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1. Introduction
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Dark matter detections
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[The LUX-ZEPLIN Collaboration,
Phys. Rev. Lett. 135, 011802 (2025).]
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Compact stars

Benchmark Ter [K] T, [K] Log(g) [cgs] M. [Mg] R, More
WD 3048 3050 8.195 0.69 12 Rg Spectral Type: DZQH
NS 5.8 —11.6 x 10° 7.3 x 10° 14.4 1.4 12.1 km Name: RX J1856.5-3754

* Compact stellar remnants: strong gravitational force

* The Tolman-Oppenheimer-Volkoff (TOV) equations for EOS
* White dwarfs

* Final state of massive stars ( below M, ~ 8M, — 10M ) 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)
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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
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DM annihilates to
Compact Stars Nucleons DM accumulates SM particles:

& leptons in the core Injected heat
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* Assuming DM capture and annihilation are in equilibrium, the star luminosity due to

DMiis L, = m, C(m,,)

(C(m)(): capture rate)

*x The observed WD luminosity L}, > L){
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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

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

* 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)  [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
al, ki T; \ _ (1 — BiPgp) T e tnt 1/ im+ 10

l —(1+—

» dTdQ  4r m, \/(1 — BiPei)? — (1 = B2)(1 = p3)

p

. — uantit Value
* with [ = (1= =" omber o o 4
2 (min, median, max) (0.02, 1.02, 3.41)
Rank Source z dp [Mpc] T 6Oros [deg] L, [erg/s] k,[s7!sr™!] % ofstack  dr [Mpc| (min, median, max) (85.9, 4.83e+03, 1.47e+04)
1 Mkn 501 003 129 58 988  5.0let+d6  9.9le+4l 32.5 Ranking proxy kp/(4md})
2 PKS 2155-304 0.12 527 4 14.3 1.58e+47 6.59e+-42 13
3 TXS 02144083 0.09 393 7.4 7.74 3.16e+4-47 3.05e+-42 10.8
4 3C 371 0.05 216 9.2 6.23 le+-47 7.86e+41 9.19
5! Mkn 180 0.04 173 6.2 9.24 2e+46 3.45e+41 6.34
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Blazar boosted DM

* BBDM flux
4o, Ipy rﬂ u o ey do,,
*dT,  2mmdp <)y g, dTdQdT,

r
, The column density: 2\ = J p,(r)dr’,
R

min

* Cross section ( elastic & DIS ):

do,y _ dQ® doy ("™ 7 dopys | 0(x, y)
dT dT, dQ-> | dxdy | d(T,,v)

X Vmin

=
N -

EL DIS

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

2 o0
do, d®, dT, T, (1+2) (m;( + T, )>
e ar, e M e T |
R S & \/m)% + (142" T <2m)( + T)g‘x’))
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Blazar boosted DM

, Fermionic DM & ALP mediator (£, = Z 8qaaﬂd77’”7’sq + gDaﬂa)?},ﬂ},S%)

q
I I"I I I"I I"I .............................
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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

x ds* = — g (r)dt* + g (r)dr* + r* dQ*,

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

dt & dr N &* 1 [+ F?
*di g, dr \ Et8rr  Srr 2 )

dgb_fZ dH_O
a2 d.

* with & =E,/m, and Z=—-bp,/m,
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General
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* Capture rate

dD
C = Jdn (TS, 1, ) Q5 (0(TS, 1)) dV = JdVJdTOO :
i d x dTe dvV,

av, b1

General formalism

rpp — 1y,

0

* Energy deposition

dV,, r? Sin¢\/ Err rt¢l§ o rl;¢t

. N g,.(p,2) d® dQ~
E,=2n|dpdzdT® dllp X(p, 2) EdLv,)

gz drye dll

_ Zﬂjdp dZdT;O deJgW(p’ 2) 8P, 2) (. 2) @ (1
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Interaction roof and geometric limit

* Interaction roof (IR): all particles interact with the star and deposit energy

0 do
m, + 1, JdIly dIl

vV 2i(R+) Utot(T)?o ) |

, Mean energy transferred per interaction: (qo) =

= |1 (ab2)

©dTe \V/8u(R:)

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

max ) gtt(R*)

| do
* <E )(> GL — dT)( AT
X
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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

: N)( loc 2
, Optical factor: 5 = =exp| — | dt ,

m,+ T)° J¢(”)
J(b, T, m,)

do
dgy [r'<¢'>]2[dn—wnT<r'<¢'>) |

dtQ~ =
*J dIl

¢>X<

* The optical factor must be included in the volume amplification.
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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: £, = 2 8,40,4q7"Y°q + gp0,azr'y’x
q

