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* One of the strongest evidences for physics beyond the Standard Model
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* One of the strongest evidences for physics beyond the Standard Model

* However... huge possible mass range  —»  detection techniques
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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» Jo evade this we must look Into Inelastic processes —» one
possibility are collective excitations
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* For sub-MeV dark matter one needs to delve into condensed matter
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* For sub-MeV dark matter one needs to delve into condensed matter

Nuclear physics
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* For sub-MeV dark matter one needs to delve into condensed matter

Atomic physics Nuclear physics

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

Condensed matter Atomic physics Nuclear physics

g < l/ag g~ l/ag q < Aoep
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* For sub-MeV dark matter one needs to delve into condensed matter

Condensed matter Atomic physics Nuclear physics

g < l/ag g~ l/ag q < Aoep

10° 10° m, [eV]

» Must account for the complicated
many-body physics (correlations,
strong coupling, ...)
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* For sub-MeV dark matter one needs to delve into condensed matter
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* 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
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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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» All phases of matter spontaneously break spacetime and (maybe)
internal symmetries

roldstone’s Eheorem

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

» At low energies the system can be described by an EFT for
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

» At low energies the system can be described by an EFT for
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

» At low energies the system can be described by an EFT for
Goldstones, systematically organized in a derivative expansion

A>a

complicated microscopic
physics encoded here
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Spin-independent interactions:
superfluid *He
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» Superfluid *He is an interesting target to probe dark matter with
spin-independent interactions
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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
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|, B nisation = 29 €V —»  low electronic background
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» 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)
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SUPERFLUID “He

« 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

EEEEENEE T sey:— PRD 2013, 1302.0534; Schutz, Zurek — PRL 2016,
1604.08206; Knapen, Lin, Zurek — PRD 2017, 1611.06228; Acanfora,
RN CRRCIc eSS EE T 2019, .1902.02361; Caputo, AE, Polosa — PRD
PR RO 065 50 Baym et*al. — PRD 2021, 2005.08824; Caputo,
AE, Piccini, Polosa, Rossi — PRD 2021, 2012.01432; Matchev et
N PR 02 2, 2108 .0727/5; You et al. —:2208.14474]
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« Superfluid *He is an interesting target to probe dark matter with
spin-independent interactions
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» Inturtive example: gas of weakly repulsive bosons

Angelo Esposito
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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
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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¥™
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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)

Angelo Esposito 9/3| LINE 2028



BUFERFLUIDS IN A NUTSHIESS

* 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] e

0
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BUFERFLUIDS IN A NUTSHIESS

* 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] e

0

* Not enough modes to lose energy/momentum Into
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+ *He is microscopically strongly coupled ~—»  multi-phonon
emission rate I1s hard to compute

Angelo Esposito 10/31 LINE 2028



THE COND-MAT WAY

+ “*He is microscopically strongly coupled ~—»  multi-phonon
emission rate I1s hard to compute

standard way

Angelo Esposito 10/31 LINE 2028



THE COND-MAT WAY

+ “*He is microscopically strongly coupled ~—»  multi-phonon
emission rate Is hard to compute
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strongly coupled atomic Hamiltonian
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+ “*He is microscopically strongly coupled ~—»  multi-phonon
emission rate Is hard to compute

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, @)
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+ *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

dF pHe Gan

= S(g, w
dodqg  2m, my. p; (4, @)
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» Alternatively, the symmetry breaking pattern of a supertfluid:
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» Alternatively, the symmetry breaking pattern of a supertfluid:

el b. . N
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» Alternatively, the symmetry breaking pattern of a supertfluid:

XA P I N —> P,J,H=H-uN
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» Alternatively, the symmetry breaking pattern of a supertfluid:

KA. P.I. N —>» P J H=FH0

@ abless phonon = Goldstone —»  low energy EF T

[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:

KA. P.I. N —>» P J H=FH0

@ abless phonon = Goldstone —»  low energy EF T

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

Lerr~ 7 — ¢ (Vr)? +Ax( V) + V7 + ...

