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» Searching for keV-MeV dark matter

BERbE U EEie the MeV: Migdal effect

 Down to the keV: collective excitations

Angelo Esposito SAPTENZA 204 CYGNO, December 2022

QWY  UNIVERSITA DI ROMA




OUTLINE

» Searching for keV-MeV dark matter

BERbE U EEie the MeV: Migdal effect

Down to the keV: collective excrtations
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SUB-GEV DARK MATTER

* Most of the matter ( ~80 %) that interacts gravitationally is dark

2dI' Galaxy Redshift Survey

Observations -
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UB-GEV DARK MATTER

* Most of the matter ( ~80 %) that interacts gravitationally is dark

2dI" Galaxy Redshift Survey 3
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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
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too light to explain halo structure less than 1 dark
matter per year
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too light to explain halo structure
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SUB-GEV DARK MATTER

too light to explain halo structure

less than 1 dark
matter per year

1/3 1/3 through Earth
1/m, > 1/n, 1/m, < 1/n, )
< P >
;ll ‘ L
| | - B
m)(
10722 eV 10~% eV 10° eV 10" eV 10%0 eV

Dark matter is a
classical field and can
take advantage of
coherent phenomena

What about
this region?

ADMX, CASPEr
atomic clocks, LIGO,
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too light to explain halo structure less than 1 dark
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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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* For an elastic scattering, it must be
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SUB-GEV DARK MATTER

* For an elastic scattering, it must be
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* For an elastic scattering, it must be
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 [wo possibllities:

|. Look into lighter scattering targets

2. Look into Inelastic processes
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NASTY STUFF

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

matter world Cnd. Wk, Atemic  Noclpac
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NASTY STUFF

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

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

matter world Cond. Wk, Afenic N f"w
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* Need to find theoretical tools that allow to solve or bypass these
problems (measured correlation functions, EFTs, ...)
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Migdal effect in semiconductors
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* For sub-GeV dark matter nuclear recoll signals become challenging
—» sensitivity can be lowered by looking for inelastic processes
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* 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

* Hadrophilic dark matter on free nucler —%» Migdal effect
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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 G, " Mardon, Volansky — PRD 2012, 1108.5383; Kouvaris, Pradler'— PRL 2017 S EGHEEHINE

* Hadrophilic dark matter on free nucler —%» Migdal effect

 Less likely... but lower threshold! =%  sensitivity down to
O(100 MeV) masses (see Giovanni's talk) 25i8; 1767 07356; barkeiae - 2207.11967
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MIGDAL EFFECT

» Semiconductors (Si, Ge, ...) have small O(eV)

bandgaps —» Migdal effect should allow to
probe down to O(MeV) masses
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MIGDAL EFFECT
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» Semiconductors (Si, Ge, ...) have small O(eV) | &Z}
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MIGDAL EFFECT
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» Semiconductors (Si, Ge, ...) have small O(eV) |

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

EineV
|

Si L N r AE X UK 2
» Migdal rate in a semiconductor i1s much harder

] , e/
> N N N
COEpNES ==

“

How to describe nucleus-nucleus and nucleus-electron interactions
N a strongly correlated system!?
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* S0 far approached only under some simplifying assumptions:

|, Tight binding approximation —» questionable

2. Single phonon exchange —» questionable
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MIGDAL EFFECT

* S0 far approached only under some simplifying assumptions:

|, Tight binding approximation —» questionable
2. Single phonon exchange —» questionable

3. Harmonic approximation —» valid only for m, ~ 1 — 10 MeV
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MIGDAL EFFECT

* S0 far approached only under some simplifying assumptions:

|, Tight binding approximation —» questionable

[Liang, Zhang, Zheng, Zhang — PRD 2020, 1912.13484]

2. Single phonon exchange —» questionable

Fiimui=figiio prae IV (ol A V=1 alle WG s = Ve o fikentl 013 SED 240 7ai o0y 2 3R NIIRRd 6051 500

3. Harmonic approximation —» valid only for m, ~ 1 — 10 MeV

Mo wZihener, “iZzhang’ —"PRDSG2022 52 2 05033951

4. Final nucleus as free (impulse approx,) —» valid for m, 2 50 MeV

[Knapen, Kozaczuk, Lin — PRL 2021, 2011.09496]
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MIGDAL EFFECT

* S0 far approached only under some simplifying assumptions:

|, Tight binding approximation —» questionable

[Liang, Zhang, Zheng, Zhang — PRD 2020, 1912.13484]

