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ABSTRACT

The present cosmic mass density of possible stable neutral
heavy leptons is calculated in a standard cosmological model.
In order for this density not to exceed the upper limit of
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2x10 g/cm3, the lepton mass would have to be greater than

a lower bound of the order of 2 GeV.
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Dark matter direct detection
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Dark matter direct detection
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Outline

Superfluid He4 dark matter detector

arXiv: 2108.07275
JHEP

Konstantin Matchev, Jordan Smolinsky and Yining You

Continuum dark matter

arXiv: 2105.07035 & 2105.14023
PRD & PRL

Csaba Csaki, Sungwoo Hong, Gowri Kurup, Seung Lee, and Maxim Perelstein

* Summary and outlook



Dark Matter Detection
with Superfluid

Matchev, Smolinsky, You and WX
JHEP

future work + Saab and Lee



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

challenging in theory
but interesting in experiment

one or two
phonons

Not easy to detect
D E—

He ions
scintillation
Not competitive as Xe

keV MeV GeV TeV
Schutz and Zurek (2016) I(f(l)l(; I?gc; i\;lgelfi(r;%ef/?’?ow)

Knapen, Lin and Zurek (2016)
Acanfora, Esposito and Polosa (2019)

Bandler, Lanou, Maris, More, Porter, Seide (1992)
H.J. Maris, G. M. Seidel and D. Stein (2017)



—

%" theoretical framework to understand
the quasi-particle production and thermalizatio

——

e simulation
to know the momentum spectrum, flux, thermalization

* a prototype experiment at University of Florida

Collaboration

Yining You

Yoonseok Lee Tarek Saab Konstantin Matc%noev

arXiv: 2108.07275

Jordan Smolinsky



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 ~ kel ?

(inverse of the helium spacing)

11

Energy (meV)

e
o
T

ol
o
T

0.0
0

1

Momentum (A™")
2

S
9
Q

quasi-particles

«~— stable ——

Y
|

3 p.a
Momentum (keV)

5

415

410

Energy (K)



Quasi-particles

 atomic spacing

~keV~!

e phonon E ~ ¢ k

sound speed ¢, ~ 107°

. roton B, ~ A+
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de Broglie wavelength

« atomic spacing A, ~ keV ™!

> A

Iad

« incoming particle de Broglie wavelength
e.g. sub-MeV dark matter, v~ 1072 ¢

2 0000
D003

T
< 7k

a

« incoming particle de Broglie wavelength <« 4,
e.g. MeV-GeV dark matter

e QOO0
- — @O©®



What happens after a MeV-GeV dark matter scattering?

Helium




What happens after a MeV-GeV dark matter scattering?

Helium




What happens after a MeV-GeV dark matter scattering?

Helium

Quasi-particles




V(r) (K)

(a) *He-*He Interaction Potential
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Helium

He He

He He He He

+ @

Q1 = @yt @3

@1t Py = @3t @y

Quasi-particles



* 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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quasi-particle Helium interactions to study quasi-particle production

quasi-particle self interactions to understand thermalization
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Why it is challenging?

- + @

@1 = @+ @3

Q1+9, > @3+ @y

Quasi-particles

* inverse atomic spacing A, ~ keV

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

Momentum (A™")
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Effective field theory

* find the relevant degrees of freedom and symmetry

e four-fermion interactions

>\~v~< E<h 7
Z X

* BCS theory

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

‘c e: ‘05

strongly coupled
>

attractive interactions
'21 34




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, [tl=-1,IxI=-1, [a]l=1

phonon interactions
) o112
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BCS theory 2
Roton effective field theory
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Roton and phonon interactions

impurity impurity
o ® -7
AN — 1 no phonon
phonon
— U
Lab frame Boosted frame

e roton (as impurity) and phonon interactions

Vph—r = €poost — €lap TP " U

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

24



Helium atom @y, (p > keV)

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

 Similar to Heavy quark effective theory

e Helium currents Jg_, Ji;
Iy, =00, J =vio'o
Phonon currents J° J

\/P

MyeCy

J =

Tt e,

Mye .
JU!
He

Ly =h A3

JOJ0 4+ 2
H 2
nye ©
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He — He + quasi-particle from measurement

A
« dynamical (static) structure function S(q, @) is L 20 2 & o
directly measured in neutron scattering experiments 12}
1.0 |
= 08}
=
0.6
. 2 04 |
—> HEP language, S(q) = |{(vac|j,| @) | 0‘2;
: : 2
Current conservation, we can know | (vac|j;| ¢) | 00 ! : - = -
q [keV]