[see, e.g., Acanfora, AE, Polosa — EPJC 2019, 1902.02361]
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» Alternatively, the symmetry breaking pattern of a supertfluid:

KA. P.I. N —>» P J H=FH0

@ abless phonon = Goldstone —»  low energy EF T

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

effective coefficients

Lerr ~ 7 —c;(Vr)?+Ax(Vr)*+ A2+ ...  are given by the
[see, e.g., Acanfora, AE, Polosa — EPJC 2019, 1902.02361] EE(JLJEItiC)r1 C)f-s;tertea:
P = P(u)
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» At low energies, dark matter couples to the number density field

X X
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DM-PHONON INTERACTION

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

X X X X

q <K AQCD
>
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» At low energies, dark matter couples to the number density field

X X X

q <K AQCD
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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 ~ | xI° G, G* ZLw~ |x|°NN Liw ~ x| ()

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

=gi(wiq2-q3s+w2q1-q3+w3qi-qa)

+ g2 w1 W w3,

" =iM(g1 @3 @t a1 G302 Qs
+4q1-914G2 - G3)

+ iXo (Wi w2 gs - @4 + w1 w3 Q2 - Q4

+wiwsqz g3+ w2w3qi - qs

+ wows Q1 - g3 +wW3wsq1 - q2)
+iA3 w1 wa w3 wy,

= Gymyaw,

M = lmex B1q1 - g2 + Bawr wg)
W = G,y ’Yl W1Q2 gz +w2q1-q3
+ w3 g1 q2) + Y2 wiwaws) .
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* We can now use standard QFT methods to compute event rates

=gi(wiq2-q3s+w2q1-q3+w3qi-qa)
i]y
B\ + g2 w1 wa w3,

=iM(q1 Qa3 -+ q1-q3q2- Qs
+4q1-914G2 - G3)

+ iXo (Wi w2 gs - @4 + w1 w3 Q2 - Q4

+wiwsqz g3+ w2w3qi - qs

+ wows Q1 - g3 +wW3wsq1 - q2)
+iA3 w1 wa w3 wy,

K =G,ymyaw,
m\ = zmex B1q1 - g2 + Bawr wg)
m\ / _Gmx 71 W1Q2 qs +w2q1 - qs
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* We can now use standard QFT methods to compute event rates

=gi(wiq2-q3s+w2q1-q3+w3qi-qa)
i]y
B\ + g2 w1 wa w3,

=iM(q1 Qa3 -+ q1-q3q2- Qs
+4q1-914G2 - G3)

+ iXo (Wi w2 gs - @4 + w1 w3 Q2 - Q4

+wiwsqz g3+ w2w3qi - qs

+ wows Q1 - g3 +wW3wsq1 - q2)
+iA3 w1 wa w3 wy,

K =G,ymyaw,
m\ = zmex B1q1 - g2 + Bawr CUQ)
m\ / _Gmx 71 W1Q2 gs +w2q1 - qs3

T —
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revise results obtained with
traditional methods

\

T T T T S E T R R SR AN RRn RRm

10744

[ | I III| I IIII I IIII I IIII I IIII I III| I IIII I III| TTII

-
-
-
-
-
-

| Lol Lol Ll NN
1072 107! 1 10! 102
m, (MeV)

10746

[Acanfora, AE, Polosa — EPJC 201 97" S 0CESEE2s IoNes
Caputo, AR, Poloesa’ — +PRD: 2019 sl o0 iior
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» trl allows to also study more complicated signals
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DIRECTIONALITY

» trl allows to also study more complicated signals

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

» trl allows to also study more complicated signals

impossible with ¥
traditional methods, but Lk 4
very simple within EFT —. 7
né«/\/\/v;%p

T

X

* |t not completely suppressed, this configuration would provide a
coincident, directional signal —%  optimal for background
rejection
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DIRECTIONALITY

* We compute the 4-body, non-Lorentz invariant phase space using
Monte Carlo techniques again borrowed from particle physics
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DIRECTIONALITY

* We compute the 4-body, non-Lorentz invariant phase space using
Monte Carlo techniques again borrowed from particle physics

