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Dark matter detections

4

[The LUX-ZEPLIN Collaboration, 
 Phys. Rev. Lett. 135, 011802 (2025).]
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Compact stars

★ Compact stellar remnants: strong gravitational force 
★ The Tolman-Oppenheimer-Volkoff (TOV) equations for EOS 
★ White dwarfs 

★ Final state of massive stars ( below  ) after collapsing gravitationally 

★ Composed of C and O and possesses an atmosphere either H or He dominated 
★ No fusion: the only support against gravitational collapse is the electron degeneracy 

pressure 
★ DM-nucleon scattering can probe the sup-GeV regime (beyond direct detection) 

★ Neutron stars 
★ Composed of neutrons, protons, electrons, and muons 
★ Fermi-Dirac distribution (degenerate matter)

M⋆ ∼ 8M⊙ − 10M⊙
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Dark matter capture by compact stars
★ Heating of compact objects: DM can accumulate in the core of 

compact stars, heat them up and hence generate an observable 
signal

6



Shihwen Hor Malmo (TDLI) Boosted DM in Compact Stars

White dwarfs capture rate
★ Assuming DM capture and annihilation are in equilibrium, the star luminosity due to 

DM is       ( : capture rate) 

★ The observed WD luminosity 

Lχ = mχC(mχ) C(mχ)

Lγ ≥ Lχ
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[N. Bell, G. Busoni, S. Robles, M. E. Ramirez-Quezada, M. Viriato, JACP 10 (2021), 083.]
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Boosted DM
★ Local DM: low DM density —> challenging 
★ Boosted DM (high-density flux): improve the bounds for light DM 

candidates in direct detection experiments 
★ Boosting source: blazers, cosmic rays, diffuse supernova neutron 

background 
★ Relativistic 

★ A multi-energy approach to the WD interaction and capture 
★ Elastic scattering with nuclei, nucleon, resonance, deep inelastic 

scattering (DIS)
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[J. W. Wang, A. Graneli, and P. Ulio, Phys. Rev. Lett. 128 (2022) 221104.]

[Hoefken Zink, Hor, and Ramirez-Quezada, JHEP 05 (2025) 160]
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Boosted DM flux
★ Blazar boosted DM
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[J. Wang, A. Granelli, and P. Ullio, Phys. Rev. Lett. 128, 221104 (2022).]
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2. Boosted Dark Matter
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Blazar boosted DM
★ The CGRABS catalogue (a uniform all-sky sample) 
★ Particle emission jets 

★
 

★  with 

dΓi

dTidΩ
=

ki

4π (1 +
Ti

mi )−αi
βi(1 − βiβBμ)−αiΓ−αi

B e−(mi+Ti)/(mi+Tmax
i )

(1 − βiβBμ)2 − (1 − β2
i )(1 − β2

B)
,

ΓB = (1 − β2
B)−1/2
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Blazar boosted DM
★ BBDM flux 

★
 

★ The column density:  

★ Cross section ( elastic & DIS ): 

★

  

★ Redshift: DM fermion is redshifted as it reaches our galaxy 

★

      with  

dΦχ

dTχ
=

ΣDM

2πmχd2
L

∑
i

∫
2π

0
dϕ∫

Tmax
i

Tmin
i (Tχ)

dTi
dΓi

dTidΩ
dσχi

dTχ
,

ΣDM = ∫
r

Rmin

ρχ(r′￼)dr′￼ ,

dσχN

dTχ
=

dQ2

dTχ

dσel

dQ2

EL

+ ∫
νmax

νmin

dν
dσ2

DIS

dxdy
∂(x, y)
∂(Tχ, ν)

DIS

,

dΦχ

dT(∞)
χ

=
dΦχ

dTχ
×

dTχ

T(∞)
χ

,
dTχ

dT(∞)
χ

=
(1 + z)2 (mχ + T(∞)

χ )
m2

χ + (1 + z)2 T(∞)
χ (2mχ + T(∞)

χ )
.
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Blazar boosted DM

★
Fermionic DM & ALP mediator ( )ℒa = ∑

q

gqa∂μaqγμγ5q + gD∂μaχγμγ5χ ,
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3. Particle Beams in Compact 
Objects
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General formalism
★ A incident beam of particles with a preferred direction 
★ Geodesic propagation 
★ The metric of a non-rotating compact star     

★  

★ The geodesic equations for a particle starting far from the star 

★
 

★  

★ with    and  

ds2 = − gtt(r) dt2 + grr(r) dr2 + r2 dΩ2 ,

dt
dλ

=
ℰ
gtt

,
dr
dλ

= ± ℰ2

gttgrr
−

1
grr (1 +

ℒ2

r2 ) ,

dϕ
dλ

=
ℒ
r2

,
dθ
dλ

= 0 ,

ℰ ≡ Eχ /mχ ℒ ≡ − b pχ /mχ
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General formalism
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General formalism
★ Capture rate  

