
Beyond the WIMP Paradigm

Copernicus Seminar 
April 12, 2022

Wei Xue



2

380,000 years

?10-10 s 

13.8 billion years

dark matter

CMB

LSS

Bullet 
cluster

rotation curve



Weakly Interaction Dark Matter (WIMP) miracle
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• thermal dark matter     
initial condition insensitive

Steven Weinberg (1933— July 2021) 
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Dark matter direct detection
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Figure 2: Projected sensitivity of dark matter direction detection experiments [46]. The gray region

is the current bounds, and color lines correspond to future reaches of new ideas.

and collaborators will investigate another possibility of a superfluid helium experiment by utilizing the

resonator sensor to measure the momenta of quasi-particles. The proposed research program starts

with the theoretical understanding of the sub-GeV dark matter scatterings in superfluid helium, which

will be a useful tool for all the proposed superfluid helium experiments in the sub-GeV mass region

of dark matter, including the current proposal and proposals on the quantum evaporation of helium

atoms [47, 39]. Then the detailed simulations and background analysis would guide the design and

technique development for the future resonator experiment.

Theory: The theoretical understanding of sub-GeV dark matter scattering with the superfluid is

fundamental for the experimental design and simulations, and the properties of phonons and rotons as

the final quasi-particles are essential for the final observations. Therefore, the first part of the proposed

research on dark matter detection with superfluid helium is to understand the processes that produce

the quasi-particles after dark matter scatterings, and develop the theoretical tools to deduce the dark

matter scattering rate and the strength of quasi-particle signals. To generate quasi-particles from

the scatterings of sub-GeV dark matter, there are three processes happened consecutively after the

collision of dark matter and helium atoms: (1) dark matter + helium ! dark matter + helium; (2)

helium+ helium ! helium+ helium; and (3) photon/roton decay and scattering.

(1) dark matter+helium ! dark matter+helium. The de Broglie wavelength of dark matter in

the mass range of MeV to GeV is shorter than the average nucleus spacing of liquid helium. Just as

10

MeV - GeV mass range?
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Dark matter direct detection
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Figure 2: Projected sensitivity of dark matter direction detection experiments [46]. The gray region

is the current bounds, and color lines correspond to future reaches of new ideas.

and collaborators will investigate another possibility of a superfluid helium experiment by utilizing the

resonator sensor to measure the momenta of quasi-particles. The proposed research program starts

with the theoretical understanding of the sub-GeV dark matter scatterings in superfluid helium, which

will be a useful tool for all the proposed superfluid helium experiments in the sub-GeV mass region

of dark matter, including the current proposal and proposals on the quantum evaporation of helium

atoms [47, 39]. Then the detailed simulations and background analysis would guide the design and

technique development for the future resonator experiment.

Theory: The theoretical understanding of sub-GeV dark matter scattering with the superfluid is

fundamental for the experimental design and simulations, and the properties of phonons and rotons as

the final quasi-particles are essential for the final observations. Therefore, the first part of the proposed

research on dark matter detection with superfluid helium is to understand the processes that produce

the quasi-particles after dark matter scatterings, and develop the theoretical tools to deduce the dark

matter scattering rate and the strength of quasi-particle signals. To generate quasi-particles from

the scatterings of sub-GeV dark matter, there are three processes happened consecutively after the

collision of dark matter and helium atoms: (1) dark matter + helium ! dark matter + helium; (2)

helium+ helium ! helium+ helium; and (3) photon/roton decay and scattering.

(1) dark matter+helium ! dark matter+helium. The de Broglie wavelength of dark matter in

the mass range of MeV to GeV is shorter than the average nucleus spacing of liquid helium. Just as

10

new dark matter models 
?
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Outline

• New experiment 
   Superfluid He4 dark matter detector  
 

• New paradigm   
  Continuum dark matter 
 

• Summary and outlook

arXiv: 2105.07035 & 2105.14023 
PRD & PRL

arXiv: 2108.07275 
JHEP

Konstantin Matchev, Jordan Smolinsky and Yining You

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



Dark Matter Detection 
with Superfluid

Matchev, Smolinsky, You and WX  
JHEP

future work + Saab and Lee 

DM
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Why 4He superfluid?

��-� ��-� ���� � �����-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

���� ��		
� ���� [�

/��]

�
��
�
�
��
��
�-
��
	�
	


��
	�
�
��
��

	


[�
�
� ]

��
���

���
���
��	



������
�
�
(�	
���


��������)

���
���

��
(�	


��
�
�
��


���
)

���
���

��

������
��

(��	


��
�
���
���)

������
�
�
(�
	
�


��
������)

�� �
���
��	

����
�� �

�

Figure 2: Projected sensitivity of dark matter direction detection experiments [46]. The gray region

is the current bounds, and color lines correspond to future reaches of new ideas.

and collaborators will investigate another possibility of a superfluid helium experiment by utilizing the

resonator sensor to measure the momenta of quasi-particles. The proposed research program starts

with the theoretical understanding of the sub-GeV dark matter scatterings in superfluid helium, which

will be a useful tool for all the proposed superfluid helium experiments in the sub-GeV mass region

of dark matter, including the current proposal and proposals on the quantum evaporation of helium

atoms [47, 39]. Then the detailed simulations and background analysis would guide the design and

technique development for the future resonator experiment.

Theory: The theoretical understanding of sub-GeV dark matter scattering with the superfluid is

fundamental for the experimental design and simulations, and the properties of phonons and rotons as

the final quasi-particles are essential for the final observations. Therefore, the first part of the proposed

research on dark matter detection with superfluid helium is to understand the processes that produce

the quasi-particles after dark matter scatterings, and develop the theoretical tools to deduce the dark

matter scattering rate and the strength of quasi-particle signals. To generate quasi-particles from

the scatterings of sub-GeV dark matter, there are three processes happened consecutively after the

collision of dark matter and helium atoms: (1) dark matter + helium ! dark matter + helium; (2)

helium+ helium ! helium+ helium; and (3) photon/roton decay and scattering.