%

3 0

Pi 12

dd, ~ &p; [ | &g; 6 ( o TR L e qu3> 6V(pi— Pr— 4 — 42— 43)
i=1 X X

Angelo Esposito 15/31 LINE 2028



DIRECTIONALITY

* We compute the 4-body, non-Lorentz invariant phase space using
Monte Carlo techniques again borrowed from particle physics

3 2 2
Pi 12
dd, ~ d3pf I |d3ql- 5( = Eaod —Cs612—cs93) 5(3)<Pi—lf’f—(h —(I2—(l3)
i=1

2m% 2mx
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DIRECTIONALITY

* We compute the 4-body, non-Lorentz invariant phase space using
Monte Carlo techniques again borrowed from particle physics

3 2 p?
3 3 Pi i 3) ( )
d®, ~ d’py | | d’q; 6 s o i e G S (P —Pr— 4 — 42— 43
il 7 x
N I x10™
— 300 @ 1y, = 300 keV 40 §| """""" [rTrrr[rrrrrrrry T T T T T T T | é
---- 30 @ my =500 ke’ 30
_ ] P
g 1000 ke _i 20 E_ —% 8 8
< S E 3 n O
< : 10 i e
s 5 P [Rele)
%O 5F o
Bl S B
n
<L — 2 phonons (back-to-back) F §
S —— 3 phonons (“cygnus-shaped”) S
_ _ O -
Z 3 Sl
= N
i 3 Y,
E E o O
: 3 2
5 e
[IFPETE AR RPN I G
0 100 200 300 400 500 600 700 800 900 1000 = =
:i mX (ke\/)
R —
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Spin-dependent interactions:
anti-ferromagnets

[w/ Catinari, Pavaskar]
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» How about dark matter with spin-dependent interactions?
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A possibility is to look for the interaction between dark matter and
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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

v

.- ~a

----------
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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

¥ ¥ O(x) = magnon

.- ~a

----------
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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

.- ~a

----------

* Ways to detect few magnons have been proposed (TES! SQUIDs!?
quantum sensors! cavities!)

[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 ~ V/,ty )?GIMV)( _I_ VIM é}//’te [e.g., Sigurdson et al. — PRD 2004, astro-ph/

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

gpm ~YJ ¢)?)( —I— ¢ éi}/se [e.g., Banks, Fortin, Thomas — 1007.5515; Bagnasco,

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:

g v ~HV a7 [e.g., Sigurdson et al. — PRD 2004, astro-ph/
n/ ’ ’
md /,t[/ XG % + V,l/l e}/ e 0406355; Chang, Weiner, Yavin — PRD 2010, 1007.4200]
et —.ve 5 .
g ~J ¢ ¢ [e.g., Banks, Fortin, Thomas — 100% 5515 BNt
p,m, )(% + el}/ € Dine, Thomas — PLB 1994, hep-ph/9310290]

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

s o 0 VoWV

Jn.

Angelo Esposito 18/31 LINE 2028



DM-SPIN INTERACTION

» At low energies dark matter couples to spin density field

¢ [wo benchmark models:

3md ~ /,ty )?GIMV)( _|_ VIM é}//’le [e.g., Sigurdson et al. — PRD 2004, astro—-ph/

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

31)1’{1 ~YJ ¢)?% + ¢ éi}/se [e.g., Banks, Fortin, Thomas — 1007.5515; Bagnasco,

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

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

S oy o (07— Vit ViV s

L ¥ ¥y V2V st < /\

spin density

Angelo Esposito 18/31 LINE 2028



FERROMAGNETS

Angelo Esposito



FERROMAGNETS

* First proposed to use ferromagnets
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FERROMAGNETS

* 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 A

Angelo Esposito 19/3| LINE 2028



FERROMAGNETS

* 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\
i ; 80
70
: 60
L :
S N e B = 50
y . A A 3 40t
At :
?? ................................................. 10
A 7 Y N |
= r H N r P H
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FERROMAGNETS

* 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

1 o T~ < >

— _
‘: form, < 10 MeV only

e
=
w [meV]
/

............................. 50; X - apless magnons
g A A ol ~§\ Aw ‘~. gap : g
s ol i w(g) = g (Zny)
¢¢ _____________________ 20
AR .
I H N I P H
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FERROMAGNETS

