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Outline

• Physics of continuum states 

• Z-portal Weakly Interacting Continuum (WIC)

• Summary and outlook
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380,000 years

?10-10 s dark matter

13.8 billion years



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

Steven Weinberg (1933— July 2021) 



Weakly Interaction Dark Matter (WIMP)

7

• thermal dark matter     
initial condition insensitive

• WIMP miracle  
  mass ~ TeV , g ~ 0.1

• detections
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Continuum States
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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

      



Motivation of Weakly Interacting Continuum
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• Continuum DM a possible IR phase of field theory 
  (i) confining: e.g. atomic DM 
  (ii) gappless (GB): e.g. strongly interacting massive particles (SIMP) 
  (iii) gapped continuum : continuum DM

• Continuum DM is a new paradigm   
  NOT particle dark matter

• Continuum DM has rich phenomenology 
   (i) DM direct detection 
         suppression of direct detection rate -> revival of Z-portal 
   (ii) DM indirect detection  
          continuously late decays: CMB, BBN  
   (iii) Colliders  
          several steps of cascade decays



Infinite 5D Toy Model
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• a scalar propagator in 5D 
 

    

• 4D “brane” at z = 0, a non-trivial gapped continuum state appears 
 

     

                                  

⟨Φ(xμ, z)Φ(0)⟩ = ∫
d5P

(2π)5

i
P2 − m2

0 + iϵ
e−i(p⋅x−zk)

⟨Φ(p, z = 0)Φ(−p, z = 0)⟩ = ∫
+∞

m2
0

ds
2π

i
p2 − s + iϵ

ρ(s)

ρ(s) =
1

2 s − m2
0



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

• Schrödinger equation (1D QM problem) 
 
  

       Gapped continuum

ds2 = e−2A(y)dx2 − dy2

−
d2ψ
dz2

+ V(z) ψ = p2ψ

V(z → ∞) = μ2
0 ⇒

;BackͲƵpͿ Gapped ConƚinƵƵm fƌom ϱD

;iͿ BackgƌŽƵŶd͗                  

      

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!
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Physics of Gapped Continuum

13

• 4D effective field theory  
 
  i) Higgs portal  
                         
  ii) Z portal  
                       

• continuum decay even with  symmetry  
    There is no symmetry to forbid the decay of  
     
    continuum “number” is conserved

ℒint

ℒ = λH†HΦ†Φ

ℒ = g(∂μΦ†Φ − Φ†∂Φ)Zμ + ⋯

Z2

Φ(μ1) → Φ(μ2) + SM

ZͲPŽƌƚaů CŽŶƚiŶƵƵŵ DMϯ͘

;iiͿ CŽƐŵŽůŽgǇ Žf cŽŶƚiŶƵƵŵ DM

;ϭͿ Theƌŵaů CŽŶƚiŶƵƵŵ DM

OƵƚͲŽfͲEƋƵiůibƌiƵŵ DecaǇ͗
EǀŽůƵƚiŽŶ Žf DM diƐƚƌibƵƚiŽŶ-

      



Physics of Gapped Continuum
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• scattering (continuum as the final states) 
 
 
Rate to produce continuum 
            

  

  

       is the Lorentz-invariant phase space

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
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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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Thermodynamics of Gapped Continuum 

16

• Boltzmann equations ( continuum as the initial states) 
      
     the same form as the regular DM 

                 

• Are the results the same? (sum over all the “co-annihilation”) 
      
       

                 
 
      considering  , 
             
             the thermal cross section of particle with mass   
                           

dn
dt

+ 3Hn = − ⟨σv⟩ (n2 − n2
eq)

⟨σv⟩ =
1

n2
eq ∫

dμ2
1

2π
ρ(μ2

1)∫
dμ2

2

2π
ρ(μ2

2) ∫ dΠμ1
dΠμ2

dΠAdΠB

× exp (−β(EA + EB)) (2π)4δ4(kA + kB − p − p′ ) |ℳ |2

T ≪ μ0
exp (−β(EA + EB)) ≃ exp (−β(μ1 + μ2))
⟨σv⟩ ≃ μ0

+𝒪(T/μ0)

PŚǇƐŝcƐ ŽĨ GaƉƉed CŽŶƚŝŶƵƵŵϮ͘

;ϯͿ DƵƌing ƚhe fƌeeǌeͲoƵƚ͕ ǁe haǀe 

             ͗       
       
          ͗    

;ϰͿ ΗpaƌƚicleͲlikeΗ diƐƚƌibƵƚion aƚ  
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PŚǇƐŝcƐ ŽĨ GaƉƉed CŽŶƚŝŶƵƵŵϮ͘

