SN1987A constraints on Hadronically
Interacting Sub-GeV Dark Matter

Zun Wang
Supervisor: Yongchao Zhang

Southeast University




Dark matter landscape

107%*eV qepaxion  1keV  1GeV 100 TeV My, 10 Mg

e

Ultra-light DM Light DM WIMP Composite DM PBHs

Zun Wang — Southeast University



>GeV-scale dark matter
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[ Strong bounds from direct detection for dark matter above GeV-scale]

Zun Wang — Southeast University



Direct detection for Sub-GeV DM

Significant efforts are ongoing to push direct

detection to lower masses
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Direct detection for Sub-GeV DM
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Existing Bounds on Sub-GeV DM

“Model-independent” bounds from

Rogers, Dvorkin, Peiris (2021)
cosmology: Y

- matter power spectrum

« suppress structure on smaller scales

Largely have excluded by direct detection

B Ly-of (this work) Il Ly-af (SDSS-I)
—30 S MW satellites X-ray Quantum Calorimeter
Bl CMB Direct detection

log [Proton — DM cross section o (cm

If such a large cross-section allowed

in complete models? 5 6 7 8 9 10 11
log [Dark matter mass m (eV)]

Zun Wang — Southeast University



This work: massive mediators

We consider the case where mediator mass = 100 MeV (i.e. above the SN
bounds) and Dark matter interacts only hadronically at leading order.

Fouse on low-energy phenomenology

 Work in low-energy Chiral Effective Field Theory
* Nucleon bremsstrahlung, pion-DM conversion, nucleon-DM scattering
« Obtain conservative bounds on DM-nucleon cross-section from SN cooling

argument
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DM-SM interactions
1

Consider interaction of the form £ D EOSM(/)X

Table: Cox et al. (2025)

Osm |Oy (complex scalar DM) | O, (fermion DM)
qMyq XX XX
G, GH X" X XX
015 Myq or XX
G oy G cP iXV°X
<
qVuq i OFx XY X
TV Y54 cr X7 v°X
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Pseudoscalar operators

« DM and quark masses treated as perturbations added to the QCD Lagrangian
Us ~a Fauv . — —
£ = Locp +0(x) GG + inspl0)q(a)gle)  a=(u,d;s)

« Match onto the low energy SU(3); x SU(3)r/SU (3)y Chiral Lagrangian
B, s vmiony ol — P g (v -
A (X’ x) Tx[CH(U — UT)] — TIE o" (xiv’x) Tr [(U9UT —U0,U)]

7 2 (; = exp(? ,
_ thof ? L (xir®y) Tt [M, (U — UY)] o
6A' wT‘;_,_% at K+
H—( -4 I KU)
K

LO _
L CHPT —
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Pseudoscalar operators

« Leading-order DM couplings to nucleons

mN m _ = =
£10 = 13 Z (G = ) O )+ CamAxin’ xNin*N
q=u,d,s g=u.d.s
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Pseudoscalar operators

« Leading-order DM couplings to nucleons

mN m _ . = E
o= 35 2 G = 2 Cy) + Cemlag xin"xNin™N
q=u,d,s g=u.d.s

* Leading-order DM couplings to pions

1

.5 | 1 |
Lro =55 (Xi7"x) Bof | (C . —Cp)+ 5 (M —ma)C Ll =°
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Pseudoscalar operators

We consider two UV completion models

P P
[. Quark coupled C, =My Cq =0

[I. Gluon coupled Cf =0,CL =1

|

Re-expressed in terms of C¥and C4
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Dark matter luminosity

Dark matter pair luminosity per sec is obtained by integrating over the entire SN core
profile Rg :

k2dk
2112

_ Ro 24 (" prod
L=2x fO Anr2dr fO w ST exp [—7]
T= erQ Ergbs dr

ngmd - Production rate of dark matter

prod _abs -
: [ , I , funct f
F%bs : Absorption rate of dark matter [ X X rare THIEHON © r]

T: Optical depth
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SN1987A bounds from SN cooling argument

Figure: Chang, Essig, McDermott (2019)
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Fiducial model for the SN