* Elastic interactions y(k;) + N(p;) — )((kz) + N(p,)
2m
. Z gqa Qz)u(p2)yyy u(pl) )

L = lquﬂqyu(kz)?’ 4 u(kl) Q2 1 m2

* DIS y(k;) + N(py) — x(ky) + X(p,)
2 (0

M| =2 (Q2 2 2) @) 0*(3y—1) ith
= m — ,  WI
" Db y (02 +m2)’ 287 '
2
Po y QX SO My
dxdy l6r (Q2)2—4m]%,m)?x2y2 |
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Blazar boosted DM

, Fermonic DM & ALP mediator (Z,, = Z 2.40,937"7°q + 80,7771 )
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Table 1. Physical properties of selected compact objects.

Benchmark
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R, More
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Table 1. Physical properties of selected compact objects.

Benchmark Teg K] T, [K] Log(g) [cgs]

M, [Mg)]

R, More

3048 3050 8.195

0.69
1.4

1.2 Rg Spectral Type: DZQH
12.1 km Name: RX J1856.5-3754

Heating of white-dwarf

1033
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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
x ALP mediated fermionic DM (m)( = 10 MeV ) boosted by 324 blazer

* BBDM heating of white dwarfs can be competitive with (form, = 1 GeV ) or

significantly exceed (for m, > 1 GeV ) the standard halo DM heating
contribution
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Heating of neutron star

Transition to opaque regime

NS, 1.4 M
m, = 10.00 GeV

m, = 0.01 GeV

Thin regime
Geometric limit
Interaction root
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NR elastic cross sections

* To compare with the direct detection, we transfer the couplings into
NR elastic cross sections

‘Ceff o Z 9qa [X7 '75X] [ ’YSC]] duqu -
16m, m G
Loff = - =X PRI el Op®
a
_op _ 169D gna Gqn)’ y my my
x NV T (mx 4 mN)2 mg:’

where G,n = AY + AY + AY —3 (mzt + mj —I—m_l) (AY /my + AY Jmg+ AY Jms).
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Nuclei NR operators

(| Hr |9;) = (27)%6®) (p1 + P2 — D3 — Pa)iMEE

A 15
He(@ = Y Y O (P (i),

i=1 j=0,1 k=1

1 NR|2 _ mT Fe dop ™ 1 1 NRI|2
ZIMT | Z Z 5 (%), dcos®  32m(m, +mr)? N; ZlMT |

1,J
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Blazar boosted DM

* Fermonic DM & vector mediator

Shihwen Hor Malmo (TDLI)

vector, m, =10 MeV
vector, m, =1 GeV
axial, m, =10 MeV
axial, m, =1 GeV

blazars
min
blazars

max

_ blazars
23C 371

T, [GeV] Ty [GeV]
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CR Boosted DM

* Cosmic ray boosted DM

Dark Matter Flux 10-18
—4

10 _____|_____-|_'_"""'| BLRAALL IR LR IR B 10-20 ——— N~~~ _
1078~ CCCIi-----ctEEs 1022} -
— _12 g==SFEET IO ~< - — 107 %4 _
. 10 ~e H'm 10-26|. -
n 10710 T 10-28L _

(}l 10—20 | E 10-3°L
5 5 10734 CASE 1: Vv \
~ 107%4} T 10-34L - PUTE \
& 1028 | ~~~"My=0.001 GeV e \‘
sle 107 —0.01 Gev < 10 \
< 25 X ~ 10-38L — m,=1MeV — m,, =1 GeV \
~ 1032F----m,=0.1 GeV 40| —— — 10 MeV — =10 GeV \‘

----m, =1.0 GeV 107" M = 2 6 M = 20 €
10736 1 X 2| —— m, =100 MeV |
----m, =10.0 GeV 1077 F X
‘ —44
TS 0= -1 100 anl S50z 103 104 0 101072 10T 100 10T 102103 107 108
1074 1073 1072 107! 10° 10! 102 103 10
Ty [GeV] T, |GeV]
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Deep inelastic scattering

* DM: high incoming-energy beyond the mass of
the nucleons

* Deep inelastic scattering (DIS) X(gl) X(£3)

* The valence quarks and the sea quarks

become visible Z,/(I)((I)

* Partons: carry a fraction of the total
momentum of the nucleon f (<)

| > + X
* A hadronic shower N(pg)
/
*xq = xX
. , > Emyx B -0 m] A m?2
* Cross section: 42 _ 8 __ =™ 2 2 _ _ B |
por el e ey s gk Zq:gzq (A,A,+C,C,)y*-2(A,A,—C,C,)y EmexB%y+2AqAx £,
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Resonant scattering

* An inelastic interaction with a nucleon that produces a resonance
that further decays into a nucleon and pion

*Y+N—->y+N* > y+N+rx.