;ǀiiͿ Theƌmal fƌeeǌeͲoƵƚ

    ;ϭͿ annihilaƚion͗             

                                               Ͳ Ɛƚandaƌd paƌƚicle caƐe͗ 

                                                                                                      Ͳ conƚinƵƵm caƐe͗ ƐƵm oǀeƌ and 
                       

                                               Ͳ ΗcoͲannihilaƚionΗ 
                                                                                                           heaǀǇ modeƐ in chemical eqƵilibƌiƵm
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Gapped continuum in the final states

•    

• continuum state decay 
 
   

• 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-

      



Z-portal Weakly Interacting Continuum
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Figure 1: Parameter space of the Z-portal WIC. The red curve
corresponds to the thermal relic consistent with observations
[8]. The constraints from CMB [9, 10] are shown in the solid
(dotted) blue line and region below for ⇢0 = 2⇡ ( ⇢0 = 1).
A weaker bound from the BBN constraint on electromagnetic
energy injection [11–16] is shown by the solid magenta line.
The region consistent with DM direct detection bounds from
the XENON1T experiment [5] corresponds to the region be-
low the solid green curve for ⇢0 = 2⇡ (no constraints for
⇢0 = 1). LEP bound from the invisible Z decay is shown in
dark blue region for ⇢0 = 2⇡. For comparison, the bound of
DM direct detection for Z-portal particle DM is shown as the
dotted cyan curve.

gave formulae for calculating rates of scattering and de-
cay involving continuum DM states, and discussed how
to treat their equilibrium and non-equilibrium thermody-
namics. We also presented an explicit model of Z-portal
WIC, based on a warped 5D soft-wall geometry [37, 38],
and applied our formalism to calculate the DM relic den-
sity in this model. After giving a brief review of the Z-
portal WIC model, this letter focuses on its phenomenol-
ogy. The main results of our analysis are summarized
in fig. 1: it is demonstrated that for mass gap between
40 and 110 GeV, the Z-portal WIC model can reproduce
the observed DM density while being fully consistent with
current experimental constraints, including direct detec-
tion, CMB, and collider data.

Z-PORTAL WIC MODEL

In this section, we briefly review the 4D e↵ective field
theory for the Z-portal WIC. Details of the construction,
and its realization starting from a local, unitary theory
on a 5D soft-wall background, can be found in Ref. [17].

The continuum DM is described by a “generalized free

field” �, with an e↵ective Lagrangian

S =

Z
d
4
p

(2⇡)4
�†(p)⌃(p2)�(p). (1)

In our model, � is a complex, gauge-singlet Lorentz
scalar. The spectral density ⇢ can be obtained as

⇢(µ2) = �2 Im
1

⌃(µ2)
. (2)

In a gapped continuum theory, ⇢ has continuous sup-
port above the gap scale µ

2
0, and vanishes below that

scale. Physically, the continuous parameter µ plays the
role of the mass, and we will simply refer to is as the “DM
state mass” in this letter. The singly-excited sector of the
Hilbert space consists of states |p, µ2

i, and the spectral
density represents the density of states with respect to
µ
2. If the continuum arises from a known 5D theory, the

spectral density can be calculated. The behavior of ⇢ in
the vicinity of the gap scale is especially important for
DM phenomenology, since during thermal freeze-out and
throughout the subsequent evolution of the universe up
to our own epoch, most of the DM states are clustered
near the gap (see appendix ). It was shown in [17] that
in a broad range of models, the spectral density near the
gap takes the generic form

⇢(µ2) =
⇢0

µ
2
0

✓
µ
2

µ
2
0

� 1

◆1/2

, (3)

where ⇢0 is a dimensionless constant. The value of ⇢0 is
model-dependent, but is typically of order one. In fig. 1
we show constraints for ⇢0 = 1 and 2⇡, but larger or
smaller values are also possible.
To couple � to the SM sector, a new complex scalar

� is introduced, which is an SU(2) doublet and carries
a U(1)Y charge, Y = �

1
2 . The field � has a canonical

kinetic term and a positive mass-squared m
2
�
, which we

assume to be relatively high, m� � µ0. An interaction
term coupling the Higgs H, � and � is allowed by sym-
metry,

Lint = ����H + h.c. (4)

After electroweak symmetry breaking, the zero-charge
component of �, denoted as �

0, mixes with the contin-
uum � due to the interactions in eq. (4). Integrating out
the � field yields an e↵ective Lagrangian coupling the
continuum to the electroweak gauge bosons:

L�-Z,W = sin2 ↵

"
�
i

p
g2 + g02

2

�
@µ�

†�� �†
@µ�

�
Z

µ

+
g
2 + g

02

4
�†�ZµZ

µ +
1

2
g
2�†�W+

µ
W

�µ

�
. (5)

Here g and g
0 are the SM SU(2)L and U(1)Y gauge cou-

plings, and the mixing angle ↵ is given by

tan 2↵ =

p
2� v

m2
�
� µ2

. (6)