(1) dark matter+helium ! dark matter+helium. The de Broglie wavelength of dark matter in

the mass range of MeV to GeV is shorter than the average nucleus spacing of liquid helium. Just as
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• 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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keV GeVMeV TeV

Previous studies and challenges on superfluid direct detection

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

one or two  
phonons 

Not easy to detect

Guo and McKinsey (2013)   
Ito and Seidel (2013) 
Bandler, Lanou, Maris, More,  Porter, Seide (1992) 
H. J. Maris, G. M. Seidel and D. Stein (2017) 
…

He ions 
scintillation

Not competitive as Xe?

challenging in theory 
but interesting in experiment 
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Plan 

• theoretical framework to understand  
the quasi-particle production and thermalization

• simulation 
to know the momentum spectrum, flux, thermalization          

• a prototype experiment at University of Florida 

arXiv: 2108.07275

Collaboration

Yoonseok Lee Tarek Saab Konstantin Matchev Yining You Jordan Smolinsky
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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 ? 
( inverse of the helium spacing) 
 

?

Figure 1. Dispersion curve for the quasiparticles in superfluid He measured in [54]. The orange
dashed line is the linear phonon dispersion E = csp with sound speed cs. The red dashed line
corresponds to the roton dispersion eq. (2.4). The deep purple band is the region where quasiparticles
are stable.

There are several obstacles to the construction of a fundamental theory for superfluid
excitations. The presence of the superfluid breaks Lorentz invariance, and strong couplings
between helium atoms complicate the use of perturbation theory. Nevertheless, there ex-
ists a separation of scales between the energies of phonons, rotons, and fast moving neutral
probes (which could be neutrons, dark matter particles or He atoms), which inspires us to
construct an effective field theory for all these degrees of freedom. Effective field theory is
an appropriate theoretical tool to compute scattering amplitudes and making predictions.
The strong couplings of helium and quasiparticles as the low energy degrees of freedom make
the situation close to low energy QCD, in which the quarks and gluons are strongly coupled
and mesons can be described by a perturbative effective field theory [55, 56]. Several new
frameworks have been developed to study the dynamics of mesons, baryons, heavy quarks,
etc. These new developments can potentially shed insights on the physics of helium superfluid
and motivate us to construct a novel theoretical framework for helium superfluid by using
an effective field theory. Previous work on the effective field theory of superfluid helium has
focused on low energy quasiparticles lying deep in the linear dispersion regime, where the
phonon arises as the Nambu-Goldstone boson of a U(1) symmetry broken by the helium Bose
Einstein condensate [57–60]. In such a scheme rotons are treated as background particles
sourcing phonon fields, but their own dynamics are not treated [61].

In this paper, we construct an effective field theory framework to describe the dynamics
of helium superfluid under external probes. A systematic study of the direct detection signal
in superfluid He due to a dark matter particle (focusing specifically on the challenging and
unexplored mass range from 1 MeV to 1 GeV) will be presented in a future work [46]. The
degrees of freedom that we are considering here include: quasiparticles and helium atoms

– 3 –
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Quasi-particles

Figure 1. Dispersion curve for the quasiparticles in superfluid He measured in [54]. The orange
dashed line is the linear phonon dispersion E = csp with sound speed cs. The red dashed line
corresponds to the roton dispersion eq. (2.4). The deep purple band is the region where quasiparticles
are stable.

There are several obstacles to the construction of a fundamental theory for superfluid
excitations. The presence of the superfluid breaks Lorentz invariance, and strong couplings
between helium atoms complicate the use of perturbation theory. Nevertheless, there ex-
ists a separation of scales between the energies of phonons, rotons, and fast moving neutral
probes (which could be neutrons, dark matter particles or He atoms), which inspires us to
construct an effective field theory for all these degrees of freedom. Effective field theory is
an appropriate theoretical tool to compute scattering amplitudes and making predictions.
The strong couplings of helium and quasiparticles as the low energy degrees of freedom make
the situation close to low energy QCD, in which the quarks and gluons are strongly coupled
and mesons can be described by a perturbative effective field theory [55, 56]. Several new
frameworks have been developed to study the dynamics of mesons, baryons, heavy quarks,
etc. These new developments can potentially shed insights on the physics of helium superfluid
and motivate us to construct a novel theoretical framework for helium superfluid by using
an effective field theory. Previous work on the effective field theory of superfluid helium has
focused on low energy quasiparticles lying deep in the linear dispersion regime, where the
phonon arises as the Nambu-Goldstone boson of a U(1) symmetry broken by the helium Bose
Einstein condensate [57–60]. In such a scheme rotons are treated as background particles
sourcing phonon fields, but their own dynamics are not treated [61].

In this paper, we construct an effective field theory framework to describe the dynamics
of helium superfluid under external probes. A systematic study of the direct detection signal
in superfluid He due to a dark matter particle (focusing specifically on the challenging and
unexplored mass range from 1 MeV to 1 GeV) will be presented in a future work [46]. The
degrees of freedom that we are considering here include: quasiparticles and helium atoms

– 3 –

• atomic spacing ~ keV−1

• roton Er ≃ Δ +
(p−p*)2

2m*

• phonon  
 
sound speed 

E ≃ cs k

cs ∼ 10−6



de Broglie wavelength

• incoming particle de Broglie wavelength   
    e.g.  sub-MeV dark matter, v~  c 

≳ λa
10−3

• incoming particle de Broglie wavelength  
    e.g.    MeV-GeV dark matter

≪ λa

et

⑤ F-

e-

Vacuum E field

⇒rent
2π
k

et

⑤ F-

e-

Vacuum E field

⇒rent2π
k

• atomic spacing λa ∼ keV−1
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What happens after a MeV-GeV dark matter scattering?

Helium 

λm < a

λm > a
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What happens after a MeV-GeV dark matter scattering?

Helium 

λm < a

λm > a
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What happens after a MeV-GeV dark matter scattering?

