
Light Dark Matter (0.1GeV-10GeV) 
and Ultralight bosonic Dark Matter

Jia Liu

The Enrico Fermi Institute, University of Chicago

with Vedran Brdar, Joachim Kopp, Tracy Slatyer, Xiaoping Wang and Wei Xue.

1609.02147, 1705.09455 and 1902.02348

Dark Matter (WIMPs) direct detection @PKU

2019-10-14

�1



!2

Ultralight dark matter Hidden sector DM
Freeze-in DM

Axion-like particle, dark photons, dark scalar, sterile neutrino, etc

Conrad & Reimer

A roadmap for dark matter



!3

Ultralight dark matter Hidden sector DM
Freeze-in DM

Axion-like particle, dark photons, dark scalar, sterile neutrino, etc

Conrad & Reimer

A roadmap for dark matter



Outlines

• A model building issue regarding light DM (0.1-10) GeV


• The small scale problems for ultralight bosonic DM
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WIMP: Standard Freeze-out
• Thermal cross-section
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⟨σv⟩ ∼
α2

m2
W

∼ 3 × 10−26cm3s−1

• DM Annihilation cross-section

⟨σv⟩ ∼
g4

m2
DM

⇒ g2 ∼
mDM

10TeV

• Light DM (0.1GeV - 10 GeV)

g ∈ [0.003, 0.03]

• If no prejudice about g << 1.
• Other heavy particles in the diagram, W/Z/h



Standard Freeze-out
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• Light DM (0.1GeV - 10 GeV) looks very normal!

• There are extra motivations for this mass range


• Asymmetric DM: nDM ~ nB


• Strongly-Interacting Dark Matter: 3 DM -> 2 DM

• We stay with the simple freeze-out.



Motivation from a special case: 
Detectable Light Dark Matter (0.1-10) GeV

• Detectable: can have signal in both direct and indirect 
searches


• 1. Has sizable coupling to SM fermions


• 2. Thermal freeze-out 


• DM Annihilation to SM fermions


• Pressure from CMB constraints for this mass range
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Pressure from CMB constraints
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• DM annihilation injects extra energy into the primordial 
plasma, which would delay recombination and thus leave 
observable imprints in the CMB.



Pressure from CMB constraints

!9

• The rate DM energy density converted into EM energy


• feff : the efficiency with which the energy released in DM 
annihilation is absorbed by the primordial plasma 

dρDM

dt
= mDMnDMnDM⟨σv⟩ × feff

DM + DM → SM + SM



Pressure from CMB constraints
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• DM DM > SM SM


• The rate DM energy density converted into EM energy


• feff : the efficiency with which the energy released in DM 
annihilation is absorbed by the primordial plasma 

dρDM

dt
= mDMnDMnDM⟨σv⟩ × feff

1310.3815, Tracy Slatyer et al.



Pressure from CMB constraints
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• feff : the efficiency with which the energy released in DM 
annihilation is absorbed by the primordial plasma 

1310.3815, Tracy Slatyer et al.

Constrain annihilation to mediator as well



Pressure from CMB constraints

• DM mass should be larger than ~ 10 GeV
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Planck 2018



How to escape CMB constraints?

• 1. Annihilate into neutrinos only!


• (X) not detectable in direct detection


• 2. P-wave annihilation or no annihilation (asymmetric DM)


• (X) not detectable in indirect detection
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⟨σv⟩ =
1

4m2
DM ∫ dPS2 |M |2

|M |2 ≈ a + bv2 + ⋯

⟨σv⟩ ∝ v2 ≈ 10−6 Too small for indirect detection!



Escape CMB constraints  
while being detectable in indirect searches

• How about cross-section linear in v?


• For CMB, single v is enough


• For indirect detection


• Cluster, v ~ 1000 km/s ~ 3 x 10-3


• Galaxy, v ~ 220 km/s ~ 1 x 10-3


• Dwarfs, v ~ 10 km/s ~ 3 x 10-5


• Detectable in Cluster and Galaxy, not in Dwarfs
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v ≈ TCMB/mDM ≈ 10−5