2. Single phonon exchange —» questionable

Fiimui=figiio prae IV (ol A V=1 alle WG s = Ve o fikentl 013 SED 240 7ai o0y 2 3R NIIRRd 6051 500

3. Harmonic approximation —» valid only for m, ~ 1 — 10 MeV

Mo s Aheniey, siZhangs - PRESZG22,, 2205.03395]

4. Final nucleus as free (impulse approx.) —» valid for m, 2 50 MeV

aaiecneat Koizatgizd o al denseat BRI 2020 L Bl gls d0iCuC o

0.5 50 250 ¢ [keV]
[ I I
1/a EFT (AE) < w) 2mn(Epp) V/ 2mNwg

impulse

incoherent
| harmonic |
MeV

0.5 20
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EFT

» Migdal effect in old-fashioned perturbation theory

complicated to describe
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EFT

» Migdal effect in old-fashioned perturbation theory

D: Df D Dy
7

\ A1 N

complicated to describe ENElgyciish

energy @
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EFT

» Migdal effect in old-fashioned perturbation theory

D: Df D Dy
! 7

A S
7

\ ~ /
\ g )\f S >‘f

complicated to describe ENElgyciish

energy @

+ Separation of scales (w ~ eV > E , ~ 10 meV) allows to integrate

out the Intermediate lattice mode

Angelo Esposito
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EFT

» Migdal effect in old-fashioned perturbation theory

D Dr y 223 Dy D Dy
7

N 2
N\ 7/
N\ 7/
N\ 7/
\ 7/
) ’\‘N/fﬁ Y
A 7/
N 7
\ N 7
4 - Al 4
,\/\/\)HXL/\/\/HCL + /\j\]\)HeL/\/\/'HXL ~ /\/\/\f\ﬁHeff
Aq ( Aq ) s \
e T Pe pe + ke

complicated to describe ENElgyciish

energy @

+ Separation of scales (w ~ eV > E , ~ 10 meV) allows to integrate

out the Intermediate lattice mode

[Berghaus, AE, Essig,

| £ ot 5 1
Heff e mNa)z VH)(L . VHeL -I— @ 5 Sholapu2r2}<:1a0r. 0—64J9HOE]P 2020,
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MIGDAL RATE
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MIGDAL RATE

* Now simple to determine the rate for Migdal emission

q-k+K)q-(k+K) =
L9 Kl ro M= Gol®)S(a -k~ K.Ey)

it

energy loss function (ELF) — electronic dynamics

da)a’E KO
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MIGDAL RATE

* Now simple to determine the rate for Migdal emission

q-k+K)q:-(k+ K)
ZZ |k+K||k+Q| lm( €KQ(k a))) (q_k_K’Eph>

k K.Q i
Y s A N e

energy loss function (ELF) — electronic dynamics

da)a’E

° Energy @ titinciion IS already (505, . Knspen, Kosasrmet S
2101.08275; Hochberg et al. — PRL; 20215 S UaEREEEwAc .
' Knapen, Kozaczuk, Lin — PRD 2022, 2104.12786]
well studied
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MIGDAL RATE

* Now simple to determine the rate for Migdal emission

q-k+K)q:-(k+ K)
ZZ k+K||k + Q| lm( €KQ(k a))) (q_k_K’Eph)

g Y SR / \

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

da)a’E

o Energy @ titinciion IS already 6.4, Knapan. Kesitmorme S

2101.08275; Hochberg et al. — PRL; 20215 S UaEREEEwAc .
Knapen, Kozaczuk, Lin — PRD 2022, 2104.12786]

well studied
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MIGDAL RATE

* Now simple to determine the rate for Migdal emission

q-k+K)q:-(k+ K)
ZZ k+K||k + Q| lm( €KQ(k a))) (q_k_K’Eph)

L P g s / \

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

da)a’E

o Energy @ titinciion IS already 6.4, Knapan. Kesitmorme S

2101.08275; Hochberg et al. — PRL; 20215 S UaEREEEwAc .
Knapen, Kozaczuk, Lin — PRD 2022, 2104.12786]

well studied

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

n

= Tal R
dQdE  4x kl-S(q’ )
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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 Gl /4 \

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

da)a’E

o Energy @ titinciion IS already 6.4, Knapan. Kesitmorme S

2101.08275; Hochberg et al. — PRL; 20215 S UaEREEEwAc .
Knapen, Kozaczuk, Lin — PRD 2022, 2104.12786]

well studied

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

n

= Tal R
dQdE  4x kl-S(q’ )

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

* It only interested in electron energy, the rate is iIndependent on the

detalls of the crystal lattice

J aS(a:E) =1 — [d3k Zlm —€KK ,a)))
0
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MIGDAL RATE