Helium 

λm < a

λm > a

Quasi-particles
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λm < a
Helium 

 
 
 
 
 

χ + He → χ + He

He + He → He + He

VOLUME 30, NUMBER 18 PHYSICAL REVIEW LETTERS 30 APRiL 1973
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FIG. I.. Measured and calculated total effective scattering cross section jeff for He -He4 as a function of the pri-
mary beam velocity v~ (velocity resolution 6'io) . Scattering chamber temperature is 1.57'K. The theoretical curve
is calculated from the potential explained in the text. N is the extrema index of Ref. 4.

too small. ' However, total scattering cross-sec-
tion measurements give this information in the
entire energy range. At reduced energies K&2
a powerful method for determining the repulsive
region of the potential is to measure the back-
ward glories ' of the total cross section. Previ-
ous measurements of this type' ' can determine
the repulsive potential in only a small interval
because of the limited energy range. In the low-
energy region (including K& 2) total scattering
cross-section measurements are also used to de-
rive the properties of the potential in the well. '
At small energies (K&0.5) the He'-He' system
satisfies the conditions of an atomic Ramsauer-
Townsend effect' "': The total cross section
shows a deep minimum at one particular velocity
associated with the passage of the s-phase shift
through zero, while higher phase shifts are also
small. An experimental resolution of this effect
would give valuable information on the He'-He4
potential well.
%e report here measurements of the He4-He'

total effective scattering cross section with high
energy resolution in the energy regions discussed
above (0.2&K&200). Except for several modifi-
cations, the apparatus used is that described
previously. "'" The He' primary beam is veloci-
ty selected (effective resolution half-width 6%)
and then scattered by He' in a scattering cham-
ber maintained at 1.57'K by a pumped He bath.

Additional details will be given in a forthcoming
paper.
The experimental results are shown in Fig. 1.

Using a symmetric selector" the velocities v,
are determined to within 0.3%. The experimen-
tal Q, // values are obtained as relative cross
section measurements. The standard deviation
of each measurement is generally smaller than
1% unless otherwise indicated in Fig. l. An ab-
solute cross section scale is established by com-
parison with theoretical calculations below.
As can be seen, all thirteen backward glory ex-

trema in the measured energy range are clearly
resolved. The oscillations are labeled with the
extrema index N of Ref. 4. At low energies the
Ramsauer- Townsend effect is visible as a pla-
teau. The minimum of the cross section in this
region cannot be resolved with the present exper-
imental technique. It may be possible to obtain
such a resolution with a scattering chamber
cooled by a He' cryostat or with a secondary
beam crossing the primary beam at the proper
angle. " We intend to use the second method in
future measurements.
The measured backward glory extrema in Fig.

1 lead directly to the repulsive potential using
the semiclassical inversion method proposed by
Miller. "'" In this method the semiclassical in-
tegral representation of the s phase shift is trans-
formed to yield the classical turning point ro(E):

~,(E) =(2k) ' —(2///)(h'/2//)'/2jm f„. dr7[E —E(n)] '"+f„ /, i dj,[E—E(j,)] '"),
821

helium scattering amplitude  
given by the He-He potential 
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λm < a

λm > a

Helium 

Quasi-particles

 
 
 
 
 

χ + He → χ + He

He + He → He + He

He → He + φ

φ1 → φ2 + φ3

φ1 + φ2 → φ3 + φ4



roton
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• relevant d.o.f 

    phonon    [ 0 , keV]      massless goldstone mode 

    roton   ~ keV                   

    quasi-particles   (0, 10 keV)    

    high momentum helium    ( >> keV)

π
φr

φ
ΦHe

• cutoff  ~ keV 

    atomic spacing ~ 

Λ
(keV)−1

Figure 1. Dispersion curve for the quasiparticles in superfluid He measured in [54]. The orange
dashed line is the linear phonon dispersion E = csp with sound speed cs. The red dashed line
corresponds to the roton dispersion eq. (2.4). The deep purple band is the region where quasiparticles
are stable.

There are several obstacles to the construction of a fundamental theory for superfluid
excitations. The presence of the superfluid breaks Lorentz invariance, and strong couplings
between helium atoms complicate the use of perturbation theory. Nevertheless, there ex-
ists a separation of scales between the energies of phonons, rotons, and fast moving neutral
probes (which could be neutrons, dark matter particles or He atoms), which inspires us to
construct an effective field theory for all these degrees of freedom. Effective field theory is
an appropriate theoretical tool to compute scattering amplitudes and making predictions.
The strong couplings of helium and quasiparticles as the low energy degrees of freedom make
the situation close to low energy QCD, in which the quarks and gluons are strongly coupled
and mesons can be described by a perturbative effective field theory [55, 56]. Several new
frameworks have been developed to study the dynamics of mesons, baryons, heavy quarks,
etc. These new developments can potentially shed insights on the physics of helium superfluid
and motivate us to construct a novel theoretical framework for helium superfluid by using
an effective field theory. Previous work on the effective field theory of superfluid helium has
focused on low energy quasiparticles lying deep in the linear dispersion regime, where the
phonon arises as the Nambu-Goldstone boson of a U(1) symmetry broken by the helium Bose
Einstein condensate [57–60]. In such a scheme rotons are treated as background particles
sourcing phonon fields, but their own dynamics are not treated [61].

In this paper, we construct an effective field theory framework to describe the dynamics
of helium superfluid under external probes. A systematic study of the direct detection signal
in superfluid He due to a dark matter particle (focusing specifically on the challenging and
unexplored mass range from 1 MeV to 1 GeV) will be presented in a future work [46]. The
degrees of freedom that we are considering here include: quasiparticles and helium atoms

– 3 –

• processes 
        quasi-particle Helium interactions  to study quasi-particle production 
        quasi-particle self interactions  to understand thermalization



Why it is challenging?

• inverse atomic spacing 

• rotons, quasi-particles and heliums 
    momentum 

Λcut ∼ keV

p ≳ Λcut

Figure 1. Dispersion curve for the quasiparticles in superfluid He measured in [54]. The orange
dashed line is the linear phonon dispersion E = csp with sound speed cs. The red dashed line
corresponds to the roton dispersion eq. (2.4). The deep purple band is the region where quasiparticles
are stable.