* 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
M A/I %0
A I A A
80¢
o form, < 10 MeV only
AL - 60 Y
A TA?A """"" % 0 gapless magnons
e : 40}
| | 30} a)(Q) o qz/(zmg)

@i vation of magnetization  —%  only one magnon: el
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FERROMAGNETS

* 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

90
80F
70
60F

form, < 10 MeV only

-
=
w [meV]

i ’ e ' S 50} gapless magnons

o i 5 40} )
¢¢ """"""""""" 20:

i e v v e

I H N I P H

@i vation of magnetization  —%  only one magnon: el

W, =4 e 15 with  my ~ 1 MeV iy inefficient for
4 m, < 1 MeV
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» Compute the magnon emission rate
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FERROMAGNETS

» Compute the magnon emission rate

» Iraditional approach: quantize the Heisenberg model

el ] n
H=o 2 Y JeeiySi Sy~ X Y, Duablcbus

. v=1 q€1BZ
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FERROMAGNETS

» Compute the magnon emission rate

» Iraditional approach: quantize the Heisenberg model

ZZJ%JJ Sgj+ Spip _)Z 2 a)yq

L” AR 1 qelBZ

g
2\
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FERROMAGNETS

» Compute the magnon emission rate

» Iraditional approach: quantize the Heisenberg model

ZZJ% iS¢ waZ D, @, bl

f £ | q€1BZ
Magnetic dipole DM Pseudo—mediated DM (£2,/Qpp=0.05)
10733 10739
10734+
H 10~} 10-%0|
10-3
10-%7} 1074}
— 10738} —
—> E 109! E 100l ¢
5 104 5 f
> > 10411 10-8| “
10—43_ 10—4.4_
10—44_
m, [MeV] m, [MeV]

[Trickle, Zhang, Zurek —-BRL 2020, 519050 SsESEtey
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A better class of materials turns out to be anti-ferromagnets
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AN TI-FERROMAGNE TS

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

A 4/* A
4 A
Y
e
At
o o v
$¢ --------------------
e
v

Angelo Esposito 21/31 LINE 2028



AN TI-FERROMAGNE TS

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

A */¢ A
A A
£
A ,LA | ¢f --------------------------------- Eapless
I ii v (q) = Vyq
f* """""""""""""
A¢ """"""""" %::‘_ _____ Y
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AN TI-FERROMAGNE TS

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

| S R
TA¢ """""""""""
e v
.. 1B 2,
Ny _ j_'_::"'? """" A A
v

For single-magnon emission:

Angelo Esposito

: gapless magnons have
0(q) = Vo q
Vo
@Omax = 4V_E)(
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AN TI-FERROMAGNE TS

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

= A
AV A
Yy
¢¢¢$ '''''''''''''''''''''''''''''' g gapless Magnons have
o 1B 2,
K2 e
v R
. XS Vg
B e n0/e-magnon emission: @y, ~4—E,
Vv
7

ERlEeFoxiae nas vy ~ 0.1y, —»  very efficient at absommige

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

» This allows to emit magnon and anti-magnon pairs while preserving

magnetization
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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

» This allows to emit magnon and anti-magnon pairs while preserving
magnetization

*  Multi-magnon emission process 9 9
evade the kinematical constraints
and get down to m, ~ O(keV) \ /
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* Anti-ferromagnets spontaneously break internal spin symmetry
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MAGNONS

* Anti-ferromagnets spontaneously break internal spin symmetry
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MAGNONS

* Anti-ferromagnets spontaneously break internal spin symmetry

T ¢4
e S
SO3) SO(2)

Gapless magnon = Goldstone
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MAGNONS

* Anti-ferromagnets spontaneously break internal spin symmetry

Gapless magnon = Goldstone

» At low energies/momenta magnons can be described by an EFT,
invariant under the full symmetry group

Angelo Esposito 23/3| LINE 2028



MAGNONS

Angelo Esposito N4/3| LINE 2028



MAGNONS

* Very similar to the non-linear o-model:
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« Very similar to the non-linear o-model.

