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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
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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.
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Why 4He superfluid?
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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.
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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.
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• Helium as the second lightest element  
an excellent target material  
for detecting light particles
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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.
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the scatterings of sub-GeV dark matter, there are three processes happened consecutively after the
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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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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 xenon?

challenging in theory 
but interesting in experiment 
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• theoretical framework to understand  
the quasi-particle production and thermalization

• simulation 
to know the momentum spectrum, flux, thermalization          

• experiment at University of Florida 
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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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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.
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between helium atoms complicate the use of perturbation theory. Nevertheless, there ex-
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corresponds to the roton dispersion eq. (2.4). The deep purple band is the region where quasiparticles
are stable.
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– 3 –

• atomic spacing ~ keV−1
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corresponds to the roton dispersion eq. (2.4). The deep purple band is the region where quasiparticles
are stable.
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In this paper, we construct an effective field theory framework to describe the dynamics
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corresponds to the roton dispersion eq. (2.4). The deep purple band is the region where quasiparticles
are stable.
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What happens after a MeV-GeV dark matter scattering?
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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,)] '"),
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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
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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,
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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
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etc. These new developments can potentially shed insights on the physics of helium superfluid
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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
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[λr] = 0
λr ≃ 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



19

• U(1) symmetry   

       effective field theory breaks down? p   

ΦHe → eiαΦHe

≫ Λ

Helium atom  (p   keV)ΦHe ≫



19

• 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 atom  (p   keV)ΦHe ≫



19

• 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 Ji

ℒJJ = λ1
1

mHeΛ
J0J0

He + λ2
mHe

Λ3
JiJi

He

Helium atom  (p   keV)ΦHe ≫

'

I- - -
'

Ii
'
'

i i i

-
-
-
-

He

phonon



0 5 10 15 20

q [keV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

S
(q

)

2.5 5.1 7.6 10.1
q [1/Å]

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
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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.
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Summary and future works

• MeV - GeV dark matter 
  theoretically and experimentally interesting

• effective field theory  
   quasi-particle interactions

• to do 
   simulations 
   experiment  

Helium 

Quasi-particles

dark matter 