There are several obstacles to the construction of a fundamental theory for superfluid
excitations. The presence of the superfluid breaks Lorentz invariance, and strong couplings
between helium atoms complicate the use of perturbation theory. Nevertheless, there ex-
ists a separation of scales between the energies of phonons, rotons, and fast moving neutral
probes (which could be neutrons, dark matter particles or He atoms), which inspires us to
construct an effective field theory for all these degrees of freedom. Effective field theory is
an appropriate theoretical tool to compute scattering amplitudes and making predictions.
The strong couplings of helium and quasiparticles as the low energy degrees of freedom make
the situation close to low energy QCD, in which the quarks and gluons are strongly coupled
and mesons can be described by a perturbative effective field theory [55, 56]. Several new
frameworks have been developed to study the dynamics of mesons, baryons, heavy quarks,
etc. These new developments can potentially shed insights on the physics of helium superfluid
and motivate us to construct a novel theoretical framework for helium superfluid by using
an effective field theory. Previous work on the effective field theory of superfluid helium has
focused on low energy quasiparticles lying deep in the linear dispersion regime, where the
phonon arises as the Nambu-Goldstone boson of a U(1) symmetry broken by the helium Bose
Einstein condensate [57–60]. In such a scheme rotons are treated as background particles
sourcing phonon fields, but their own dynamics are not treated [61].

In this paper, we construct an effective field theory framework to describe the dynamics
of helium superfluid under external probes. A systematic study of the direct detection signal
in superfluid He due to a dark matter particle (focusing specifically on the challenging and
unexplored mass range from 1 MeV to 1 GeV) will be presented in a future work [46]. The
degrees of freedom that we are considering here include: quasiparticles and helium atoms

– 3 –



Effective field theory

• find the relevant degrees of freedom and symmetry

• BCS theory 
         perturbation around Fermi surface  [J. Polchinski, 1999]

¥: ¥¥: ¥ E ≪ Λcut

-
-
-
- ¥-1? e.

e.

-
-
-
- ¥-1? e.

e.

strongly coupled
attractive interactions

ℓ ≪ Λcut

• four-fermion interactions
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Phonons  (p   ) 

       at low energy, phonons are the relevant d.o.f    
       with shift symmetry + ``Galilei” symmetry

π ≪ Λ( ∼ keV)

•  Similar to chiral perturbation theory ( pions)  
 Effective quantum action method  [D. Son, 2002] Figure 1. Dispersion curve for the quasiparticles in superfluid He measured in [54]. The orange

dashed line is the linear phonon dispersion E = csp with sound speed cs. The red dashed line
corresponds to the roton dispersion eq. (2.4). The deep purple band is the region where quasiparticles
are stable.

There are several obstacles to the construction of a fundamental theory for superfluid
excitations. The presence of the superfluid breaks Lorentz invariance, and strong couplings
between helium atoms complicate the use of perturbation theory. Nevertheless, there ex-
ists a separation of scales between the energies of phonons, rotons, and fast moving neutral
probes (which could be neutrons, dark matter particles or He atoms), which inspires us to
construct an effective field theory for all these degrees of freedom. Effective field theory is
an appropriate theoretical tool to compute scattering amplitudes and making predictions.
The strong couplings of helium and quasiparticles as the low energy degrees of freedom make
the situation close to low energy QCD, in which the quarks and gluons are strongly coupled
and mesons can be described by a perturbative effective field theory [55, 56]. Several new
frameworks have been developed to study the dynamics of mesons, baryons, heavy quarks,
etc. These new developments can potentially shed insights on the physics of helium superfluid
and motivate us to construct a novel theoretical framework for helium superfluid by using
an effective field theory. Previous work on the effective field theory of superfluid helium has
focused on low energy quasiparticles lying deep in the linear dispersion regime, where the
phonon arises as the Nambu-Goldstone boson of a U(1) symmetry broken by the helium Bose
Einstein condensate [57–60]. In such a scheme rotons are treated as background particles
sourcing phonon fields, but their own dynamics are not treated [61].

In this paper, we construct an effective field theory framework to describe the dynamics
of helium superfluid under external probes. A systematic study of the direct detection signal
in superfluid He due to a dark matter particle (focusing specifically on the challenging and
unexplored mass range from 1 MeV to 1 GeV) will be presented in a future work [46]. The
degrees of freedom that we are considering here include: quasiparticles and helium atoms

– 3 –

π• or Power counting method 
 

phonon interactions 

     

               

[p] = 1 , [t] = − 1 , [x] = − 1 , [π] = 1

ℒph = −
c3/2

s

2Λ2
·π ∂iπ ∂iπ +

g3 c−1/2
s

6 Λ2
·π3

+𝒪(π4)

'

I- - -
'

Ii
'
'

i i i

-
-
-
-

'

I- - -
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Ii
'
'

i i i

-
-
-
-

π

∼
1

Λ2
p3

∼
1

Λ4
p4



Roton effective field theory
-
-
-
- ¥-1? e.

e.

BCS theory

-
-
-
- ¥-1? e.

e.

   consistent with dataλr ≃ 0.93
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• roton (as impurity) and phonon interactions  
     
           

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

Vph-r = ϵboost − ϵlab + p ⋅ u

Figure 2. Impurity and phonon in a superfluid. The left system is observed in the lab frame, while
the right system is in a boosted frame with vanishing phonon velocity.

derive a general form of the interaction potential using the impurity method, then apply it
to several examples.

Imagine a superfluid bulk of mass M , carrying an impurity of vacuum mass m with
momentum p and a phonon of momentum k = k k̂ and velocity u = csk̂, as illustrated in the
left side of fig. 2. The energy EL of this system in the lab frame is given by

EL = ✏(p, X0) + Eph + Vph-im, (3.20)

where
Eph = csk = u · k

is the phonon energy, and we have manually separated the free energy of the impurity ✏(p, X0)

(which is the impurity’s dispersion relation in a static fluid with X0 the chemical potential)
from the interaction potential Vph-im between the impurity and the phonon. Now boost the
system by u so that the impurity carries a new momentum p0

= p �mu and the phonon is
absent. The fluid bulk now contributes its free energy, and the total energy EB of the system
in this boosted frame is

EB = ✏(p0, X) +Mu2/2. (3.21)

Under this Galilean transformation, the energy in the boosted frame is related to the energy
in the lab frame by

EB = EL � (p+ k) · u+
1

2
(m+M)u2, (3.22)

and thus the interaction potential can be determined:

Vph-im = ✏(p�mu, X)� ✏(p, X0) + p · u�
1

2
mu2. (3.23)

As an application of the above formalism, let us consider a few examples. The phe-
nomenologically interesting case of a hard quasiparticle is postponed until the next sec-
tion 3.3. Here we conclude the subsection with the three simpler examples of a completely
non-interacting particle, a dark matter particle, or a roton.