* Helium decay to a quasi-particle,

"MHe i i
A;’JJHC

L= LJOJO + A
JJ 1 A He 2
mHe

amplitude A « A,J5 (vac|J°| @)+ J (vac|J | @)
quasi-particle

He
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Process

Diagram

Result

Phonon decay
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arXiv: 2108.07275



Summary and future works

* MeV - GeV dark matter
theoretically and experimentally interesting

o effective field theory
quasi-particle interactions

- todo
simulations
experiment at UF

28

dark matter

Helium =
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<Gapped Continuum>
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New Dark Matter Paradigm

[arXiv: 2105.07035 & 2105.14023]

With Csaki, Hong, Kurup, Lee, and Perelstein
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Z-portal DM
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Weakly-Interacting Continuum (WIC)
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Continuum States

* the Kéllen-Lehmann representation

du®  ip(u?)
2r p?—pu?*+ie

(0] D(p)P(—p)|0) = [

« anormal particle correlation function p(u 2) =2r 5(/42 — m§ )
* a continuum state

<Free Particle> <Gapped Continuum>

o) A o)

32



Gapped Continuum from 5D UV Model

Do @

* warped 5D background
“ Sbf't—wa\l “

> Z(Y)

 Schrodinger equation (1D QM problem)
V(Z)p

z e -— e
--——,——— ad - e e T -

M
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* quantization (free continuum)

gl | = @250 — 91507 - )

decomposition
D(x) = J du 21 /p(ﬂ)J d3p <Cl e’y ql o ip°x>
2n @y W e,
(M) P(H2)
* scattering (continuum as the final states)
—t+
Rate to produce continuum
SM' SM&
1 1 1 dui [d/,ﬂ J 4 5
= — I1, dIl, 2
2E, 2B, Tvi— vl [ o p(u; 5 p(us) | dIL, dTL, 2a)*6* (k) + ky — py — py) | M |

d3 1
d1l P
kT 2n)3 2

is the Lorentz-invariant phase space
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« The number density of excitations between u? and p’ + du?®

du* d’p
. [ f(p, u*

dn = 2—P(M 27)3

where the phase-space density in equilibrium
flp, pu?) m et
* When the temperature is low

P

du* [ &p
Roq = J o p(u”) 2 e

35



Z-portal Weakly Interacting Continuum

sin? o
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* scattering rate % A O N S i

Dark Matter Mass [GeV/c?]

Z | (intial state | final state) E

final { }

2

/“lmax
=J duz p(z) X -+

HG

 “phase space”suppression +

Hmax ™~ V2 Ho ~ 10_6 Ho
v is the dark matter velocity ~ 10™c
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4D Effective Z-portal Model

e scalar continuum dark matter @ with gap scale y,
1
regular scalar y : doublet under SU(2); , U(1)y charge —3

« Lagrangian <, =—1®yH + c.c.

int —

* The Higgs vev induces the mass mixing

~

® =cosa® +sinay’,

HN=—sina®+cosay’

°(+ C\S STn
z = Z
X "
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Thermal freeze-out

« ®O* - SM + SM

Boltzmann equation is identical to the usual form

dn

dr
10°

107 |

sin? o

— +3Hn = — (ov)(n* - ngq

107 |

relic density o« 1/{cV)

BL
o

100 120 140

1 [GeV]




density evolution and Ay = pu — p

MI SM,
T ~ uy/10 freeze-out %
"IMO M SMa
——
t M
M 2
T~ Ap Thermal equilibrium '%
M, SMa,

o

L

out-of-equilibrium decay

—
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Gapped continuum in the final states

duy .,
o~ | — oy,
. [ > ,0(/42) <ﬂ1 ﬂz)

continuum state decay (CMB)

" —e_ "
O(py) = ©(u,) + SM
| 4’(”2)
DM direct detection P (m )%7\/
SM, SM,

D(u;)) + SM - O(p,) + SM

¢ 7 PN et

colliders
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Conclusion

dark matter

Helium™

superfluid Helium to detect dark matter
EFT — simulation — experiment

~
N
L)
k v V
Quasi-particles w

) <Gapped Continuum>

®) P . .

¢ Weakly Interacting Continuum
new continuum hidden sector

collider signals
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