Linear dependence in v
• Cross-section linear in v

!15

⟨σv⟩ =
1

4m2
DM ∫ dPS2 |M |2

DM + DM → X + X

• If mMD = mX , then the two-body phase space

∫ dPS2 =
1

8π
v

• For s-wave annihilation, this gives 

⟨σv⟩ ≈
1
2

σ0v



Linear dependence in v
• In practice, not exact degenerate

!16

h�vreli ' �0

s
v2rel
4

+
2�

mDM

� = mDM �mX

• Model building for Δ ≪ mDM

• Symmetry reason


• Custodial symmetry: dark SU(2) vector DM


• Chiral symmetry: dark pion DM


• Supersymmetry: NMSSM setup 1901.02018

� < 0

� > 0



Dark SU(2) gauge boson as DM
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• K1,2 are DM,   K3 is dark photon mediator



Dark SU(2) gauge boson as DM
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Dark SU(2) gauge boson as DM
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Table I. The dominant DM annihilation processes of the DM particles K1,2 in the SU(2)d model. Note
that the channel K1K2 ! �� is kinematically not accessible for m� & 2mk. We list (from left to right),
the Feynman diagrams contributing to a given process, its dependence on the relative velocity vrel of the
annihilating DM particles, its possible suppression by powers of the kinetic mixing parameter ", and its
relevance for DM freeze-out, CMB constraints, indirect and direct detection.

The decoupling of DM from the thermal bath is described by the following coupled Boltzmann
equations:
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where n12 is the total number density of DM particles (K1 and K2 combined), n3 is the number
density of K3, �K3 is the K3 decay rate, and the thermally averaged annihilation cross-sections
h�vi11!33, h�vi11!3� , and h�vi12!ff̄ ,W+W�

correspond to the processes K1K1 ! K3K3, K1K1 !



Dark SU(2) gauge boson as DM
• Viable model waiting for new direct detection exp
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Dark pion model
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π±
d = DM

π0
d → A′�A′�

• Chiral Lagrangian

U = eiσaπa
d

m2
π = μ(mud

+ mdd
) = 2μmqd

• Degenerate pion mass



Dark pion model
• Mass splitting between DM and π0 by U(1)’
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Δ ≡ mπ±
d

− mπ0
d

= g′�2 f 2
π

2mπ
> 0

• Interaction with SM through kinetic mixing

π+d

π−d

π0d

π0d

• Annihilation

σvrel =
9

64π
m2

π

f4
π

v2
rel

4
+

2Δ
mπ

≈ 6 × 10−26cm3s−1 × ( mπ /f 2
π

7 × 10−4GeV−1 )
2

, vfo ∼ 0.47
Freeze-out

CMB
≈ 10−26cm3s−1 ×

2Δ
mπ

, vCMB → 0



 Summary for detectable light DM 

• We show two light DM models with direct detection 
signal, while can have sizable indirect detection
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The axion in the cosmology
• Global U(1)PQ symmetry


• Spontaneous broken leads to massless goldstone 
(Axion)

• At QCD scale~400MeV,


• Potential from Chiral Lagrangian explicitly broke the 
symmetry leads to massive axion


• Energy stored in coherent oscillation of axion field


• When mass ~ Hubble, becoming cold dark matter


          The misalignment production

• Ultralight dark matter candidates also include other bosonic particles:  
scalars, Axion-like particle (ALP), dark photon



The ultralight dark matter searches 
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The ultralight dark matter searches 

Vector case: U(1)’ , U(1)B-L , U(1)Lmu-Ltau etc
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The ultralight dark matter searches 

Vector case: U(1)’ , U(1)B-L , U(1)Lmu-Ltau etc
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• Coupling with neutrinos? A. Berlin; G. Krnjaic, P. Machado, L. Necib; V. Brdar, 
J. Kopp, JL, X.P. Wang; …….



Neutrino oscillation in a dark matter medium
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• The Mikheyev–Smirnov–Wolfenstein effect 


    (similar as light travel in the water)


• Vector dark matter model, U(1)mu-tau dark photon


• Similar MSW effect for neutrinos from dark matter medium
νL νL

φµ

νL νL νL

φµ φµ



Cold Dark Matter: the small-scale problems
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• The small-scale problems for CDM


• Core-cusp


• Missing satellite


• Too big to fail



Cold Dark Matter: the small-scale challenges
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• The possible solutions


• Better understanding of baryonic physics


• Fuzzy dark matter: de Broglie wavelength ~ kpc scale


• Self-interacting dark matter (SIDM): self-interaction 
kinematically thermalize the inner halo


• Difficult for ultralight dark matter 

Λ4
QCD ( a

fa )
4

=
m2

a

f 2
a

a4 α′�2

Λ4
(F . F)2



Cold Dark Matter: the small-scale challenges
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• For mass > 10-21 eV ultralight bosonic DM  