In the case where a classical particle simply does not interact with the superfluid, its
dispersion relation ✏ ⌘ p2/2m is independent of X, and its interaction vanishes:

V = ✏(p�mu)� ✏(p) + p · u�
1

2
mu2 =

(p�mu)2

2m
�

p2

2m
+ p · u�

1

2
mu2 = 0.

– 10 –

Roton and phonon interactions
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• U(1) symmetry   

       effective field theory breaks down? p   

ΦHe → eiαΦHe

≫ Λ

• Similar to Heavy quark effective theory  
            ,     p = mQv+k Λ /mQ ≪ 1

•  Helium currents  ,  

        

 Phonon currents  ,  

      

 

       

J0
He Ji

He

J0
He = Φ†Φ, Ji

He = viΦ†Φ

J0 Ji

J0 =
ρ

mHecs

·π + ⋯,

ℒJJ = λ1
1

mHeΛ
J0J0

He + λ2
mHe

Λ3
JiJi

He

Helium atom  (p   keV)ΦHe ≫

'

I- - -
'

Ii
'
'

i i i

-
-
-
-

He

phonon
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FIG. 2. (left) Interpolation of the data for the static structure function S(q) (at T = 1 K) from

neutron scattering experiment [38]. In the small q limit, S(q) behaves linearly according to Eq. (9).

(right) We compare the measured dispersion curve for single excitations in superfluid helium (solid

black line) with the Bijl-Feynman relation for excitations, q2/(2mHeS(q)) (dashed blue line). The

measured dispersion curve [39] comprises the phonon modes at low q and the maxon and roton at

high q (in particular, the modes at around q ⇠ 4 keV where ✏(q) reaches a local minimum is called

the roton), but does not include the broad multi-excitation response centered around the free-particle

dispersion at high q. In the Bijl-Feynman theory, which does track the quadratic dispersion at high q

(shown as the dotted black line), these high q modes are treated as single-particle excitations.

and the static structure function now satisfies the more general relation S(q) =
R

d! S(q, !).
Any large deviation of Z(q) from S(q) indicates that the state defined in Eq. (5) is no longer
a good approximation to the single-excitation state, which will be the case in the roton region.
The continuum component Sm results from multi-excitation production in the medium. These
multi-excitation modes are also important for computing the correct single resonance disper-
sion curve through radiative corrections to the propagator. It is the multi-excitation response
Sm(q, !) that we will focus on in the rest of this section.

B. Hamiltonian formulation

We now lay out the ingredients to describe phonon interactions, focusing on the elements
needed to compute Sm(q, !). We follow the correlated basis function formalism, which we
briefly review here. This formalism adopts the Bijl-Feynman approach, positing that particle

9
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He  He + quasi-particle from measurement→

• dynamical (static) structure function  is  

directly measured in neutron scattering experiments 

S(q, ω)

• Helium decay to a quasi-particle,  

            

        amplitude  

ℒJJ = λ1
1

mHeΛ
J0J0

He + λ2
mHe

Λ3
JiJi

He

ℳ ∝ λ1J0
He⟨vac |J0 |φ⟩+λ1Ji

He⟨vac |Ji |φ⟩

  HEP language,       
        Current conservation, we can know     
⟹ S(q) = |⟨vac | j0 |φ⟩ |2

|⟨vac | ji |φ⟩ |2

'

I- - -
'

Ii
'
'

i i i

-
-
-
-

He

quasi-particle



Rate summary
Process Diagram Result

Phonon decay

⇡ ! ⇡ + ⇡
� =

(u+ 1)
2csp5

120⇡⇤4

Phonon
self-scattering

⇡ + ⇡ ! ⇡ + ⇡

h��vi✓ '
(2u+ 2)

2csp41
962�⇡⇤6

Roton
self-scattering
'r+'r ! 'r+'r

� =
2�2

r

|v1 � v2| cos
✓

2
m⇤p⇤

Roton-phonon
scattering

⇡ + 'r ! ⇡ + 'r

h�i⌦ =
1

4⇡


1

25⇤8

p4⇤k
4

m2
⇤c

2
s

+
2432 + 45⇡2

11520⇤8
p2⇤k

4

+
2y4
9⇤7

p2⇤k
4

m⇤cs
+

y2
4

⇤6
k4
�
.

Helium emits
quasiparticles

He ! He + '

�m =
2⇡⇢
mHe

Z
d3k
(2⇡)3

✓
�1

mHe⇤
+

�2mHe

⇤3

vHe · k!
k2

◆
2

S(k,!)

Single emission:S(k,!) ! S(k)�(Ei � Ef � !)

DM emits
quasiparticles

DM ! DM + '

�s =
⇢

2⇡mHevDM

✓
�

m2
�

◆
2 Z

k S(k) dk

�m =
2⇡⇢

mHe

✓
�

m2
�

◆
2 Z d3k

(2⇡)3
S(k,!)

Table 1. Summary of the main results from section 4. The UV parameter ⇤ has the following con-
version ⇤

4
= ⇢cs. �m and �s denote the multiple and single quasiparticle emission rate, respectively.

– 21 –
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Summary and future works

• MeV - GeV dark matter 
  theoretically and experimentally interesting

• effective field theory  
   quasi-particle interactions

Helium 

Quasi-particles

dark matter 

• to do 
   simulations 
   experiment at UF  



[arXiv: 2105.07035 & 2105.14023]

PŚǇƐŝcƐ ŽĨ GaƉƉed CŽŶƚŝŶƵƵŵϮ͘

ConƐideƌ a ƐimƉle ƚheoƌǇ͗

;iiiͿ SƉecƚƌal ƌeƉƌeƐenƚaƚion͗ 

                   మ

మ
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фFƌee Paƌƚicleх фGaƉƉed ConƚinƵƵmх

      

New Dark Matter Paradigm

                                     With Csaki, Hong, Kurup, Lee, and Perelstein
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Figure 2: Projected sensitivity of dark matter direction detection experiments [46]. The gray region

is the current bounds, and color lines correspond to future reaches of new ideas.

and collaborators will investigate another possibility of a superfluid helium experiment by utilizing the

resonator sensor to measure the momenta of quasi-particles. The proposed research program starts

with the theoretical understanding of the sub-GeV dark matter scatterings in superfluid helium, which

will be a useful tool for all the proposed superfluid helium experiments in the sub-GeV mass region

of dark matter, including the current proposal and proposals on the quantum evaporation of helium

atoms [47, 39]. Then the detailed simulations and background analysis would guide the design and

technique development for the future resonator experiment.

