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Dark matter direct detection
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Dark matter direct detection
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Plan

e theoretical framework to understand

the quasi-particle production and thermalization
arxXiv: 2108.07275

* simulation
to know the momentum spectrum, flux, thermalization

* a prototype experiment at University of Florida

Collaboration

Yoonseok Lee Tarek Saab Konstantin Matc}éev Yining You Jordan Smolinsky


http://arxiv.org/abs/2108.07275
http://arxiv.org/abs/2108.07275
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Why 4He superfluid? RN
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Why 4He superfluid?

* Helium as the second lightest element
an excellent target material
for detecting light particles
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Why 4He superfluid?

* Helium as the second lightest element
an excellent target material
for detecting light particles

 superfluid Helium will be cooled to ~0.1 K
the system behaves as a vacuum
sensitive to tiny perturbations
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Previous studies and challenges on superfluid direct detection

keV MeV GeV TeV
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Previous studies and challenges on superfluid direct detection

challenging in theory
but interesting in experiment

one or two .He. ions
phonons scintillation
Not easy to detect Not competitive as Xe
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Challenges and motivations

* What happens when a test particle (dark matter or neutron) scatters with the
helium superfluid?

* The perturbative theory of superfluid
break down ~ keV ? Momentum (A™)
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Quasi-particles
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Quasi-particles

» atomic spacing ~ keV ™!
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Quasi-particles

» atomic spacing ~ keV ™!

e phonon E~ck

sound speed ¢, ~ 107°
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Quasi-particles

» atomic spacing ~ keV ™!

e phonon E~ck

sound speed ¢, ~ 107°
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de Broglie wavelength

+ atomic spacing 4, ~ keV ™!



de Broglie wavelength

+ atomic spacing 4, ~ keV ™!

« incoming particle de Broglie wavelength
e.g. sub-MeV dark matter, v~ 107 ¢
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de Broglie wavelength

+ atomic spacing 4, ~ keV ™!

« incoming particle de Broglie wavelength
e.g. sub-MeV dark matter, v~ 107 ¢

2 OO0 O

< 7k
- QO

* incoming particle de Broglie wavelength < 4,
e.g. MeV-GeV dark matter
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What happens after a MeV-GeV dark matter scattering?




What happens after a MeV-GeV dark matter scattering?




What happens after a MeV-GeV dark matter scattering?
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e relevant d.o.f

phonon 7 [0, keV]

roton ¢, ~keV
quasi-particles ¢ (0, 10 keV)

massless goldstone mode

high momentum helium ©,. (>>keV)
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e relevant d.o.f

phonon 7 [0, keV]

roton ¢, ~keV
quasi-particles ¢ (0, 10 keV)

massless goldstone mode

high momentum helium ©,. (>>keV)

e cutoff A ~ keV

atomic spacing ~ (keV) ™!
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e relevant d.o.f

phonon 7 [0, keV]

roton ¢, ~keV
quasi-particles ¢ (0, 10 keV)

massless goldstone mode

high momentum helium ©,. (>>keV)

e cutoff A ~keV

atomic spacing ~ (keV) ™!

* Processes
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Why it is challenging?

Quasi-particles




Why it is challenging?

Quasi-particles

 inverse atomic spacing A, ~ keV

* rotons, quasi-particles and heliums
momentum p 2 A,
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Effective field theory



Effective field theory

* find the relevant degrees of freedom and symmetry

e four-fermion interactions

E<A, %




Effective field theory

* find the relevant degrees of freedom and symmetry

e four-fermion interactions

>V\/\l< E <Ay » ”
2 X A

* BCS theory

perturbation around Fermi surface [J. Polchinski, 1999]
<< N\,

! 2, A

strongly coupled »

attractive interactions
‘eg '24
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at low energy, phonons are the relevant d.o.f

with shift symmetry + “Galilei” symmetry
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Phonons 7 (p < A( ~ keV))

at low energy, phonons are the relevant d.o.f

with shift symmetry + “Galilei” symmetry

 Similar to chiral perturbation theory ( pions)