• The small-scale problems is not solved


• A solution from Co-Interacting DM scenario



Self-Interacting DM v.s. Co-Interacting DM
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DM DM

DM
DM

• SIDM picture:  
      self-collisions can cause heat (kinetic energy) transfer



SIDM v.s. Co-Interacting DM

DM

DM
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P2

DM

DM

P3

P4

• SIDM picture:  
      self-collisions can cause heat (kinetic energy) transfer



SIDM v.s. Co-Interacting DM
• SIDM picture:  

      self-collisions can cause heat (kinetic energy) transfer

DM

DM

P1

P2

DM

DM

P3

P4

σ
m

∼
cm2

g

Typical dwarf galaxies
ρDM ∼ 0.1M⊙/pc3, vrel ∼ 50km/s

Solution from SIDM

R = σvrelρDM/m ∼ 0.1Gyr−1

For individual DM1 , one collision 
per 10 Gyr is enough.

Due to equal mass, one collision 
is effective.



SIDM v.s. Co-Interacting DM
• Co-IDM picture:  

1. two DM component DM1 and DM2 (two WIMPs example) 
2. m1 << m2 , relic density fraction f1 >> f2 
3. 1-2 interaction cross-section >> 1-1 and 2-2 interactions 
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DM1

DM1

DM1

DM1

DM2



SIDM v.s. Co-Interacting DM
• Co-IDM picture:  

    DM1 kinetic energy can be transferred through collision with DM2 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DM2 k1

DM1

DM1

p1 p3

DM2 k2

• Both DM1 and DM2 have similar initial velocity dispersion 
from gravitational falling

p << k



SIDM v.s. Co-Interacting DM

!38

DM2 k2

DM1

DM1

p2 p4

DM2 k3

• After the first collision, another DM1 collides with DM2


• m1  << m2 : DM1 significantly change momentum by one collision, while 
DM2 needs (m2/m1)2  times of scattering (the random walk penalty) 
   
  

p << k

• Co-IDM picture:  
    DM1 kinetic energy can be transferred through collision with DM2 
  



SIDM v.s. Co-Interacting DM
• Co-IDM picture:  

    DM1 kinetic energy transferred between different DM1 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DM1

DM1

p2 p4

• Neglecting DM2 momentum/energy changes  
(small f2 = small total kinetic energy)


• The Net effect: DM1 particles has kinetic energy transfer 
between themselves 

DM1

DM1

p1 p3



SIDM v.s. Co-Interacting DM
• Co-IDM picture:  

    DM1 kinetic energy transferred between different DM1 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DM1

DM1

p2 p4

DM1

DM1

p1 p3

Typical dwarf galaxies
ρDM ∼ 0.1M⊙/pc3, vrel ∼ 50km/s

Solution from Co-Interaction DM
R1 = (σ12vrel)ρDM2

/m2

= f2(σ12vrel)ρDM/m2 ∼ 0.1Gyr−1

1. For each DM1, one collision with DM2 per 10 Gyr is enough.

2. Due to small mass, one collision for DM1 is effective. 
3. For each DM2, it has many collisions with DM1 per 10 Gyr, but 
its momentum change is suppressed by random walk factors.



• Example model: two component DM 


• ultralight bosonic A’ and dark fermion ψ with U(1) interaction

!41

ℒ ⊃ g′�ψ̄γμψA′�μ

Co-Interacting dark matter



• Example model: two component DM, A’ and dark fermion   
ψ with U(1) interaction

!42

• Novelty:  
1. A’ (DM1) dominant component, m1 << eV, ultralight 
2. ψ (DM2) dark fermion subdominant, m2 ~ weak scale


• Unusual features:  
1. A’ has large occupation number 
2. two components has huge mass difference


• Other assumptions:  
1. similar initial velocity dispersion v0 ~ 10-3 
2. f1 + f2 = 1

ℒ ⊃ g′�ψ̄γμψA′�μ

Co-Interacting dark matter



A’ and ψ scattering

• Boltzmann equation
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ψ(k1) + A′�(p1) → ψ(k2) + A′�(p2)

Recall normally it is
𝒩1𝒩2 (1 ± 𝒩3) (1 ± 𝒩4) − 𝒩3𝒩4 (1 ± 𝒩1) (1 ± 𝒩2) ≈ (𝒩1𝒩2 − 𝒩3𝒩4)

