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Composite DM
Consider simple model for asymmetric DM where

ℒ0 =
1
2

∂2ϕ +
1
2

m2
ϕϕ2 + X̄ (iγμ∂μ − mX) X + gϕX̄ϕX

Scalar field provides attractive force 
for stable bound states: N
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radius/mass

number density



Large N-limit:
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ϕ(x) → ⟨ϕ⟩ RMFT

Field value determined from energy density minimum:

ε ≃
1
2

m2
ϕ⟨ϕ⟩2 +

1
π ∫

pF

0
dp p2 (p2 + (mX − gX⟨ϕ⟩)2)

1/2

m*effective mass

μ = (p2
F + m2

*)1/2 =
ε
nX

valid when: RX ≫ m−1
ϕ

nX =
p3

F

3π2

comp. mass: comp. radius: RX ≃ ( 9πN
4m̄3

X )
1
3

MX ≃ Nm̄X

Simple scaling relations are recovered when

chem. potential:

1707.02313
1407.4121

⟨ϕ⟩ ≃
mX

gϕ

μ ≃ pF = m̄X(m* ≃ 0)binding field:

m̄X ≃ (3πm2
Xm2

ϕ/αϕ)1/4

mX ≫ mϕ



Cosmological formation
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1701.05859
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X̄X annihilation
overabundanceX

formation2X formationNX X depletion

ϕ

ϕNX

LX

N+LX

σX ≃ 4πR2
X

fusion in strong binding limit:
Ωdep

X = ΩDMζ
Tca ∼ mX /10

e.g. phase transitions 
metastable field decay

Depending on parameters:

1014 GeV ≲ MX ≲ 1042 GeV

10−3 nm ≲ RX ≲ 102 μm



Nuclear coupling
Consider an interaction term with SM nucleons:

p2
1 + m2

N = p2
2 + (mN − Agn⟨ϕ⟩)2

⟨ϕ⟩

RX ≫ rN, m−1
ϕ

p2

mN ≃ Amn

Agn⟨ϕ⟩ ≪ mN Agn⟨ϕ⟩ ≡ Vn =
p2

2 − p2
1

2mN �5

ℒ = ℒ0 + gnn̄ϕn

boundary conditions impose: 

1812.07573

m−1
ϕ

p1

rN ∼ A1/3 fm

N ≫ 1

ϕ(r > RX) = ⟨ϕ⟩e−mϕ(r−RX) ( RX

r )
⟨ϕ⟩ ≃

mX

gϕ



N-X scattering
DM constituents are ultra-relativistic  

and degenerate:

�6

̂pz

θ

Fermi sphere VF =
4πp3

F

3

φ
pF

pμ = ( | ⃗p | , ⃗p )

kμ = mN(1, ⃗v N)

allowed phase 
spaceScattering rate:

·ENX ≃ ΓNX × ΔEmax ≃ A2g2
ng2

ϕ ( m5
N

p4
F )(mN + 2pF)v8

NEnergy loss rate:2004.09539
1911.13293

ΓNX = nX ∫
pF

0

dp p2

VF ∫ dφ d(cos θ)∫ dα d(cos ψ)( dσ
dΩ )

(CM)
ṽ Θ(ΔE + p − pF)

Pauli-blocking

integrate over target phase space 
(composite rest frame)

relativistic kinematics 
(centre-of-momentum frame)

Moller velocity

vN ≲ 10−2

gn ≲ 10−10



⟨ϕ⟩ ∝ mX ∼ MeV − EeV substantial acceleration even if gn ≪ 1

Full ionization 
Thermal bremsstrahlung Nuclear fusion
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100 eV 100 keVMigdal effect 
Atomic collisions 
Recombination

e −

e −e−

e−

e− e −

γ
γ

T ∝ gnmX

·Erad ∝ (T/m3
e )1/2n2

e R3
XMigdal

≳ 1010 GeV s−1

Collisions

Q ∼ MeV



Detection 
IceC

ube
SN

O
+

SNO+: ~1 MeV per 100 ns

IceCube: ~10 TeV per 100 ns
(~100 PeV in single 

crossing)