* If only interested in electron energy, the rate Is iIndependent on the

detalls of the crystal lattice

3 dR
" aEdlg E)=1 — = ——
dw

105 ! ! ! ; ! T ! ! ’ I ! i i ! I i i ! ! ]
E I 7 = 10736 cm? m, =10 MeVE
Fou=1 —---- m, =5 MeV
i 1+ }r’\’"’ m Si =
— I - N
>~ 1 oo m Ge
&b E
= ;
2107 : E
= '
3 :
3 E
& 10724 2¢" (Ge) .
10—3 R I. i2e'A (S?) R PN S R
0 5 10 15 20
w [eV]
B agRats, AR, "Essiqg,  Sholapurkar = JHEP 202055 il UG acEN
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MIGDAL RATE

* If only interested in electron energy, the rate Is iIndependent on the

detalls of the crystal lattice

:

dES(q,E) =1

dR/dw [1/100g/yr/eV]

105 T ;' |

m, = 10 MeV§

T

w [eV]

[Berghaus, AE, Essigqg,

0 o 5 ‘10‘ o ‘15A -

SIE o DL K Sl s PO B 2 2 G

2210.06490]

* The description of Migdal effect iIn semiconductor is now complete
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Down to the keV
collective excitations
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COLLECTIVE EXCITATIONS

e, < (O(MeV), dark matter scattering can transfer a momentum

m.,v P >0 1 A) ~ inter-atomic distance
(mv,) 2 O(1A)
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COLLECTIVE EXCITATIONS

e, < (O(MeV), dark matter scattering can transfer a momentum

m.,v P >0 1 A) ~ inter-atomic distance
(mv,) 2 O(1A)

 Dark matter acts coherently over many scattering centers

X
[
e ® .l.. 7/\)1"*)0«{)0
®
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COLLECTIVE EXCITATIONS

e, < (O(MeV), dark matter scattering can transfer a momentum

(m%v)()_l > @(1 A) ~ inter-atomic distance

» Dark matter acts coherently over many scattering centers

X
\ ‘.o.. 7waﬁ
9/ ..'.'::o .

* lypically, no more single particle final states —»  signatures
involve collective excrtation
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* A growing field, with many interesting ideas (a few on R&D):
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4. Magnetic materials (Y3FesOqp, NIO, ...) —» single- and multi-magnon

Angelo Esposito u}i,i USN/S\]]}?SLEN%@ 16/24 CYGNO, December 2022



COLLECTIVE EXCITATIONS

* A growing field, with many Interesting ideas (a few on R&D):

Angelo Esposito

Superconductors —» breaking of Cooper pairs and production of
collective excrtations

Solid crystals (GaAs, SIO, ...) —» multi-phonon
Superfluid *He —» multi-phonon
Magnetic materials (Y3FesOjo, NIO, ...) —» single- and multi-magnon

and more...
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COLLECTIVE EXCITATIONS

* A growing field, with many Interesting ideas (a few on R&D):

o}

Superconductors —» breaking of Cooper pairs and production of
collective excrtations

Solid crystals (GaAs, SIO, ...) —» multi-phonon
Superfluid *He —» multi-phonon
Magnetic materials (Y3FesOjo, NIO, ...) —» single- and multi-magnon

and more...

* | will focus on those | know best. ..

Angelo Esposito

> 3 / SAP]ENZA |1 6/24 CYGNO, December 2022
QEY  UNIVERSITA DI ROMA



SUPERFLUID “He

Angelo Esposito %ﬁﬁﬂ;]}g@ 17/24 CYGNO, December 2022




SUPERFLUID “He

» Superfluid *He is an interesting target to probe dark matter with
spin-iIndependent interactions
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SUPERFLUID “He

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

. E, ~25eV —» 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-iIndependent interactions

. E__~25eV —» low electronic background

on

2. High radiopurity

3. Multi-phonon processes allow to probe down to

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

EEEsN el nscy ' PRD 2013, 1302.0534;:Schutz, .Zurek — PRL 2016,

1604.08206; Knapen, Lin, Zurek — PRD 2017, 1611.06228; Acanfora, AE,

R O e = 1 902002361 ;- Caputo, AE, Polosa’— PRD 2019,

IS Baym eL al. — PRD 2021, 2005.08824; Caputo, AE, Piccini,

BRI RGeSy o PRD 2021, 2012.01432; Matchev et al. — JHEP 2022,
EERG O S e Y ol ~e Tt al o= 2208 .14474]

Angelo Esposito SAPIENZA 1 7/24
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* How do we detect events with few phonons!?
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SUPERFLUID “He

* How do we detect events with few phonons!?