* Neutral mediators (dark photon or scalar) have four possible
channels:

sx+p-y+p+a

*y+p—oy+n+at
0

*y+n->y+n+n

*ytn—->y+p+nm
* M (y(p1, MIN(Py) = x(P3, A)INF(py))

EDSZN | _
= i, 0,7 (gv - gM) Uy 4, (g”” - q"q"/ m%) < N*[JF(O)|N >

q* — mg [D. Rein and L. M. Sehgal, Annals Phys. 133, 79 (1981).]
EDEZ'N
=2M ; 5 V//{jﬂz < N* \F/Y\N >, [C. Berger and L. M. Sehgal, Phys. Rev. D 76, 113004 (2007).]
q - mZ/

[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 x(p1)

* Form factor approaGhiecka, Vol. 16 (Cambridge University Press, 2001).] Z'|®(q)

* The amplitude

' q qI/ .
My = iqﬁ”_gznfz [@(p3)r* (el — gy u(py)] (g,w — ) < N(p) 15O | N(py) > N (P2)
4 7

* Hadronic current

d
sz

< NP 1V, (0) [N(p2) > = Tip(ps) [y”F Q) + i Fy (Qz)] u(Py);

, 4 s .,
< N(py) |y (0) | N(py) > = tiy(py) [}’”}’SGf ") +—r°Gg" (Qz)] un(Py) -
N

Shihwen Hor Malmo (TDLI) Boosted DM in Compact Stars

35



Elastic scattering on nuclei

* Elastic interactions with nuclei

* LOW-energy regime [M. Gripes, G. Lalazissis, S. Massen, and C. Panos,
Journal of Physics G: Nuclear and Particle Physics 17, 1093 (1991).]X(p1) X(p3)

* Fermi-Symmetrized Woods-Saxon (FS-WS) form factor
. AL,
* A comprehensive treatment of 15 types of non- /2(9)
relativistic (NR) operators N(ps)
[R. Catena and B. Schwabe, JACP 04, 042 (2015).] P2

gLu(p3)y, u(pu(py)y*u(p,) — 8Xﬁ(]93)7ﬂ7’5u(]91)b7(194)7ﬂ u(py)| -

/ EDEZ'N
* %IZ N — 5
ms,

_ _ Ta ] .o la .
M(P3)Vﬂ“(p1)u(p4)}’” u(p,) =~ 4mme T Zm%mN (lSN . X ) " 2m]%,<le° . )

- i i
LGP AP Sy 4m]%,<§)( . i) (§N- 1 )

oy
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Nucleon form factors

My = -2 a(pa)y (g — 957°)u(pr)] (gw q“‘;") (N(p4)| 3% (0) IN(p2))
q mZ, mZ’

-4 — v 1 74
]Z’Q = ’UZ/Q — aZ,Q,

vyo = —2(g% + 205 )v% + 3(g% + 9% )0 + (9% + gi + g3 )vY — (9507 b + (3gi + 39% + gv) (@ c + v t)]

ayiq = (9% — g4)as + (g4 + gh)ab + gaal — > (95 — 9D ’q

q=c,b,t

(N (2)| 05, (0) N () = (o) [V FZ ™ (QF) + 20 FE ™ (@) [un (o),

(N (0] % (0) ING2)) = () [1#1°GF (@) + 21" GEN (@) | un o).

FZN ~ F(g% + 2¢%)(FP — F™) + 3(g% + ¢ FN + (g% + g% + g5 ) FN

’ 1 u WAL
G N = +7 (94 — 9%)Gr + (g4 + 9H)GN + g4 G,
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Fermi-symmetrized Woods-Saxon form factors

dO'N o UOE>2< 2 2
sz _4MN(E>2<—m?<)FH(Q )7
FFS-WS(() — 3ma  amcoth (wQa) sin (Qry) — o cos (Qro)

rg + m2q2 Qro sinh (7Qa) ’

s~ 0.9 fm, a ~ 0.523 fm and ¢ ~ 1.23A4'/3 — 0.60 fm, for an atomic mass number A.
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