Collisional kernels in the limit of large occupation number 

Cψ ≃ ∑
spin

∫
d3p1d3k2

(2π)58m2
A′�m2

ψ
|M (k1, p1, k2, p2) |2 × δ(Ek1

+ Ep1
− Ek2

− Ep2
)𝒩A′�

p1
𝒩A′ �

p2 (𝒩ψ
k2

− 𝒩ψ
k1)

CA′� ≃ ∑
spin

∫
d3k1d3k2

(2π)58m2
A′�m2

ψ
|M (k1, p1, k2, p2) |2 × δ(Ek1

+ Ep1
− Ek2

− Ep2
)𝒩A′�

p1
𝒩A′�

p2 (𝒩ψ
k2

− 𝒩ψ
k1)

𝒩A′� ≫ 1



Novel features

1. Large occupation number of A’
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ψ(k1) + A′�(p1) → ψ(k2) + A′�(p2)

⟨𝒩A′�⟩ ∼
ρA′�/mA′�

m3
A′�v3

0
∼ 3 × 1076 × ( ρA′ �

0.1M⊙/pc3 ) ( mA′�

10−18eV )
−4

( v0

10−3 )
−3

2. Suppression from the forward-backward scattering cancellation

p ≪ k → (𝒩ψ
k2

− 𝒩ψ
k1) ∼ 𝒩ψ ×

mA′�

mψ

3. Random walk suppression from multiple scattering for ψ
Γψ ≡

Cψ

𝒩ψ
, Γeff

ψ ≃ Γψ
m2

A′ �

m2
ψ

“effective” = collision rate with significant momentum change



A’ and ψ effective scattering rate

• A’ dominates relic abundance
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ψ(k1) + A′�(p1) → ψ(k2) + A′�(p2)

Γeff
A′� ≃ ΓA′� ≡

CA′�

𝒩A′�
≃ nψ⟨σv⟩ψA′�⟨𝒩A′�⟩( mA′ �

mψ )
Small A’ mass Final state Bose enhancement

Forward-backward cancellationScattering cross-section

⟨σv⟩ψA′� ≃
g′�4vrel

4πm2
ψ



The dark atom laser emission

• A’ dominates relic abundance
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ψ(k1) + A′�(p1) → ψ* → ψ(k2) + A′�(p2)

Γeff
A′� ≃ ΓA′� ≡

CA′�

𝒩A′�
≃ nψ⟨σv⟩ψA′�⟨𝒩A′�⟩( mA′ �

mψ )
Laser emission



The dark atom laser emission

• A’ dominates relic abundance

!47

ψ(k1) + A′�(p1) → ψ* → ψ(k2) + A′�(p2)

Γeff
A′� ≃ ΓA′� ≡

CA′�

𝒩A′�
≃ nψ⟨σv⟩ψA′�⟨𝒩A′�⟩( mA′ �

mψ )
Final state Bose enhancement

Ψ (ground state)

A’ (incoming dark photon)

Ψ

Ψ* (off-shell)

Ψ

Ψ (ground state)

A’
A’

A’
A’

A’
A’ (dark laser emission)

A’
A’

A’

Forward-backward cancellation



A’ and ψ effective scattering rate

• In typical dwarf galaxies

ψ(k1) + A′�(p1) → ψ(k2) + A′�(p2)

Γeff
A′� ≈ 0.14Gyr−1

Fψ

0.05 ( g′�
10−12 )

4

( mA′�
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( mψ
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Summary

• For light DM (0.1-1)GeV to be detectable in both direct 
and indirect exp, model building is necessary. 


• For ultralight bosonic DM, small scale problems can be 
solved .


• e.g. dark atom laser emission
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ψ(k1) + A′�(p1) → ψ* → ψ(k2) + A′�(p2)

Thank you!