Effective quantum action method [D. Son, 2002]
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Phonons 7 (p < A( ~ keV))

at low energy, phonons are the relevant d.o.f

with shift symmetry + “Galilei” symmetry

 Similar to chiral perturbation theory ( pions)

Effective quantum action method [D. Son, 2002]

* or Power counting method

lpl=1, ltl=—-1.xl=-1, [z]=1
phonon interactions
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BCS theory




Energy (meV)

Momentum (A™")

BCS theory

1.5

0.5F

0.0

1 2 3
415
roton
410
<\ -
15
_,| fe >N _
................................ O
1 2 3 4 6

Momentum (keV)




Energy (meV)

BCS theory

Momentum (A™")
1 | | | | 2 | | | | 3

1.5

0.5F

roton

2m* €< A

115

0.0

Momentum (keV)




Energy (meV)

BCS theory

Momentum (A™")
1 | | | | 2 | | | | 3

1.5

0.5F

roton

2m* €< A

115

0.0

Momentum (keV)

A A, ~0.93 consistent with data




Roton and phonon interactions

Lab frame Boosted frame

19



Roton and phonon interactions

Lab frame Boosted frame

* roton (as impurity) and phonon interactions

Vph-r = €poost — €lap TP " U

19



Roton and phonon interactions

impurity impurity
® - B ® 7
AN — U no phonon
phonon
— U
Lab frame Boosted frame

* roton (as impurity) and phonon interactions

Vph—r = €poost — €lap TP " U

* This method can be applied to dark matter, quasiparticles, etc.

19



Helium atom &, (p > keV)

o U(1) symmetry @y, — %Dy,
effective field theory breaks down? p > A
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Helium atom &, (p > keV)

o U(1) symmetry @y, — %Dy,
effective field theory breaks down? p > A

 Similar to Heavy quark effective theory

p=myv+k , Almy,<1
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Helium atom &, (p > keV)

o U(1) symmetry @y, — %Dy,
effective field theory breaks down? p > A

 Similar to Heavy quark effective theory

p=myv+k , Almy,<1

e Helium currents J_, Ji;_
I, = 0@, Ji =volo
Phonon currents J, J'

JV = (\/PImyec) T + -+,

1 m .
L= 2—J0J0 42 gi
JJ 1 mHeA He 2 A3 He

20
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He — He + quasi-particle from measurement

2.5 5.1 7.6 10.1

» dynamical (static) structure function S(q, ) is T

directly measured in neutron scattering experiments 12}
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He — He + quasi-particle from measurement

» dynamical (static) structure function S(q, ) is

directly measured in neutron scattering experiments 12}
1.0

§0.8*

0.6

— HEP language, S(q) = |(vac|j,|¢) |2

Current conservation, we can know | (vac|j;| ¢) |* 00
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He — He + quasi-particle from measurement

q [1/A]
» dynamical (static) structure function S(q, ) is T 25 0! w0 101
directly measured in neutron scattering experiments 12 |
1.0
§ 0.8
0
0.6
. 04 r
= HEP language,  S(q) = | (vac|j,|p) |’ "
. : 2
Current conservation, we can know | (vac|j;| ) | 00 - - - )
q [keV]

* Helium decay to a quasi-particle,

gJJ=/11

0 70 Mye ;4
Rt

amplitude A « A Jg.(vac|J| @)+ A5 (vac|J'| @)

quasi-particle

He
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Rate summary

Process Diagram Result
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Thermalization and Detection

DM Scattering (§2) Cascade (§3) Radiation (§4) Thermalization (§5) Detection (§6)
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Thermalization and Detection

DM Scattering (§2) Cascade (§3) Radiation (§4) Thermalization (§5) Detection (§6)
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event

e Nano-mechanical Resonator Detector
dimension (10 ~ 100) um X (10 ~ 100) um
force sensitivity 107N ~ 1072! N

detector




Reach Plots
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Summary and future works

e MeV - GeV dark matter

theoretically and experimentally interesting

» effective field theory
quasi-particle interactions
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Summary and future works

e MeV - GeV dark matter

theoretically and experimentally interesting

» effective field theory
quasi-particle interactions

* todo
simulations
experiment at UF
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