Theory: The theoretical understanding of sub-GeV dark matter scattering with the superfluid is

fundamental for the experimental design and simulations, and the properties of phonons and rotons as

the final quasi-particles are essential for the final observations. Therefore, the first part of the proposed

research on dark matter detection with superfluid helium is to understand the processes that produce

the quasi-particles after dark matter scatterings, and develop the theoretical tools to deduce the dark

matter scattering rate and the strength of quasi-particle signals. To generate quasi-particles from

the scatterings of sub-GeV dark matter, there are three processes happened consecutively after the

collision of dark matter and helium atoms: (1) dark matter + helium ! dark matter + helium; (2)

helium+ helium ! helium+ helium; and (3) photon/roton decay and scattering.

(1) dark matter+helium ! dark matter+helium. The de Broglie wavelength of dark matter in

the mass range of MeV to GeV is shorter than the average nucleus spacing of liquid helium. Just as

10

Z

N N

DM DM

Z-portal DM

WIMP
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Weakly-Interacting Continuum (WIC)
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Figure 2: Projected sensitivity of dark matter direction detection experiments [46]. The gray region

is the current bounds, and color lines correspond to future reaches of new ideas.

and collaborators will investigate another possibility of a superfluid helium experiment by utilizing the

resonator sensor to measure the momenta of quasi-particles. The proposed research program starts

with the theoretical understanding of the sub-GeV dark matter scatterings in superfluid helium, which

will be a useful tool for all the proposed superfluid helium experiments in the sub-GeV mass region

of dark matter, including the current proposal and proposals on the quantum evaporation of helium

atoms [47, 39]. Then the detailed simulations and background analysis would guide the design and

technique development for the future resonator experiment.

Theory: The theoretical understanding of sub-GeV dark matter scattering with the superfluid is

fundamental for the experimental design and simulations, and the properties of phonons and rotons as

the final quasi-particles are essential for the final observations. Therefore, the first part of the proposed

research on dark matter detection with superfluid helium is to understand the processes that produce

the quasi-particles after dark matter scatterings, and develop the theoretical tools to deduce the dark

matter scattering rate and the strength of quasi-particle signals. To generate quasi-particles from

the scatterings of sub-GeV dark matter, there are three processes happened consecutively after the

collision of dark matter and helium atoms: (1) dark matter + helium ! dark matter + helium; (2)

helium+ helium ! helium+ helium; and (3) photon/roton decay and scattering.

(1) dark matter+helium ! dark matter+helium. The de Broglie wavelength of dark matter in

the mass range of MeV to GeV is shorter than the average nucleus spacing of liquid helium. Just as

10

Z

N N

WIC WIC

Z-portal DM
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• the Källen-Lehmann representation 
 

      

• a normal particle correlation function    

• a continuum state

⟨0 |Φ(p)Φ(−p) |0⟩ = ∫
dμ2

2π
iρ(μ2)

p2 − μ2 + iϵ

ρ(μ2) = 2π δ(μ2 − m2
0)

PŚǇƐŝcƐ ŽĨ GaƉƉed CŽŶƚŝŶƵƵŵϮ͘

ConƐideƌ a ƐimƉle ƚheoƌǇ͗

;iiiͿ SƉecƚƌal ƌeƉƌeƐenƚaƚion͗ 

                   మ

మ

మ మ

фFƌee Paƌƚicleх фGaƉƉed ConƚinƵƵmх

      



Gapped Continuum from 5D UV Model
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• warped 5D background 
 
   

PŚǇƐŝcƐ ŽĨ GaƉƉed CŽŶƚŝŶƵƵŵϮ͘

(viiiͿ ΗRobustnessΗ of Continuum Physics

(ϭͿ Thermal DM physics controlled by near the gap scale 

cfͿ High-E colliders can probe ଶ at higher values

(ϮͿ near the gap scale has universal (model-indepͿ shape!

మ

మ

మ
బ
మ

మ
            
                        

      

;BackͲƵpͿ Gapped ConƚinƵƵm fƌom ϱD

;iͿ BackgƌŽƵŶd͗                  

      

• Schrödinger equation (1D QM problem) 
 
  

       Gapped continuum

−
d2ψ
dz2

+ V(z) ψ = p2ψ

V(z → ∞) = μ2
0 ⇒



Physics of Gapped Continuum
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• quantization (free continuum) 
 
             

     
 decomposition 

             

• scattering (continuum as the final states) 
 
Rate to produce continuum 
            

 

 
  

       is the Lorentz-invariant phase space

[ap,μ, a†
p′ ,μ′ ] = (2π)4δ3(p − p′ )δ(μ2 − μ′ 2)

Φ(x) = ∫
dμ2

2π
ρ(μ) ∫

d3p

(2π)3 2Eμ
(ap,μeip⋅x + a†

p,μe−ip⋅x)p0=Eμ

σ =
1

2EA

1
2EB

1
|vA − vB | ∫

dμ2
1

2π
ρ(μ2

1) ∫
dμ2

2

2π
ρ(μ2

2) ∫ dΠμ1
dΠμ2

(2π)4δ4(k1 + k2 − p1 − p2) |ℳ |2

dΠμ =
d3p

(2π)3

1
2Eμ

PhǇƐicƐ of Gapped ConƚinƵƵmϮ͘

;ǀͿ ContinƵƵm Kinematics

       Rate for continƵƵm ;at TсϬͿ͗

ଵ
ଶ

ଵ
ଶ

 

 

ଶ
ଶ

ଶ
ଶ

 