Composites radiate continuously along path:

Thresholds:

~1
2 

m
~1

 k
m

·EIC ≃ 1011 GeV s−1·ESNO+ ≃ 104 GeV s−1

Mmax
X ≃ 3 × 1025 GeVMmax

X ≃ 1022 GeV

1812.09325

1) Massive/strongly-coupled:
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1021 GeV ≲ MX ≲ 1025 GeV nm ≲ RX ≲ μm
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constraints
gn ≲ 10−10

Parameter space for detection:

M
x =

 1
02

1  G
eV

M
x =

 1
02

3  G
eV

M
x =

 3
 ×

 1
02

5  G
eV

IceCube threshold

= 5 GeV

m̄
x

= 1 TeV

m̄
x

𝜻 = 10-6 
𝜶φ = 0.03

R
x =  nm

weak binding

T~MeV fusion

IceCube 
gn ≳ 10-10

gn ≳ 10-12

SNO+ 
gn ≳ 10-10
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16O burning
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2) Lighter/weakly-coupled: A, B & G, 21XX.XXXXX

dRion

dERdEe
=

dR
dER

×
1

2π ∑
n,l

dpq

dEe
(n, l → Ee)

dR
dER

=
ρχ

mNMχ ∫v>v(min)
χ

dσ
dER

v f(v) dv
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X δ(ER − E0

R)

1012 GeV ≲ MX ≲ 1018 GeV 10−4 nm ≲ RX ≲ μm
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Type-Ia supernovae Thermonuclear explosions of WDs:

localized heat deposition leads to 
runaway fusion:
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Energy dissipated in the 
composite transit via conduction:

12C, 16O

·Qcond =
4π2T4RX

15κcρ*
≃ 1027 GeV s−1 ( RX

μm )
Composite kinetic energy:

1
2

MXv2
esc ≃ 1028 GeV ( MX

1032 GeV ) ( vesc

3 × 10−2 )
2

Δtcross ≃ 1 s

1) nuclear energy prod. > diffusion
2) critical temp. ~ 1010 K ~ MeV



Carbon burning rate:

Rth
T=MeV

≃ 1042 cm−3 s−1 ( ρ*

109 g cm−3 )
2
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12C +12C

Nuclear energy release: ·Qfus ≃ Q̄Rth ( 4πR3
X

3 ) ≃ 1028 GeV s−1 ( RX

μm )
3

Q̄ ∼ 3 MeV

Ignition requires: ·Qfus ≳ ·Qcond

RX ≳ μm

WD survival in turn implies constraints:

(~1 encounter/Gyr)

MX ≳ 1032 GeV

gn ≲ 10−12 ( 107 GeV
mX ) 1032 GeV ≲ MX ≲ 1042 GeV

(~MeV temp. not reached)

→ 24Mg*



Conclusions
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Composite states with a binding field coupled to nuclei presents new interesting 
phenomenology:

Radiation and fusion observable at large neutrino observatories, 
ionization events at DM detection experiments.

On the astrophysical side: white dwarf explosions, could also look for 
stellar/planetary capture and heating, alterations to isotope 
abundances.

Model can be extended to include other fields and interactions.



Thank you for 
your attention!



Backup slide

Nc ≃ ( 2nXvXσX

3H )
6/5

≃ 1027 ( gca

102 )
3
5

( Tca

105 GeV )
9
5

( m̄X

5 GeV )
21
5

( ζ
10−6 )

6
5

Cosmological synthesis:

Acceleration/Migdal: τaccel ≃
1

mϕ ( 1
v2

X + v2
N ) ≃ 10−19 s ( MeV

mϕ ) ( 10−3

vX )
2

v(min)
χ ≃

1
mϕτe−

≃ 10−5 ( MeV
mϕ ) τe− ∼ (10 eV)−1

Radiative WD losses: ·Qrad =
4πR2

X

κrρ*
∇(σT4) ≃ 1022 GeV s−1 ( RX

μm )
2

( mϕ

keV )