» R&D efiorts already on the way:

. HeRALD

[Guo, McKinsey — PRD 2013, 1302.0534; Hertel et al. —
PRD 2019, 1810.06283; TESSERACT — SnowMass]
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SUPERFLUID “He

* How do we detect events with few phonons!?

—

« R&D efforts already on the way:

. HeRALD

[Guo, McKinsey — PRD 2013, 1302.0534; Hertel et al. —
PRD 2019, 1810.06283; TESSERACT — SnowMass]

2 . Q U a th U m eva p O ra_t | O n Electrodes for trapping and e”/3He movement

Detector substrate

. A ; . 4 . .
[Maris, Seidel, Stein — PRL 2017, 1706.00117; Lyon et 2ﬁ§%¥§mn ?3mmmmm d%mémm?mwe y
al, = 2201 _.007381 ; and aggregate “He
A
van der Waals He film 5 3He atom quantum evaporation

Detect 3He atoms in
quantum sensor via e~ to
nuclear spin coupling

~ 1 meV phonon

Dark matter absorber/scattering material

W
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SUPERFLUID “He

* How do we detect events with few phonons!?

—

« R&D efforts already on the way:

. HeRALD

[Guo, McKinsey — PRD 2013, 1302.0534; Hertel et al. —
PRD 2019, 1810.06283; TESSERACT — SnowMass]

2 . Q U a th U m eva p O ra_t | O n Electrodes for trapping and e”/3He movement

Detector substrate

. A ; . 4 . .
[Maris, Seidel, Stein — PRL 2017, 1706.00117; Lyon et 2ﬁg%QEMn ?3Mmﬁmm d%mémm?mwe y
al, = 2201 _.007381 ; and aggregate “He
A
van der Waals He film 5 3He atom quantum evaporation

Detect SHe atoms in
quantum sensor via e~ to
nuclear spin coupling

~ 1 meV phonon

3. DELight

[Krosigk et al. — 2209.10950]

Dark matter absorber/scattering material

L —
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SUPERFLUID “He

» Superfluid *He is a strongly coupled system —» phonon emission
rate I1s hard
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« Superfluid *He is a strongly coupled system —»  phonon emission
rate I1s hard

» Standard approach —% start from
atomic Hamiltonian —»  perform
clever ansatzes to compute the
structure factor
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SUPERFLUID “He

« Superfluid *He is a strongly coupled system —»  phonon emission

rate Is hard

» Standard approach —% start from
atomic Hamiltonian  —»  perform
clever ansatzes to compute the

structure factor

d*T PHOmd
=7 CGEE
dwodq  2m,my,p;

BRI Aate ks PRI 2016, 1604.08206; Knapen, Lin, Zurek —
B o1t 06228, Baym et al. — PRD 2021, 2005.08824]
i SAPIENZA
Angelo ESpOSltO UNIVERSITA DI ROMA | 9/24
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» (Gapless phonon = Goldstone —» bypass the atomic Hamiltonian
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» (Gapless phonon = Goldstone —» bypass the atomic Hamiltonian

Lrpr ~ 1°—cZ (V) + L + (Vo) + ...
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» (Gapless phonon = Goldstone —» bypass the atomic Hamiltonian
Lrpr ~ 1°—cZ (V) + L + (Vo) + ...

» Observables are computed In the standard particle physics way
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SUPERFLUID “He

» (Gapless phonon = Goldstone —» bypass the atomic Hamiltonian
Lrpr ~ 7 — 2 (Vr) + i + ha(Va)r + ...

» Observables are computed In the standard particle physics way

10734 =

10—36 .

10—38

T
S 10740

Op

10742

10744

[Acanfora, AE, Polosa —
BEmENSOERGe =1902°. 02361 ;
Caputo, AE, Polosa —
BRI TS L 907 210635
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Op
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SUPERFLUID “He

» (Gapless phonon = Goldstone —» bypass the atomic Hamiltonian
Lrpr ~ 7 — 2 (Vr) + i + ha(Va)r + ...

» Observables are computed In the standard particle physics way

10734
-36 [K.. 10 x10
1 O o FT T T T T T T T ™ [T T T T T
— rate x 300 @ m, = 300 keV' ‘
1038 ey tF e ratex 30 @my =500 keV i
— e -+ rate @ my = 1000 ke’ ' —
NE - = =
. S 3 .
O -40 — = -
Q - g 8
° 3 < <
10742 N\ 5 g
Y 3
10 oure PNGSE.- -
————————— space —
10-46 1l Ll Ll L1l L
1072 107! 1 10! 102
my, (MeV)
£) £

[Acanfora,
EPJC 2019,

AE, Polosa —
GRS L0 28 6rl

Caputo, AE, Polosa —

BRI,

Angelo Esposito

IROLCRE 616,357
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» How about dark matter with spin-dependent interactions?