    

 

★ Energy deposition 

C = ∫ dnχ(T∞
χ , r, ϕ) Ω−

ve(ω(T∞
χ , r)) dV = ∫ dV∫ dT∞

χ
dΦ
dT∞

χ

dV0

dVr
Ω−

ve(ω(T∞
χ , r)) ,

dV0

dVr
=

b r0 rtϕb̃ − rb̃ϕt 0

r2 sin ϕ grr rtϕb̃ − rb̃ϕt

,

·Eχ = 2π∫ dρ dz dT∞
χ dΠ ρ

grr(ρ, z)
gs

tt
X(ρ, z)

dΦ
dT∞

χ

dΩ−

dΠ
Ek(Π, ve)

= 2π∫ dρ dz dT∞
χ dΠ ρ

grr(ρ, z) gtt(ρ, z)
gs

tt
nT(ρ, z) ω (1 +

T∞
χ

mχ ) XV(ρ, z)
dΦ
dT∞

χ

dσ
dΠ

Ek(Π, ve) ,
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Interaction roof and geometric limit
★ Interaction roof (IR): all particles interact with the star and deposit energy  

★
Mean energy transferred per interaction:  

★
 

★ Geometric limit (GL): all particles traversing the star are captured 

★

⟨q0⟩ =
mχ + T∞

χ

gtt(R*)

∫ dΠ y dσ
dΠ

σtot(T∞
χ )

,

⟨ ·Eχ⟩IR = ∫ dT∞
χ

dΦ
dT∞

χ
(πb2

max)
⟨q0⟩
gtt(R*)

.

⟨ ·Eχ⟩GL = ∫ dT∞
χ

dΦ
dT∞

χ
(πb2

max)
(1 − gtt(R*)) mχ + T∞

χ

gtt(R*)
.
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Optical factor
★ As particles propagate through the star, sufficiently strong 

interactions can reduce the number of particles reaching a given 
point inside the star 

★ Optical factor:   

★  

★ The optical factor must be included in the volume amplification.

η =
Nχ

N(0)
χ

= exp(−∫ dtloc Ω−

gtt(r) ) ,

∫ dt Ω− =
mχ + T∞

χ

J(b, T∞
χ , mχ) ∫

ϕ(r)

ϕ*
dϕ′￼ [r′￼(ϕ′￼)]2 ∫ dΠ

dσ
dΠ

ω nT(r′￼(ϕ′￼)) ,
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4. Blazar Boosted Dark Matter 
in White Dwarfs
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The model
★ A fermonic DM interacting through an axion-like-particle (ALP) mediator 

★
Lagrangian:   

★ Elastic interactions   

 

★ DIS   

   with

ℒa = ∑
q

gqa∂μaqγμγ5q + gD∂μaχγμγ5χ ,

χ(k1) + N(p1) → χ(k2) + N(p2)

iℳ = igDqμqνu(k2)γμγ5u(k1)
i

Q2 + m2
a

2 mN

mu + md ∑
q

gqaG
q
5,N(Q2)u(p2)γνγ5u(p1) ,

χ(k1) + N(p1) → χ(k2) + X(p2)

ℳDIS
χq

2
= 2g2

Dg2
qa

(Q2)2

y (Q2 + m2
a)2 (Q2 + 2m2

χ ) (Q2)2

2E2
χ

+ Q2 (3y − 1) ,

d2σ
dxdy

=
y

16π

Q2 ∑q fq(x, Q2) ℳDIS
χq

2

(Q2)2 − 4m2
Nm2

χ x2y2
,
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Blazar boosted DM

★
Fermonic DM & ALP mediator ( )ℒa = ∑

q

gqa∂μaqγμγ5q + gD∂μaχγμγ5χ ,
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Heating of white dwarf
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Heating of white dwarf
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5. Summary
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Summary
★ A general framework to study the heating of compact stars induced by DM jets 
★ Can be extended to isotropic fluxes 
★ A fully relativistic description of energy deposition by DM in compact stars 

★ Gravitational focusing & optical-depth effects 
★ Elastic scattering & DIS 

★ ALP mediated fermionic DM (  ) boosted by 324 blazer  

★ BBDM heating of white dwarfs can be competitive with ( for  ) or 

significantly exceed ( for  ) the standard halo DM heating 
contribution

mχ = 10 MeV

ma = 1 GeV
ma > 1 GeV
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Backup Slides
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Heating of neutron star
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NR elastic cross sections
★ To compare with the direct detection, we transfer the couplings into 