n(x) = o0/ +0° ) D] | 5 50(3)> R - n(x)
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« Very similar to the non-linear o-model.
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At lowest order In the derivative expansion, the most general
invariant Lagrangian (density) Is
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MAGNONS

« Very similar to the non-linear o-model.

n(x) = o0/ +0° ) D] | 5 50(3)> R - n(x)

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

e —cn- —c; (Vin)2
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« Very similar to the non-linear o-model.

n(x) = o0/ +0° ) D] | 5 50(3)> R - n(x)

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

Angelo Esposito N4/3| LINE 2028



MAGNONS

« Very similar to the non-linear o-model.

n(x) = o0/ +0° ) D] | 5 50(3)> R - n(x)

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

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

,_/ \ neutron scattering data

— cl<9a)2— Cz(vea>2 4 ... Vo — G G|

>
~~ 7 Gn X Cl

e Reic0, Rothstein — SciPost Phys. (2022), 2112.13873; AE, Pavaskar — PRD (2028 )5 82 bt il
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» Recall that the dark matter interacts via spin density, $(x)
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» Recall that the dark matter interacts via spin density, $(x)

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

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

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

(el . AR .Cl a .b , Pavaskar —
Si — Cl (n X n)l- — Cl 5ia9 + 5i3 eabe 8 g RO, 52&;23?, 22?0.135?6{]]3
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MAGNONS

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

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

(el . AR .Cl a .b , Pavaskar —
Si — Cl (n X n)i — Cl [5l-a6’ + 5i3 eabe 8 g RO, 52}523?, 22?0.135?6{]]3
P
one-magnon /
emission
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MAGNONS

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

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

d b , Pavaskar —
S = Cl (n X n) s C] [5 9 i 53 ab eae ] E?gzﬁ, 22?0.13552?

< [

one-magnon / \

emission two-magnons
emission
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MAGNONS

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

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

b 2 avaskar —
S T 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 2 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)  yson - enys. zev. 1956
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EAL REATHS

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

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

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

a, \1 L (4 ;
' _ _ 9xgevVa A, Pia(@)o" m.d.
s g Me q°/q> p.m.
a, 1 b, A2
\ ’ —P 0'7' md
kA\ /1 r = nge (wl - w2)€ab X AZX ;z (q>
S, S Me q°/q p.m.
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Angelo Esposito

EAL REATHS

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

[AE,

Pavaskar — PRD (2023), 2210.13516]

a, A1 i p i
A _ gxge\/aw % A_XPz (@)o* m.d. ,
s g Me q°/q> p.m.
a7>\1 ba >\2 4 ( ) .
/ n —P;,(q)c* m.d.
s " s e (w1 — wa)e€ap X AZX ;z
—_—— Me q /q p.1m.

<X
%
2

O,
S,

Magnetic dipole

- [keV]

10?

||||I —] II T T ITTYr‘l] T T IT]TTII T T lllllll
gapped i 2"“;1;4,,““\‘ Pseudo-mediated gapped |
magnons _| : (QY =0.05 QDRI) magnons
(¢ 2 Auv) (g = Auvy)
. 10740
C’\|_|
= i
4 =
|€ 10——12 |
) — NiO
i L —— MnO
— CI“QOg
—44
11 I — 10 |_I I 1 1 1 1 L L1 1 I 1 1 L 1 1 111 I 11 I .
10 1 10 10 10°
m, [keV]
T——— I — ———
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EAL REATHS

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

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

! o gxge,/clw 9 A b (@)o* m.d.
s g Me q°/q> p.m.
a,A1 b, A2 . .
\k 1/ . 9x9Ge (w Cw )E x EPZZ (Q)O'/L m.d.
s \ 7 S, - m 1 2 ab z 2
S, w5 e q°/q p.m.
P— —
10730 K NI 74 o — ~moe sy —— T T T R e T
i \"o,-@_/ R gapped | w Pseudo-mediated gapped |
107321 ’0,45, Magnetic dipole magnons _| ° (QX = 0.05 QD.\I) magnons
(¢ 2 Auv) \ (¢ 2 Avv)
t . 1041 |
1073 |
o o
S, 100k I E -
[ — N0
10~ —— MnO i
— CI'QO?,
1072k, el el e AT B 1074k
1 10 102 p o 10°
my, [keV]
T —
ferromagnets
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QCD AXION

