Constraints on Symmetric
Dark Matter from Neutron
Star Capture and Collapse

Yuxin Liu Aug. 24th, 2026 @2nd New Horizons for ¥




U g In sz

DM (collisional) searches
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DM direct (collisional) searches

Exposure = Sensitivity

Xenon-1T Solar-Mass Neutron Star
e Test Mass: ~1000 kg e Test Mass: ~2 x 10°Y kg
* Testtime: ~1000 day e Testtime: ~5.84 x 10! day
e Exposure: ~10°kg day e Exposure: ~1.2 X 10* kg day

Credit: https://www.ipmu.jp/en/20200617-XENON1T-ExcessEvents
https://www.esa.int/ESA_Multimedia/lmages/2024/03/What_is_a_neutron_star 3



https://www.ipmu.jp/en/20200617-XENON1T-ExcessEvents
https://www.esa.int/ESA_Multimedia/Images/2024/03/What_is_a_neutron_star

DM direct (collisional) searches

We “see” and count every event We see only the total flux: o 1/7°

A “point” on

the sky
Xenon-1T Solar-Mass Neutron Star
e Test Mass: ~1000 kg e Test Mass: ~2 x 10°Y kg
* Testtime: ~1000 day e Testtime: ~5.84 x 10! day
e Exposure: ~10°kg day e Exposure: ~1.2 X 10* kg day

Credit: https://www.ipmu.jp/en/20200617-XENON1T-ExcessEvents
https://www.esa.int/ESA_Multimedia/lmages/2024/03/What_is_a_neutron_star 4
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NS is BETTER at capturing particles

Dark matter get accelerated when falling into the NS:

1
Ek ~ EmDMVBZSC A mDM, v@SC ~ @(O6)C

Colliding with colder NS, they typically lose energy:

AE ~ uE, ~ my* .~ m

n-esc n?

The amount of energy DM needed to lose to be trapped:

|
needed ~_ 2 —6
lmage from sciencenews. org 2



Stringent constraints from existing NSs

Dark Matter Accumulation Dark Core Collapse Transmutation

Anupam Ray.(2023)



Stringent constraints from existing NSs

For asymmetric DM, collected DM do not self-annihilate.

» Core temperature is
+ Small equilibrium velocity”™
+ Small equilibrium orbit radius™

» Strongly confined in a small region
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Stringent constraints from existing NSs

For asymmetric DM, collected DM do not self-annihilate.
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Stringent constraints from existing NSs

For asymmetric DM, collected DM do not self-annihilate.
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Stringent constraints from existing NSs

For asymmetric DM, collected DM do not self-annihilate.

» Core temperature is

» Quantum pressure dominate, M ~ >
)Y

- BH growth is faaaaast! Negligible growth
time

» Can probe extremely low cross-sections
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Stringent constraints from existing NSs

For symmetric DM —>  much easier to model

- Symmetric DM get evenly trapped and
thermalized at the core of NS, high densities.

M. Baryakhtar et al.(2017)

11



Stringent constraints from existing NSs

For symmetric DM —>  much easier to model

- Symmetric DM get evenly trapped and
thermalized at the core of NS, high densities.

- DM annihilates, never reach extreme density.

. At equilibrium, DM capture = Heating Rate. No EXisting
Constraints_—

'Star Cooling constraints need observation of cold

iCurrent coolest temperature ~4 X 10* Kelvin |
d e _— Ao ——__———————_——o—o—_— o e ettt et e M. Baryakhtar et al.(2017)
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Stringent constraints from existing NSs

For symmetric DM —>  much easier to model

» Symmetric DM geteltrapped and
thermalized at the core” j NS, high densities.

- DM annihilates, never reach,extreme density.
At equilibrium, DM capture Jeating Rate.
| Not Necessarily True! |
S S V. Baryakhtar et al.2017)
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Let’s allow an Asymmetric capture rate

For symmetric DM —>  much easier to model
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Sym-DM Asym-captured

Enabling Constraints for Symmetric Dark Matter o = ;" " ;"
“dN
Capture rate: E X 0, — Oy,

Thermalization time

Gravitationally collapsing time
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Work with Zhen Liu, Maxim Pospelov, Sanjay Reddy. arXiv: 2508.04961
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Sym-DM Asym-captured

Example: proton-electron/positron interaction

electron _p positron +¢
< :

tree __ tree
%e— —_— ﬂe+

o 0(p+€_) . 6(p+€+) B %t;_ee%;_—loop

o(pte~) +o(ptet) (M)

%1 loop __ %1 loop
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Sym-DM Asym-captured

Example: proton-electron/positron interaction
Low energy EFT

electron _p positron +¢ | analysis!
' tree _ __gytree
M - M

o(pte™) —o(ptet)  MIEMTOP

o = _
o(pte™) + o(ptet) (A ee)?