 
ଵ ଶ ଵ ଶ

ଵ
ଶ

ଵ
ଶ

 

 

ଶ
ଶ

ଶ
ଶ

 

  ஺ ஻
ஜభ ஜమ ୅ ୆

ସ ସ ଶ
 

 

ΗConƚinƵƵm KinemaƚicƐΗ

      



Thermodynamics of Gapped Continuum 
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• The number density of excitations between  and  
 

            

 
  where the phase-space density in equilibrium   
 
           

• When the temperature is low  
 
                                                         

μ2 μ2 + dμ2

dn =
dμ2

2π
ρ(μ2) ∫

d3p
(2π)3

f(p, μ2)

f(p, μ2) ≈ e−β Eμ

neq = ∫
dμ2

2π
ρ(μ2) ∫

d3p
(2π)3

e−β Eμ

PŚǇƐŝcƐ ŽĨ GaƉƉed CŽŶƚŝŶƵƵŵϮ͘

;ϯͿ DƵƌing ƚhe fƌeeǌeͲoƵƚ͕ ǁe haǀe 

             ͗       
       
          ͗    

;ϰͿ ΗpaƌƚicleͲlikeΗ diƐƚƌibƵƚion aƚ  
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7

the decay. For simplicity, we conservatively assumed a
100% ionization e�ciency. Since the decaying DM is non-
relativistic, conservation of energy requires Ke  µ�µ

0
�

2me. Conservatively, we set Ke = µ � µ0 � 2me for all
µ
0. Furthermore, �0(µ) is the total decay width of the

�, dominated by decays into ⌫⌫̄. For DM mass far above
threshold for e+e� decays, we have

Z
µ�2me

µ0

dµ
0 ⇢(µ

0)

�0(µ)

d�(�(µ) ! �(µ0)e+e�)

dµ0 ⇡
g
2
Ze

3g2
Z⌫

⇡
1

6
.

(21)
Near threshold there is additional suppression that fur-
ther reduces this branching ratio. First, there is
phase-space suppression in the decay rate for �(µ) !

�(µ0)e+e�. In addition, there is suppression from the
narrow domain of µ0 integration, whose range is µ�µ0 ⇠

1 MeV for neutrino decays but only ⇠ µ� µ0 � 2me for
electron decays. Finally, there is extra suppression due
to smallness of spectral density ⇢ near the gap, which is
stronger in the electron rate compared to neutrinos since
µ
0 is on average closer to the gap in the former case.

Overall, the branching ratio is suppressed by at least a
factor of (Ke/2me)1.5.

The mass distribution dNDM
dµ

is obtained by numeri-
cal integration of the Boltzmann equation. For exam-
ple, consider a sample point with parameters (µ0 =
100 GeV, sin2 ↵ = 0.03), which lies on the boundary
of the allowed region in Fig. 1. The mass distribution
at this point at the time of recombination is shown in
Fig. 4. Only about 0.2% of DM particles have masses
above threshold for e+e� decays. Using this distribution
in Eq. (20), we find a conservative bound rion <

⇠ 10�3.
At the same time, CMB observations require that at most
about 1% of Hydrogen can be re-ionized after CMB de-
coupling [9, 49]. Thus we conclude that this sample point
is in fact consistent with the CMB constraint. Repeating
the analysis for a sample of points on the boundary of the
allowed region in fig. 1 yields the same conclusion, so the
CMB bound shown in the figure is in fact overly conser-
vative. However, the EM energy injected by DM decays
changes exponentially fast with the model parameters
around the boundary. This is because only DM parti-
cles that survived longer than their nominal lifetime can
decay in the e

+
e
� channel, and the fraction of such par-

ticles is exponentially suppressed with shorter nominal
lifetime. As a result, the more careful analysis yields a
very slight weakening of the CMB bound compared to the
simple estimate � = H(tCMB), but does not significantly
change our discussion of WIC DM parameter space.

E↵ects of Varying ⇢0

The WIC model contains an additional parameter, ⇢0,
defined in eq. (3). We chose ⇢0 = 1 as a benchmark
value in the discussion above, including the summary plot

Figure 5: Parameter space of the Z-portal WIC, with ⇢0 = 2⇡.
Color scheme is the same as in fig. 1, with the addition of the
direct detection constraint (red line) and LEP bound (dark-
gray line) which become relevant due to enhanced e↵ects of
WIC.

fig. 1. Here we illustrate the e↵ect of changing ⇢0 by pre-
senting the version of the summary plot with ⇢0 = 2⇡;
see fig. 5. Increasing ⇢0 increases most of the phenomeno-
logically releveant cross sections and decay rates, shift-
ing the allowed band in the parameter space to lower
couplings. However, the region with correct relic den-
sity is not significantly a↵ected. As a result, the viable
parameter space shifts to larger values of the gap scale,
80� 110 GeV in this case vs. 60� 80 GeV for ⇢0 = 1.
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•  scattering rate 
 
     

  

∑
final

|⟨intial state |final state⟩ |2

= ∫
μ2

max

μ2
0

dμ2
2 ρ(μ2

2) × ⋯
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Figure 2: Projected sensitivity of dark matter direction detection experiments [46]. The gray region

is the current bounds, and color lines correspond to future reaches of new ideas.

and collaborators will investigate another possibility of a superfluid helium experiment by utilizing the

resonator sensor to measure the momenta of quasi-particles. The proposed research program starts

with the theoretical understanding of the sub-GeV dark matter scatterings in superfluid helium, which

will be a useful tool for all the proposed superfluid helium experiments in the sub-GeV mass region

of dark matter, including the current proposal and proposals on the quantum evaporation of helium

atoms [47, 39]. Then the detailed simulations and background analysis would guide the design and

technique development for the future resonator experiment.

Theory: The theoretical understanding of sub-GeV dark matter scattering with the superfluid is

fundamental for the experimental design and simulations, and the properties of phonons and rotons as

the final quasi-particles are essential for the final observations. Therefore, the first part of the proposed

research on dark matter detection with superfluid helium is to understand the processes that produce

the quasi-particles after dark matter scatterings, and develop the theoretical tools to deduce the dark

matter scattering rate and the strength of quasi-particle signals. To generate quasi-particles from

the scatterings of sub-GeV dark matter, there are three processes happened consecutively after the

collision of dark matter and helium atoms: (1) dark matter + helium ! dark matter + helium; (2)

helium+ helium ! helium+ helium; and (3) photon/roton decay and scattering.