NR elastic cross sections 
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Nuclei NR operators
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Blazar boosted DM
★ Fermonic DM & vector mediator 
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CR Boosted DM
★ Cosmic ray boosted DM
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Deep inelastic scattering
★ DM: high incoming-energy beyond the mass of 

the nucleons 
★ Deep inelastic scattering (DIS) 

★ The valence quarks and the sea quarks 
become visible 

★ Partons: carry a fraction of the total 
momentum of the nucleon   

★ A hadronic shower 

★   

★ Cross section:

fq(ξ)

χq → χX

33

d2σ
dxdy

=
g2

D

4πm4
Z′￼

E2
χ mNx

(1 + Q2/m2
Z′￼

)2

E2
χ (1 − y)2 − m2

χ

(1 − y)(E2
χ − m2

χ)
× ∑

q

g2
Z′￼q ((AqAχ + CqCχ)y2 − 2(AqAχ − CqCχ)y −

Aqm2
χ

EχmNx
Bχy + 2AqAχ) fq(x) .
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Resonant scattering
★ An inelastic interaction with a nucleon that produces a resonance 

that further decays into a nucleon and pion 

★  
★ Neutral mediators (dark photon or scalar) have four possible 

channels: 

★  

★  

★  

★  

★  

 

χ + N → χ + N* → χ + N + π .

χ + p → χ + p + π0

χ + p → χ + n + π+

χ + n → χ + n + π0

χ + n → χ + p + π−

ℳ(χ(p1, λ1)N(p2) → χ(p3, λ2)N*(p4))

=
gDgZ′￼N

q2 − m2
Z′￼

[up3λ2
γμ(gV − gAγ5)up1λ1](gμν − qμqν /m2

Z′￼) < N* |J+
ν (0) |N >

= 2M
gDgZ′￼N

q2 − m2
Z′￼

Vμ
λ1λ2

< N* |FV
μ |N > ,

34

[D. Rein and L. M. Sehgal, Annals Phys. 133, 79 (1981).]

[C. Berger and L. M. Sehgal, Phys. Rev. D 76, 113004 (2007).]

[K. S. Kuzmin, V. V. Lyubushkin, and V. A. Naumov, Mod. Phys. Lett. A 19, 2815 (2004).]
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Elastic scattering on nucleons
★ Elastic interactions with nucleons 

★ The DM incoming-energies are lower than those required for 
DIS 

★ Form factor approach 
★ The amplitude

 

★ Hadronic current 

 

ℳN = i
gDgZ′￼N

q2 − m2
Z′￼

[u(p3)γμ(gχ
V − gχ

Aγ5)u(p1)](gμν −
qμqν

m2
Z′￼

) < N(p4) | jν
Z′￼Q(0) |N(p2) >

< N(p4) |vμ
Z′￼Q(0) |N(p2) > = uN(p4)[γμFZ′￼N

1 (Q2) + i
qν

2mN
σμνFZ′￼N

2 (Q2)]uN(p2),

< N(p4) |aμ
Z′￼Q(0) |N(p2) > = uN(p4)[γμγ5GZ′￼N

A (Q2) +
qμ

mN
γ5GZ′￼N

P (Q2)]uN(p2) .
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[J. D. Walecka, Vol. 16 (Cambridge University Press, 2001).]
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Elastic scattering on nuclei
★ Elastic interactions with nuclei 
★ Low-energy regime 
★ Fermi-Symmetrized Woods-Saxon (FS-WS) form factor 
★ A comprehensive treatment of 15 types of non-

relativistic (NR) operators 

★  

 

ℋZ′￼N
I =

gDgZ′￼N

m2
Z′￼

[gχ
Vu(p3)γμu(p1)u(p4)γμu(p2) − gχ

Au(p3)γμγ5u(p1)u(p4)γμu(p2)] .

u(p3)γμu(p1)u(p4)γμu(p2) ≃ 4mχmN + 2mχmN(i ̂sN ⋅ [ ̂q
mN

× ̂v⊥]) + 2m2
N(i ̂sχ ⋅ [ ̂q

mN
× ̂v⊥])

−
mχ

mN
̂q2 − 4 ̂q2 ̂sχ ⋅ ̂sN + 4m2

N( ̂sχ ⋅
̂q

mN )( ̂sN ⋅
̂q

mN )
36

[M. Gripes, G. Lalazissis, S. Massen, and C. Panos, 
 Journal of Physics G: Nuclear and Particle Physics 17, 1093 (1991).]

[R. Catena and B. Schwabe, JACP 04, 042 (2015).]
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Nucleon form factors

37



Shihwen Hor Malmo (TDLI) Boosted DM in Compact Stars

Fermi-symmetrized Woods-Saxon form factors
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