%1 loop __ %1 loop

Other examples include: v/U -nucleon interaction, asymmetry for hadrons, ...
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EFT basis for asymmetries

For symmetric DM-nucleon operator up to dim-6 L= (81@)1(@711 + 82@)5@3)

<

CX / C'xPx-I-n XX i>_(75X X.];Xs iX.];aqu XVuX 927#7596 XOuv X
nn -+ +/— 4/
iny’n |+/— +/+ +/

ny"n — /— +/—
vy n —/+ —/+ +/+
not’n

[black+brown] or [blue+red] pairs give asymmetries.
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EFT basis for asymmetries

For symmetric DM-nucleon operator up to dim-6 L= (glﬁﬂlfﬁ’ll + gzﬁg@g)

Cx | COxPx+n| XX i9275X X.];Xs Z.X.];gu)(fs X VX 927#75)( XO pv X
B -
iny’n |+/— +/+ +/
ny*n
Ay ~°n
not’n

[black+brown] or [blue+red] pairs give asymmetries.
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EFT basis for asymmetries

For symmetric DM-nucleon operator up to dim-8

L.

1

nt = L (81@)1(@711 - 82@)2@3)

[black+brown] or [blue+red]

pairs give asymmetries.
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Let’s allow an Asymmetric capture rate

For symmetric DM —>  much easier to model

- .
\ e
- ~
- N
-




Enabling constraints for Symmetric Dark Matter

Scalar-Scalar vs Vector-Vector
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Sym-DM asym-captured
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Work with Zhen Liu, Maxim Pospelov, Sanjay Reddy. arXiv: 2508.04961
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Sym-DM Asym-captured

Enabling constraints for Symmetric Dark Matter o =

Extend to lower mass and lower
* cross-sections,
With future observations of NS in the GC

A= 0.5 A=10""%

=1
= 0.9 A=10"% [ A4 =107

7 - 8 9 10
LoglO[mleeV]

Work with Zhen Liu, Maxim Pospelov, Sanjay Reddy. arXiv: 2508.04961
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Summary

* Neutron Stars are very good at capture DMs— —A Solar-mass Lab in our universe
 When too many DM get captured, they break the NS— —Black Hole formation

» Sym-DM can now be constrained through interference between two effective
couplings:

- DM/anti-DM generically have different cross-sections with neutron stars.
* ‘unique’ constraints at heavy mass - weak cross section region.

» A large variety of DM model can be tested.

24






How to utilize the NS observation we have?

DM annihilation in the core
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Back up slides



Sym-DM Asym-captured
Properties of tree-level EFT
O = wlanything |y

Zin = * (&6)1@7 + 82@)563)
C, : Charge conjugation of DM y: taking y © ¥
C, : Charge conjugation of nucleon n: taking n < n
P : Parity conjugation of DM and nucleon: taking y; < yp

DM are virially unpolarized

Nucleons are thermally unpolarized

28



Sym-DM Asym-captured

C, and C,P-violation DM are virially unpolarized

Nucleons are thermally unpolarized
do(x +n) =o(xr +nr) +o(xr +ngr) +o(xr +nr) + o(xr + nr)

do(x +n) =o(xr +nr) +o(xr +nr) + o(Xr +nr) +0(Xr + nR)-

C)(P do(x +n) = o(xr +nr) + o(Xr + nr) + o(Xr +nL) + 0(Xr + nr) = 40(X + n),

do(x +n) = o(xr +nr) + 0(Xr +nL) + o(XL + nr) + o(xL +nr) = 4o(x + n).
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Sym-DM Asym-captured
Properties of EFT
0% = wlanything |y
P = (glﬁﬂlf@'; + gzﬁg@g)
C, : Charge conjugation of DM y: taking y © ¥