* One could use (anti-)ferromagnets
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(ANTI-)FERROMAGNETS

» How about dark matter with spin-dependent interactions?

* One could use (anti-)ferromagnets

» Dark matter interacts with spins

called magnon

Angelo Esposito
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(ANTI-)FERROMAGNETS

» How about dark matter with spin-dependent interactions?
* One could use (anti-)ferromagnets

* Dark matter interacts with spins  —» excites a collective mode
called magnon

100
90
80
70

K > 60
50

w [meV]

30
20¢
10¢

r H N T P H
B e etesamsEin

* Ways to detect few magnons have been proposed and under work

[Trickle, Zhang, Zurek — PRL 2020, 1905.13744; Lachance-

(TES, MK' D, quantum SGDSOFS) Quirion et al. — Science Advances 2017; Lachance-Quirion et

als 5 - Scienae s iits
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FERROMAGNETS

* First proposed to use ferromagnets
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FERROMAGNETS

* First proposed to use ferromagnets

» Iraditional approach: start from Heisenberg model

IS 70 n
H=o 2\ Y JeeiSSry= Y. Y, uablabua

ARG v=1 q€1BZ
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FERROMAGNETS

[Trickle, Zhang, Zurek' — PRI Z0Z08 N ECiS R R
Mitridate et al. — PRD 2020, 2005 0o e R .

2 FlrSt prOpOsed -to Use ferromagnets Moroi, Nakayama — PRD 2020, 2001.10666; Trickle,

Zhang, Zurek — PRD 2022, 2009.13534]

* [raditional approach: start from Heisenberg model

NS 1 n
. %2 N LSy S Y Y w b

2 G v=1 q€1BZ

» Only single-magnon emission —» probes m, 2 O(10 keV)

Magnetic dipole DM Pseudo—mediated DM (£2,/Qpn=0.05)
10_33 10—39
10734+
10—35 L 10—40 L
10—36 L
10—37 L 10—41 L
[Trickle, Zhang, Zurek — PRL o 107 &
PACAEIEAR-A RS P30 44 ] E.m%% ] E.N4L
|bN 10—40k i |€
1041 10~ 3 g =1
10—42 L
10_43 r 10—44 L
10—44 L
10—45 . MR \ M| . L —45 . N 4] . MY | . L e
102 107! 1 0 102 107! 1 10
m, [MeV] m, [MeV]

SeetcsbbammeESeENE
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ANTI-FERROMAGNETS

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

. Also multi-magnon emission  —»  probe down to m, ~ O(1 keV)

2. Nickel oxide (NIO) has vy~ v, —» very efficient at absorbing dark

matter energy
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ANTI-FERROMAGNETS

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

. Also multi-magnon emission  —»  probe down to m, ~ O(1 keV)

2. Nickel oxide (NIO) has vy~ v, —» very efficient at absorbing dark

matter energy

» Gapless magnon = Goldstone —» bypass several problems

ZLppr = %ﬁ ——(5 n)’
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ANTI-FERROMAGNETS

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

Also multi-magnon emission

2. Nickel oxide (NIO) has vy ~ v,

matter energy

» (Gapless magnon = Goldstone

[AE, Pavaskar — 2210.13516]

Angelo Esposito

SAPIENZA
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—» probe down to m, ~ O(1 keV)

X

—» very efficient at absorbing dark

L rrr = —0> (0 n)°
/55 ] e )

- T TS

Magnetic dipole ‘I_.);l:’(“\:]l\
Aq \ |
_‘ — NiO |
~40|_ —— MnO “gno, .

Cry03

A |
102
my [keV]

G

103

10741

—-) bypass several problems

Pseudo-mediated gapped |

(2 = 0.05Qpyr)

10 102 10°
my [keV]
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* The search for keV-MeV dark matter requires new ideas

« One must delve In the condensed matter world

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

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

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

» Collective excitations: to probe spin-indep. and spin-dep.

interactions down to O(keV) one most likely will have to deal with
events with few phonons/magnons
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OUTLOOK

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

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

» Collective excitations: to probe spin-indep. and spin-dep.

interactions down to O(keV) one most likely will have to deal with
events with few phonons/magnons

Thanks for your attention!
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