(1) dark matter+helium ! dark matter+helium. The de Broglie wavelength of dark matter in

the mass range of MeV to GeV is shorter than the average nucleus spacing of liquid helium. Just as

10

• “phase space”suppression 
        
    v is the dark matter velocity ~ c 

μmax ∼ v2 μ0 ∼ 10−6 μ0
10−3



4D Effective Z-portal Model
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• scalar continuum dark matter  with gap scale  

regular scalar  : doublet under  ,  charge 

• Lagrangian      

• The Higgs vev induces the mass mixing   
 
         
         

Φ μ0

χ SU(2)L U(1)Y −
1
2

ℒint = −λΦ χH + c . c .

Φ̃ = cos α Φ + sin α χ0,
χ̃0 = − sin α Φ + cos α χ0

ZͲPŽƌƚaů CŽŶƚiŶƵƵŵ DMϯ͘

Idea͗ CoƵple DM ƚo ZͲboƐon again͊ ;WeaklǇ Inƚeracƚing ConƚinƵƵmͿ
                       Hoǁ ͍ ΗParƚicle ConƚinƵƵmΗ

;iͿ ϰD effecƚiǀe ƚheorǇ
  Ͳ  HolographicͬboƵndarǇ effecƚiǀe ƚheorǇ of ϱD EFT on ƐofƚͲǁall BKG

AƐƐƵme͗  

      

ZͲPŽƌƚaů CŽŶƚiŶƵƵŵ DMϯ͘

Idea͗ Couple DM to ZͲboson again͊ ;Weakly Interacting ContinuumͿ
                       How ͍ ΗParticle ContinuumΗ

;iͿ ϰD effective theory

;ϭͿ At  

      

⇒



Thermal freeze-out

•  
  Boltzmann equation is identical to the usual form 
                

Φ Φ⋆ → SM + SM

dn
dt

+ 3Hn = − ⟨σv⟩(n2 − n2
eq)

relic density ∝ 1/⟨σv⟩
mZ

2



density evolution and Δμ ≡ μ − μ0

40

   freeze-out T ∼ μ0/10

ZͲPŽƌƚaů CŽŶƚiŶƵƵŵ DMϯ͘

;iiͿ CŽƐmŽlŽgǇ Žf cŽnƚinƵƵm DM

;ϭͿ Theƌmal CŽnƚinƵƵm DM

Theƌmal FƌeeǌeͲŽƵƚ

      

   Thermal equilibrium  T ∼ Δμ

ZͲPŽƌƚaů CŽŶƚiŶƵƵŵ DMϯ͘

;iiͿ CŽƐŵŽůŽgǇ Žf cŽŶƚiŶƵƵŵ DM

;ϭͿ Theƌŵaů CŽŶƚiŶƵƵŵ DM

QƵaƐiͲEůaƐƚic ScaƚƚeƌiŶg ;QESͿ͗

Theƌŵaů eƋ beƚǁeeŶ DSͲSM-
Cheŵicaů eƋ aŵŽŶg DM-

      

   ( ) Td ∼ 0.1 − 1 GeV Γ ∼ H

out-of-equilibrium decay  

ZͲPŽƌƚaů CŽŶƚiŶƵƵŵ DMϯ͘

;iiͿ CŽƐŵŽůŽgǇ Žf cŽŶƚiŶƵƵŵ DM

;ϭͿ Theƌŵaů CŽŶƚiŶƵƵŵ DM

OƵƚͲŽfͲEƋƵiůibƌiƵŵ DecaǇ͗
EǀŽůƵƚiŽŶ Žf DM diƐƚƌibƵƚiŽŶ-

      

CMB 
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Gapped continuum in the final states

•    

• continuum state decay (CMB) 
 
     

• DM direct detection 
 
     
   

• colliders

σ ∼ ∫
dμ2

2

2π
ρ(μ2

2) ̂σ (μ1, μ2)

Φ(μ1) → Φ(μ2) + SM

Φ(μ1) + SM → Φ(μ2) + SM

PŚǇƐŝcƐ ŽĨ GaƉƉed CŽŶƚŝŶƵƵŵϮ͘

;ǀiiͿ Theƌmal fƌeeǌeͲŽƵƚ

    ;ϭͿ aŶŶihilaƚiŽŶ͗             

                                               Ͳ ƐƚaŶdaƌd Ɖaƌƚicle caƐe͗ 

                                                                                                      Ͳ cŽŶƚiŶƵƵm caƐe͗ ƐƵm Žǀeƌ aŶd 
                       

                                               Ͳ ΗcŽͲaŶŶihilaƚiŽŶΗ 
                                                                                                           heaǀǇ mŽdeƐ iŶ chemical eƋƵilibƌiƵm

    ;ϮͿ ƋƵaƐiͲelaƐƚic ƐcaƚƚeƌiŶg ;QESͿ͗   

                                                                                                                          

      

ZͲPŽƌƚaů CŽŶƚiŶƵƵŵ DMϯ͘

;iiͿ CŽƐŵŽůŽgǇ Žf cŽŶƚiŶƵƵŵ DM

;ϭͿ Theƌŵaů CŽŶƚiŶƵƵŵ DM

OƵƚͲŽfͲEƋƵiůibƌiƵŵ DecaǇ͗
EǀŽůƵƚiŽŶ Žf DM diƐƚƌibƵƚiŽŶ-
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superfluid  Helium to detect dark matter 
     EFT  simulation  experiment

Weakly Interacting Continuum 
     new continuum hidden sector 
     collider signals

→ →

PŚǇƐŝcƐ ŽĨ GaƉƉed CŽŶƚŝŶƵƵŵϮ͘

ConƐideƌ a ƐimƉle ƚheoƌǇ͗

;iiiͿ SƉecƚƌal ƌeƉƌeƐenƚaƚion͗ 
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фFƌee Paƌƚicleх фGaƉƉed ConƚinƵƵmх
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Quasi-particles

dark matter 