C, : Charge conjugation of nucleon n: taking n < n

P : Parity conjugation of DM and nucleon: taking y; < yp
Breaking C)( and C)(P indicate opposite C)(— parity and same P—parity between

30



Sym-DM Asym-captured
Properties of EFT
0% = wlanything |y
P = (glﬁﬂlf@'; + gzﬁg@g)
C, : Charge conjugation of DM y: taking y © ¥

C, : Charge conjugation of nucleon n: taking n < n

P : Parity conjugation of DM and nucleon: taking y; < yp
Breaking C)( and C)(P indicate opposite C)(— parity and same P—parity between
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One curious observation

Asymmetry from Lagrangian preserving C, are either suppressed or vanishing.

» Group(1): vanishing asymmetry:

0404 @ O1,0%; 01,0 @ OLO%, 00" ® O%0%; (LeOhQ X0
» Group(2): suppressed asymmetry:
040" @ OXOY; 04O @ OLOY; O4eOhQ OXO},
OL0% Q@ OLOY; GLOh @ OLOY; 010" @ 61,0
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Example UV model-1

Two additional “squark™

.. [P
Lo DV () P! + yp(iipy) Pp + BH' (q)d)(cI)R)* + h.c.
L
Integrate out the scaler mediator
g = Gy + —P G - WRDY G Gug) + hio
M gy [Amp | T g T Amg ] T e, | Amy Amg| R

33



Example UV model-1

Fierz Transformation
2

) — ) - _ e o
7ot = 4mg | Am | [(Wﬂ?’s”)(m’” VsX) (W,,tu)(w”‘)()] +
y°By 1
[(MM)()()() — (imysu)(Y1ysy) + (u u)(yo )]
dmg | Am
(6c cr + 2¢cyCg)— fAm‘
A =~

By . Bv 2
2 9 2 5
3cs + ¢ + ¢t (mq)\Am\ ) +3CT(m¢\Am\ )
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Example UV model-2

N 28558vv

855+ &iv

A dark “Higgs” mixing with Higgs

V(H,S) = —p5|H|* -

A
H|* — 3]SI + 71| + Ams| H?|SJ?

LD gxXy, ()217“)(1 + ZCIf fW”f) - Z yrfLH fr — m1X1X1 — M2X2X2
f

fr,fr
— Y1 S X1LX2R — Y25 X2LX1R + h.Cc. |
£ SoxXu(Xv"x + ) ar Fr"f) = Y s (heost Y (scos b
. J (scos@—l—hsin@))z'x’ (n) 5 .
V27X ’ gss _ Cg  YxYf Vg sin20
gvv cg" ) qf m%
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A heavy dark gauge

L = x|v" (10,

Example UV model-3

1 1
+ 9aA,) — mxlx — JFu B+ §m?4,A;A’“

Ml—loop i 7"-Qq‘s(aad)l/z Mg
Mtree N 16 mx |

T (mMg)

~ ~1x107°,
16me%
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Example UV model-3

DM \ / DM DM \ DM DM DM DM / DM
/4
/4 w
/4

i

T, armV arnV

Figure 1: One loop DM/quark scattering for fermionic MDM with Y = 0. Two extra graphs
involving the four particle vertex exist in the case of scalar MDM.

An elastic cross section on nuclei is generated at loop level via the diagrams in fig. 1. An
explicit computation of the relevant one-loop diagrams is needed to understand qualitatively and
quantitatively the result. We find that non-relativistic MDM /quark interactions of fermionic
MDM with mass M > My > m, are described by the effective Lagrangian

, i i
TS 1 1 . - _ 2 - _
| XX X X 16
160y 2 | azz, T 2 XX Imaldd] = g Xs [2nawsd| - (16)

q L

Zeg = (n* — (1 £2Y)7)

M. Cirelli et al.(2005)
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Main Story

Neutron Star is a very strong Dark Matter Collector.

Collected DM can build up into extremely high densities.

Asymmetric (can’t self-annihilate) DM can turn NSs into Black Holes.
e Strong constraints for heavy asymmetric dark matter

Symmetric DM, however do self-annihilate

* Also strong constraints for symmetric DM, with asymmetric capture.

 Work with Zhen Liu, Maxim Pospelov, Sanjay Reddy. arXiv: 2508.04961
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