Thank you!
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Backup slides



Dark pion model

!52



!53

Neutrino oscillation in a dark matter medium

• Linear term (Classic = Quantum forward scattering): 


• Only for fully polarized vector DM

Ve↵ = � 1

2E⌫

⇣
2(p⌫ · �)gQ+ g2Q2�2

⌘
�µ = ⇠µ�0 cos(m�t)

Qµ�⌧ = 0, 1,�1

• Quadratic term (Classic = Quantum forward scattering): 


• both fully polarized or unpolarized

νL νL

φµ

νL νL νL

φµ φµ

Full Hamiltonian
H = Vvac + VMSW + Ve↵

P↵�(t) = |h↵(t)|�(0)i|2
H�↵|↵i = i@t|�i

Solving Schrödinger equation 
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Neutrino oscillation constraint on DM interaction

Ve↵ = � 1

2E⌫
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(a) (b) (c)

FIG. 2. ��2 curves from existing (thick solid curves) and future (thin dotted curves) analyses of neutrino oscillation data.
Shaded parameter regions are excluded by the current data. Panel (a) applies to scalar DM, panel (b) is for vector DM with
fixed polarization parallel to the ecliptic plane, and panel (c) is for unpolarized vector DM. For scalar DM, we have assumed
y = y0(m⌫/0.1 eV ), while for vector DM, we use a coupling structure inspired by Lµ�L⌧ symmetry, namely Qee = 0, Qµµ = 1,
Q⌧⌧ = �1. In panel (a), we show also a limit based on the cosmological constraint on

P
m⌫ .

FIG. 3. Predicted ⌫e survival probability for solar neutrinos
at the SM best fit point (blue) and at the best fit point in-
cluding neutrino interactions with polarized vector DM (red).
The best fit curves for unpolarized vector DM and for scalar
DM are similar to the SM curve. We compared to data from
Borexino [90], Super-Kamiokande [91], and SNO [92, 93].

are disfavored compared to the new physics hypothesis,
but it is important to emphasize that both hypotheses
lead to an acceptable overall goodness of fit. The pref-
erence for new physics is a reflection of the fact that the
upturn of the survival probability at low energy has not
been observed yet [89].

Comparing limits from solar neutrino observations to
those from long-baseline experiments, we see from fig. 2
that for unpolarized vector DM, solar neutrinos o↵er the

most powerful constraints. This is once again due to the
1/E⌫ dependence of V

e↵

in this case. Even though the
same scaling applies to scalar DM, solar limits are much
weaker because in our benchmark scenario, neutrino–DM
interactions alter only neutrino masses (to which solar
neutrinos have poor sensitivity), but not the mixing an-
gles. This is also the reason why the limits from ref. [56],
which rely on variations in the mixing angle ✓
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, are not
applicable here.
Cosmological Constraints on

P
m⌫ . As pointed out in

ref. [58], interactions between neutrinos and ultra-light
scalar DM are constrained by the requirement that the
DM-induced contribution to the neutrino mass term does
not violate the cosmological limit on the sum of neutrino
masses,

P
m⌫ . We estimate this constraint in fig. 2 (a)

by requiring that, at recombination (redshift z = 1100),
the correction to the heaviest neutrino mass (taken at
0.05 eV) should not be larger than 0.1 eV.
Astrophysical Neutrinos. One may wonder whether

neutrino–DM interactions could inhibit the propagation
of astrophysical neutrinos [95] from distant sources [96].
The optical depth for such neutrinos is given by [97]
⌧⌫(E⌫) = �⌫�(E⌫)X�m

�1

� , with the DM column den-

sity X� ⌘ R
l.o.s

dl ⇢�, where the integral runs along the
line of sight. For both galactic and extragalactic neutrino
sources, we have typicallyX� ⇠ 1022–1023 GeV/cm2 [97].
The scattering cross section for vector DM is approxi-
mately

�T
⌫� ' g4

8⇡

m2

⌫

E2

⌫m
2

�

, (vector DM) (8)

where the superscript T indicates that, for simplicity, we
have only considered the transverse polarization states of

• Constraint on coupling g/mDM < 10-9 (100) eV-1



A’ and ψ effective scattering rate

• A’ dominates relic abundance

!55

ψ(k1) + A′�(p1) → ψ(k2) + A′�(p2)

Γeff
A′� ≃ ΓA′� ≡

CA′�

𝒩A′�
≃ nψ⟨σv⟩ψA′�⟨𝒩A′�⟩( mA′ �

mψ )
Small A’ mass Final state Bose enhancement

Forward-backward cancellationScattering cross-section

⟨σv⟩ψA′� ≃
g′�4vrel

4πm2
ψ

• Rate for ψ Γeff
ψ ≃ nA′�⟨σv⟩ψA′�⟨𝒩A′ �⟩

mA′ �

mψ

m2
A′�

m2
ψ

Large ψ mass 
Random walk factor

Γeff
ψ ≪ Γeff

A′�


