNETS

» How about dark matter with spin-dependent interactions?

A possibility is to look for the interaction between dark matter and
spin-ordered systems

¥ ¥ O(x) = magnon

.- ~

----------
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(ANTI-)FERROMAGNETS

» How about dark matter with spin-dependent interactions?

A possibility is to look for the interaction between dark matter and
spin-ordered systems

¥ ¥ O(x) = magnon

.- ~

----------

* Ways to detect few magnons have already been proposed and
under development (TES, MKID, guantum sensors)

[Trickle, Zhang, Zurek — PRL 2020, 1905.13744; 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
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DM-SPIN INTERACTION

» At low energies dark matter couples to spin density field

 [wo benchmark models:

gmd ~J //”/ )?Glul/)( _|_ VIM é}///te [e.g., Sigurdson et al. — PRD 2004, astro-ph/

0406355; Chang, Weiner, Yavin — PRD 2010, 1007.4200]

gpm ~Y ¢)?)( + ¢ éi}/se [e.g., Banks, Fortin,'Thomas — L0057 SSENSE =i Nl

Dine, Thomas — PLB 1994, hep-ph/9310290]
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DM-SPIN INTERACTION

» At low energies dark matter couples to spin density field

 [wo benchmark models:

gmd ~J Vﬂy )?Gluv)( _|_ V//t é}///te [e.g., Sigurdson et al. — PRD 2004, astro-ph/

0406355; Chang, Weiner, Yavin — PRD 2010, 1007.4200]

Dine, Thomas — PLB 1994, hep-ph/9310290]

gpm ~Y ¢)?% + ¢ éi}/se [e.g., Banks, Fortin,'Thomas — LOU7SSEINSEEEEE I,

 For a non-relativistic system, at low energies:

Lna. ~S Ao (87 = V2VIV) (e7%e) B oy (87— V2VIVH)
INQER =) ii JIRGa ) i
o e DAY Vl-<e 26) s N N
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DM-SPIN INTERACTION

» At low energies dark matter couples to spin density field

 [wo benchmark models:

gmd ~J Vﬂy )?Gluv)( _|_ V//t é}///te [e.g., Sigurdson et al. — PRD 2004, astro-ph/

0406355; Chang, Weiner, Yavin — PRD 2010, 1007.4200]

Dine, Thomas — PLB 1994, hep-ph/9310290]

gpm ~Y ¢)?% + ¢ éi}/se [e.g., Banks, Fortin,'Thomas — LOU7SSEINSEEEEE I,

 For a non-relativistic system, at low energies:

Lna. ~S Ao (87 = V2VIV) (e7%e) B oy (87— V2VIVH)
<
Zpm. ﬂ%‘r)(v—Zvl(e %le) EU(T)(V_ZViSi ‘\
spin density
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* First proposed to use ferromagnets
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* First proposed to use ferromagnets

[Trickle,
Chigus, Moroi, Nakayama — PRD 2020,

FERROMAGINE TS

A A

Zhang,

Zurek — PRL 2020,
2001.10666; Trickle,

...........................

............................

Angelo Esposito

1905.13744;

29 = 0

Mitridate et al.
Zhang,

Eaget g s UBly =7 16120

Zurek — PRD 2022,

2005.10256;

2009.13534]
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FERROMAGINE TS

* First proposed to use ferromagnets

[Trickle, Zhang, Zurek — PRL 2020, 1905.13744; Mitridate et al. — PRD 2020, 2005.10256;
Chigus, Moroi, Nakayama — PRD 2020, 2001.10666; Trickle, Zhang, Zurek — PRD 2022, 2009.13534]

A A 100
A A %0
A A A\
: ; 80}
70
— -
"""""""" o8 T sy e =
S N e P EE
o M A 3 a0
¢ f 20
? sy Nl By 10
a el A AN
: = r H N r P H
T — T —
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FERROMAGINE TS

* First proposed to use ferromagnets

[Trickle, Zhang, Zurek — PRL 2020, 1905.13744; Mitridate et al. — PRD 2020, 2005.10256;
Chigus, Moroi, Nakayama — PRD 2020, 2001.10666; Trickle, Zhang, Zurek — PRD 2022, 2009.13534]

A A 100
A n= 00
A A A
: ; 80
A $ o form, S 10 MeV only
— 60F
/g TA$ """ s £ °0 gapless magnons
- N = ¢21(2
: ' 30! w(q) = q°/(2my)
‘$\"""""""""£r‘ _____________________ 20F
______________________________________________ 10F
A ? A a | \ / <
. r.....u N T P 1
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* First proposed to use ferromagnets

[Trickle, Zhang, Zurek — PRL 2020, 1905.13744; Mitridate et al. — PRD 2020, 2005.10256;
Chigus, Moroi, Nakayama — PRD 2020, 2001.10666; Trickle, Zhang, Zurek — PRD 2022, 2009.13534]

A A 100
?/! A 90
4 A A 80 - <]
? $ Zz " form, S 10 MeV only
A A D, X - apless magnons
O > % Lo | el mae
30! —< w(q) = q~1(2my)
¢¢ _____________________ 20}
St L 10} ,
A? """" /o A | | \/ ‘.
: E T i N T P N

» Conservation of magnetization =% only one magnon emitted
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* First proposed to use ferromagnets

[Trickle, Zhang, Zurek — PRL 2020, 1905.13744; Mitridate et al. — PRD 2020, 2005.10256;
Chigus, Moroi, Nakayama — PRD 2020, 2001.10666; Trickle, Zhang, Zurek — PRD 2022, 2009.13534]

A A 100
A/! A 90
A A A sl
+ $ Zz form, S 10 MeV only
1 T ________ A?A .......... : iz gapless mzagnons
| o w(q) = q~1(2my)
oy G "
e A ’ N/ 4

» Conservation of magnetization =% only one magnon emitted

4 my/m, inefficient for

T ) with  my ~ 1 MeV —> m){ 5 1 MeV

4 (1 o m@/m))z
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FERROMAGINE TS

» Compute the magnon emission rate
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FERROMAGINE TS

» Compute the magnon emission rate

» Iraditional approach: quantize the Heisenberg model

NS 1 n
H=o 2\ Y JeeiySiSep= X Y, Duablcbus

. v=1 q€1BZ
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FERROMAGINE TS

» Compute the magnon emission rate

» Iraditional approach: quantize the Heisenberg model

ZZJ% iS¢ ° Sf’]’_)z 2 ®,.qb)

ff’ g 1 qelBZ

2\ g
2\
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» Compute the magnon emission rate

» Iraditional approach: quantize the Heisenberg model

s ZZJ% iS¢ ° waZ 2 Db

N' Ll | g€1BZ

Magnetic dipole DM

vV
2\

m, [MeV]

by,q

Pseudo—mediated DM (£2,/Qpm=0.05)

10—45 P 4
1072 101 1 10
m, [MeV]
—f ﬁ*

[Trickle, Zhang, Zurek —-BPRL 2020 <1 S050sSEtey
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AN TI-FERROMAGNE TS

* A better class of materials turns out to be anti-ferromagnets
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* A better class of materials turns out to be anti-ferromagnets

e
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» A better class of materials turns out to be anti-ferromagnets

gapless magnons have

w(q) = vyq

’
4
ENERGY

max §%

. For single-magnon emission: @, = 4E, (vy/v,) [1—<V@/V )]
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» A better class of materials turns out to be anti-ferromagnets

A ” A
2 Y A
L G
T'& _____________________ | ¢$ ................................. é’ gapless magnons have
I’ A V w(q) = Vyq
B L
AV it 5
v" I
. For single-magnon emission: ) [1—<V@/V%>]

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

Mmatter energy [AE, Pavaskar — PRD (2023), 2210.13516]
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» Magnons in anti-ferromagnets have two polarizations, analogous to
particle and anti-particle in a relativistic theory

» Dark matter couples to spin density —%»  an object with

“charge” 0 or 1

» Contrary to ferromagnets, in anti-ferromagnets you can always emit
magnon and anti-magnon pairs and compensate for the charge
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AN TI-FERROMAGNETS

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

Dark matter couples to spin density —»  an object with

“charge” 0 or 1

Contrary to ferromagnets, in anti-ferromagnets you can always emit
magnon and anti-magnon pairs and compensate for the charge

0 0
Multi-magnon emission process
evade the kinematical constraints

and get down to m,, ~ O(keV)
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* Anti-ferromagnets spontaneously break internal spin symmetry

i R IRERE
Nl e SOl
\‘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
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* Anti-ferromagnets spontaneously break internal spin symmetry

i R IRERE
Nl e SOl
\‘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

« |et's bulld It
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« Very similar to the non-linear o-model.

n(x) = eild'@n+00n 5 299 b ny

e

magnon fields, 8%(x) ~ € a, + e akT
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At lowest order In the derivative expansion, the most general
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« Very similar to the non-linear o-model.

n(x) = o0/ I+ 070 T | 5 50(3)> R - n(x)

e

magnon fields, 8%(x) ~ € a, + e a]j

At lowest order In the derivative expansion, the most general
invariant Lagrangian (density) Is
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+ Very similar to the non-linear o-model

n(x) = o0/ I+ 070 T | 5 50(3)> R - n(x)

e

magnon fields, 8%(x) ~ € a, + AL a]j

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

; ) can be extracted from
Z =i — ¢ (Vin) dispersion relation +

,_/ \ neutron scattering data

— cl<9a)2— Cz(vea>2 4+ ... Vo — G G|

>
x 7 Gn X Cl

R Penc0, Rothstein — SciPost Phys. (2022), 2112.13873; AE, Pavaskar — PRD (2023)% SZiliEssitn
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» Recall that the dark matter interacts via spin density, $(x)

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

il . AR .Cl a .b , Pavaskar —
Si — Cl (n X n)i — Cl 5ia9 + 5i3 eabe 8 g RO 52}523?, 22?0.135?6{]]3
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» Recall that the dark matter interacts via spin density, $(x)

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

d a b , Pavaskar —
S = C] (n X n) S C] [5 9 - 53 abe 8 52}523?, 22}50.135?6{]]3
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» Recall that the dark matter interacts via spin density, $(x)

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

b s avaskar —
S = Cl (n X n) S C] [5 ea i 53 ab 9618 ] 52}523?, 22?0.13552?

< [

one-magnon / \

emission two-magnons
emission

» Structure completely dictated by symmetry  —»  just need ¢;
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MAGNONS

Recall that the dark matter interacts via spin density, S(x)

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

b s avaskar —
S = Cl (n X n) S C] [5 ea i 53 ab 9616 ] 52}523?, 22?0.13552?

< [

one-magnon / \

emission two-magnons
emission

Structure completely dictated by symmetry  —»  just need ¢

This allows to bypass difficulties in the standard treatment (fallure of
the Holsten-Primakoff approach)  oyson - enys. zev. 1956

R (VPN 28/32 ICTR 202+
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* Just like before, use standard QFIT methods to compute event rates

[AE, Pavaskar — PRD (2023), 2210.13516]
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* Just like before, use standard QFIT methods to compute event rates

[AE, Pavaskar — PRD (2023), 2210.13516]

a, \1 , - .
' _ yxgex/clw " KPia(q)a’ m.d. ,
s II s’ Me q“/q2 p.m.
a, A\ b, Ao ) ,
\ ’ —P; o’ md
» oA = 9xYe (w1 . w2)€ab « 3 Ay '; (Q)
5, v 35 Me q%/q p.m.
Angelo Esposito €3 SAPIENZA INFN 29/32 LNF 2024




EAL REATHS

* Just like before, use standard QFIT methods to compute event rates

[AE, Pavaskar — PRD (2023), 2210.13516]

a, \1 4 .
M gweva [{Pa@et md
s o8 Me q°/q? pm.
a)Al b, A2 4 X
\k 11 . 9xYGe Epiz (q)az m.d.
s N1 oo === (w1 — wa)€qp X JAEP
55 v 53 Me q%/q p.m.
I — T ———
10730 = A 5T s = sy L T ) e B ST ST L
\/”"g’,, Maenetic dinol gapped | Pseudo-mediated gapped |
R MIBSNECLIC QIPOIC magnons Q, =0.05Q magnons
10 - Ly U0 Dn)
(g £ Auv) (g £ Auv)
10—34 _
S, 107% B S,
1y e 1)
10738 . i
—— NiO /
10790 —— MnO “8ton |
—— Cry03
]‘()_42_II 1 L 1 IIIIII 1 1 1 lIIIII 1 1 L llllll ] 10_44 |I 1 1 1 llllII 1 1 L llllII 1 1 L Illlllh_
1 10 10? 10° 1 10 10? 10°
my |keV| my [keV]
T — —S I — T——5
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* Just like before, use standard QFT methods to compute event rates

[AE, Pavaskar — PRD (2023), 2210.13516]

G.,Al iz .
M peva [fPa@ md
- - - 3
s o8 Me q°/q? p.m.
a, Al b, A2 4 .
\k *1 . 9xYGe _ A_Piz (q)a’ m.d.
VA = (W —wa)eap X X 9
35, w55 Me q*/q p.m.
T— T—
10730 = A RGP~ wroe iy L N L e ISR T RO | L
o, L gapped Pseudo-mediated gapped |
. S, Magnetic dipole ) :
10732 | % magnons _| (Q\ — ()OSQD\1> magnons
(g = Auv) | (¢ = Auv)
10—34 _
LS, 1071 -
I
10758 -
— NiO / |
10~0L —— MnO 81, E
—— Cry03
1072k, el el R
1 10 102 p — 10°
my |keV| my [keV]
T — T ——
ferromagnets
' D SApiENzA INFN
Angelo Esposito g SAPIENZA | 9o/ey) LNF 2024

stitsts Nasemle & Faica Nachare



QCD AXION: A SNEAK PEAK




QCD AXION: A SNEAK PEAK

ERRERERVER (same setup can be used to look for OCD axiehraaRs
matter, coupling to electrons
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ERRERERVER (same setup can be used to look for OCD axiehraaRs
matter, coupling to electrons

» The axion can be absorbed by the antiferromagnet:

8 b NR 8agee = % R g, — i
Z=—"0aeyly’e — —Va-|ef=e| > =Va-5§

2m m

€ €

Angelo Esposito & Sxv (INFN 30/32 LNF 2024



QCD AXION: A SNEAK PEAK

ERRERERVER (same setup can be used to look for OCD axiehraaRs
matter, coupling to electrons

» The axion can be absorbed by the antiferromagnet:

8 b NR 8agee = % R g, — i
Z=—"0aeyly’e — —Va-|ef=e| > =Va-5§
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« Once one accounts for more detalls of the structure of NIO, the
projection curves are very promising:
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projection curves are very promising:
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QCD AXION: A SNEAK PEAK

« Once one accounts for more detalls of the structure of NIO, the
projection curves are very promising:

Y8
1079 :
10—10 1
. 10-11
% 10712
10—13 1
10-14
107350
104 103 102  10°! 100
m,[eV]
 With almost 300 % 1.0l | . |
. . | ~0.0005  0.0000 0.0005
directionalrty y
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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

« One must delve In the condensed matter world
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* The search for sub-MeV dark matter requires new ideas
* One must delve in the condensed matter worlad

* Very active field with plenty of exciting 1deas
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* The search for sub-MeV dark matter requires new ideas
* One must delve in the condensed matter worlad
* Very active field with plenty of exciting 1deas

* Plethora of condensed matter phenomena can be an asset... but we
must find a way of efficiently incorporating it in the particle physics
language
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* One must delve in the condensed matter worlad
* Very active field with plenty of exciting 1deas

* Plethora of condensed matter phenomena can be an asset... but we
must find a way of efficiently incorporating it in the particle physics
language
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OUTLOOR

* The search for sub-MeV dark matter requires new ideas
* One must delve in the condensed matter worlad
* Very active field with plenty of exciting 1deas

* Plethora of condensed matter phenomena can be an asset... but we
must find a way of efficiently incorporating it in the particle physics
language

A lot of work left to do!

Thank you for the attention!
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