Fiducial model

Figure: Chaos Museum

Core radius: R = 10km
Neutrinosphere radius: R, > 10km

Core Temperature: T = 30MeV

Core density: p = 3 x 10'%g/cm?3

Proton fraction: Y, = n,/ng = 0.3

Muon/Pion fraction: Y ,-,,- = n,-;z-/ngp ~ 0(1)%
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Fiducial model for the SN

Fiducial model

Figure: Chaos Museum

Core radius: R = 10km
Neutrinosphere radius: R, > 10km

Core Temperature: T = 30MeV Rc
Core density: p =3 x 101%g/cm?3
Proton fraction: Y, =n,/ng = 0.3

Muon/Pion fraction: Y ,-,,- = n,-;z-/ngp ~ 0(1)%

[ Consider different models to evaluate systematic uncertainties]
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SN1987A bounds

Three processes are relevant in the SN core :

Production processes Processes affecting the optical depth
* NN bremsstrahlung » Inverse NN bremsstrahlung
* Pion-DM conversion - Inverse pion-DM conversion

* Nucleon-DM scattering
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Dark matter production channel in the SN(1)

(1) Nucleon bremsstrahlung NN - NNyy Qnp > Qpp > Qpp

——o ! ' n

p -:-\% p P

p 'i'\n% p -ia\n%

,’04

"I
D

n * : — P n = : °

« Sum over 16 diagrams and squared to obtain the amplitude

Resonance when
m, <m_o/2
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Dark matter production channel in the SN(2)

(2) Pion-DM conversion N - Nyy

* Production rate depends on the pion distribution
—(E_——u_—)/T
fﬂ'_ p— e ( Y lu7r )/
m~ chemical potential p,- =p, —u, ~200 MeV

 neutral pion (& positively pion) abundance is highly suppressed

Fu-lfgo = €#n7/T < G(1023)  f - [f v = e2Ha~IT ~ 6(104-9)

[ Only need to consider 7~ p — n) ) for production ]
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Dark matter production channel in the SN(2)

(2) Pion-DM conversion = p - nyy

N N N N
(a) (b)
X X
o
N } N N L N

Resonance when
m, <m_o/2
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Comparison between diff production channels

Fermionic DM(pseudoscalar operator)[C} = M,] Fermionic DM (Gluon operator)

1055; , 1055; ﬁ
= | B
T 10% i R
= 10% 2 109
~ ~
101 A = 105MeV 10 A = 10°MeV
| — NN = NNxx | — NN - NNxx
103 — T P XX 1043 — T P XX
m_o/2 m, [MeV]  Mjo/2
r ) )
Dominant m, < m__o/2: Nucleon bremsstrahlung
channel m, = m_o/2: Pion-DM conversion
\_ 2 Y,
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Optical depth

- Inverse nucleon bremsstrahlung NN yy — yx

 Inverse pion-DM conversion [f o= 1+f H]—> [ More processes are possible for absorption]

nyy -m p pyx -un’p nxyy - n°n pyxy — n*n

« Scattering Ny - Ny

Important when inverse processes are
suppressed
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Existing constraints

. . . N
DM-nucleon cross-section is spin-dependent & momentum-suppressed o3p =

Fermionic DM(pseudoscalar operator)[CF =

M,]
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Results: Pseudoscalar operators

DM-nucleon cross-section is spin-dependent & momentum-suppressed

Fermionic DM (pseudoscalar operator)[C" = M,]

Fermionic DM(Gluon operator)

T ]
BBN BBN

PE A
1

107
T'_| tl['4_|
-36
z 10 2
. N
£ ] i)
ST i CEE T Freeze — in ] 5 L
‘H RO ~ ~ -43 ' 7
e ( _szfr___l?l-WeV) > 10 [T DM overabundant! Freeze — in
____________________________ \ (Try = 10MeV)
10—46 __ i I
i SN1987A
SN1987A 1078 ]
M| I Ll L ol I L el L L L Ll L Lol 1 el I Ll L T T S R A
0.1 1 10 100 1000 0.1 1 10 100 1000
my [MeV] my [MeV]

Zun Wang — Southeast University



Summary

 Light, hadronically-interacting DM(expect
from scalar operators) is strongly
constrained by SN1987A

Fermionic DM (pseudoscalar operator)[CF = M,]

* SN Bounds are highly complementary to
existing constraints

2Gev]
<]

« Implications for future low-mass direct
detection experiments
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