* The very same setup can be used to look for QCD axion dark
mattel’; COUpliﬂg o) eleC'tl"Ol’]S [Catinari, AE, Pavaskar — 2411.11971]
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QCD AXION

* The very same setup can be used to look for QCD axion dark
matter, COUpliﬂg o) eleC'tl"OﬂS [Catinari, AE, Pavaskar — 2411011971

* The axion can be absorbed by the antiferromagnet:
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QCD AXION

* The very same setup can be used to look for QCD axion dark
matter, COUpliﬂg o) eleCT_l"OﬂS [Catinari, AE, Pavaskar — 2411011971

* The axion can be absorbed by the antiferromagnet:

gaee
2m

= g ==
d aeytyie > 222 Va - s
5 m

7

€ (4
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QCD AXION

* The very same setup can be used to look for QCD axion dark
matter, COUpliﬂg o) eleC'tl"OﬂS [Catinari, AE, Pavaskar — 2411011971

* The axion can be absorbed by the antiferromagnet:
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QCD AXION

» o study this case we extended the EFT to include more detalls of
ERENsirLicture of NIO:
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QCD AXION

» o study this case we extended the EFT to include more detalls of
ERENsirLicture of NIO:

A. Intrinsic magnetic anisotropy
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QCD AXION

» o study this case we extended the EFT to include more detalls of
ERENsirLicture of NIO:

A. Intrinsic magnetic anisotropy

B. external magnetic field
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QCD AXION

» o study this case we extended the EFT to include more detalls of
ERENsirLicture of NIO:

A. Intrinsic magnetic anisotropy

B. external magnetic field

* [he EFT Is slightly more complicated, but much richer:
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QCD AXION

» o study this case we extended the EFT to include more detalls of
ERENsirLicture of NIO:

A. Intrinsic magnetic anisotropy

B. external magnetic field

* [he EFT Is slightly more complicated, but much richer:

b [(n + uB X n)2 -V (Vl-n)2 + An> — An?

[Catinari, AE, Pavaskar — 2411.09761]
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QCD AXION

*  Nickel-oxide Is very promising also for axion searches:
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QCD AXION

*  Nickel-oxide Is very promising also for axion searches:

1078

.
.
.
.
.
.
.
J— \d
.
. .
.

L]
s* " "

10—10

*
.+*° 2-magnons -

10~ 11
XENONNT (Solar axions)

10—12

|gaee|

White dwarf

1074
10—15

10710

|
0.01 0.1 1 10 100

mg [meV]

Eatinari, AR Pavas kat: —=2dd 17 00761y
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QCD AXION

*  Nickel-oxide Is very promising also for axion searches:

II T 1 Illllll 1 1 | S F G |
.

*
.»*" 2-magnons -

1075ET

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

L ]
..

Y
.
e .
s* " "

XENONNT (Solar axions)
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* The next step for these proposals Is to try and turn them into
GOfiErcic detectors
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* The next step for these proposals Is to try and turn them into
@OEEic detectors

* The superfluid helium idea Is more advanced, with some projects
already In the R&D phase (HeRALD, DELight) —» see next talk!
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* The next step for these proposals Is to try and turn them into
@OEEic detectors

* The superfluid helium idea Is more advanced, with some projects
already in the R&D phase (HeRALD, DELight) —» see next talk!

* For anti-ferromagnets there Is a plethora of open gquestions:

» IS any other good material out there!  waroceo, Wheater — 2501.18120]

» what is the actual observable! How do we see magnons!
(SQUIDs! cavities!?)
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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 worla

» (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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* The search for sub-MeV dark matter requires new ideas
* One must delve in the condensed matter worla

» (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! Especially, how do we see magnons? Find
actual observables.
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* The search for sub-MeV dark matter requires new ideas
* One must delve in the condensed matter worla

» (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! Especially, how do we see magnons? Find
actual observables.

Thank you for the attention!
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