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Dark matter is ubiquitous in the Universe!
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What is the essence of DM?

» Dark matter == mass m,

» To measure wmp DM-SM interaction == cross sections oynpe..., (OV)

my eV MeV GeV > TeV

not-to-scale



The DM probes: m, & o

my eV MeV GeV > TeV

not-to-scale



CDEX Collab. Hochberg+ (2016)
LUX Collab. Geilhufe+ (2019)

SENSEI Collab. Kim+ (2020)

The DM probes: my, & o
Essig+ (2015) Knapen+ (2020)...
Hochberg+ (2015)
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See: Jungman+, PP 267, 195 (1996) Essig+, 2203,08297
Bertone+, PP 405,279 (2005) Billard+, RPP 85, 056201 (2022)

® Battaglieri+, 1707,04591 Cooley+, 2209.07426
c u r re n t co n St ra I n ts Knapen+, PRD 96, 115021 (2017) ... for comprehensive reviews

Lin (TASI2018), 1904.07915 (2019)
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o Battaglieri+, 1707,04591 Cooley+, 2209.07426
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See: Jungman+, PP 267, 195 (1996) Essig+, 2203,08297
Bertone+, PP 405,279 (2005) Billard+, RPP 85, 056201 (2022)
Battaglieri+, 1707,04591 Cooley+, 2209.07426

: . .
C u r re n t co n St r a I n t s Err\\a(p_ﬁrg-ll-z, 553’9169,0141 89511 5(%%17;) ... forcomprehensive reviews

Spin-dependent oy, Spin-independent oy Annihilation cross section <ov)

Combined ANTARES/IceCube search
ANTARES [PLB (2017) 769:249, PLB (2019)]
IceCube [EPJC (2017) 77:627]

- Fermi+MAGIC - dSphs [JCAP (2016) 02:039]
H.E.S.S. - Einasto [PRL (2016) 117:111301]
Veritas - dSphs [PR (2017) 95:082001]
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my eV MeV GeV > TeV

» The constraints are very stringent on various interaction cross section

The stringest limits: aig ~ 107* cm? Ji% ~107%em®  (ov) ~ 1070 cm3s7!

» 'The constraints are in general independent of any particle physics model
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See: Jungman+, PP 267, 195 (1996) Essig+, 2203,08297
Bertone+, PP 405,279 (2005) Billard+, RPP 85, 056201 (2022)
Battaglieri+, 1707,04591 Cooley+, 2209.07426
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» 'The constraints decreases as m, goes lighter: O(107°% — 107%%) cm?



See: Jungman+, PP 267, 195 (1996) Essig+, 2203,08297
Bertone+, PP 405,279 (2005) Billard+, RPP 85, 056201 (2022)
Battaglieri+, 1707,04591 Cooley+, 2209.07426
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» 'The constraints decreases as m, goes lighter: O(107°% — 107%%) cm?
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» 'The constraints decreases as m, goes lighter: O(107°% — 107%%) cm?

» Left panel assumes DM is massive dark photon V), and can kinetically mix with SM U(1)

field A p Holdom, PLB 166, 196 (1986)

2
£ m
LD _iFMVV/W + 2V VMV’M An+, PLB747,331 (2014)



How compact
star probes DM?
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Probing DM with NS
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Probing DM with NS

Baryakhtar+, PRL 119, 131801 (2017)
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Probing DM with NS: The DM heating effect

Baryakhtar+, PRL 119, 131801 (2017)
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Probing DM with NS: The DM heating effect

Baryakhtar+, PRL 119, 131801 (2017) Kouvaris, PRD 77, 023006 (2008)
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Probing DM with NS: The DM heating effect

Baryakhtar+, PRL 119, 131801 (2017) Kouvaris, PRD 77, 023006 (2008)
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» Energy could be transferred from both effects to NS and affect the cooling process

. . Page+, ApJS 155, 623 (2004)
T: —€,, — €, ~ . neutrino and photon coolings
Aline =€y — €+ €& Y ] p & Kouvaris, PRD 77, 023006 (2008)
dt cy €y : DM heating




Probing DM with NS: The DM heating effect

Baryakhtar+, PRL 119, 131801 (2017) Kouvaris, PRD 77, 023006 (2008)

. _l f Y, )/ Y )/

‘ ey -
. Crab 7. Vela
. 3C58 8. PSR0656+14
. PSRJ1119-6127 9. Gaming
. RXJ0822-43 10. RXJ1856-3754
. PSRJ1357-6429
. RXJ00007.0+7303

104 105 100 107 108 10° 1010
kinetic heating annihilation heating i)

» Energy could be transferred from both effects to NS and affect the cooling process

. . Page+, ApJS 155, 623 (2004)
T: —€,, — €, ~ . neutrino and photon coolings
Aline =€y — €+ €& Y ] p & Kouvaris, PRD 77, 023006 (2008)
dt cy €y : DM heating

» The temperature of Gyr-old NS could be lifted up to O(3000K)

Raj+, PRD 97, 043006 (2018)
Tiin ~ 1750 F1/4 K or Tkintann ~ 3100 Y4 K Lins JHEP 08, 069 (2018)



Probing DM with NS: The DM heating effect

Baryakhtar+, PRL 119, 131801 (2017) Kouvaris, PRD 77, 023006 (2008)
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» Energy could be transferred from both effects to NS and affect the cooling process

. . Page+, ApJS 155, 623 (2004)
T: —€,, — €, ~ . neutrino and photon coolings
AL in _ T T & T & vy b S Kouvaris, PRD 77, 023006 (2008)

dt cy €y : DM heating

» The temperature of Gyr-old NS could be lifted up to O(3000K)

Raj+, PRD 97, 043006 (2018)
Tiin ~ 1750 F1/4 K or Tkintann ~ 3100 Y4 K Lins JHEP 08, 069 (2018)

» All model-dependent and kinematic terms are encoded in 0 = f = 1, eg. cross sections,

. . . : Bell+, JCAP 09, 028 (2020)
branching ratios, Pauli blocking effect...etc el AP 03, 036 oo



Probing DM with NS: The DM heating effect

Baryakhtar+, PRL 119, 131801 (2017) Kouvaris, PRD 77, 023006 (2008)
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» Energy could be transferred from both effects to NS and affect the cooling process

. . Page+, ApJS 155, 623 (2004)
dT: — €, — € € €, ~ . neutrino and photon coolings
int _ "€ T €y T € vy b S Kouvaris, PRD 77, 023006 (2008)

dt cy €y : DM heating

» The temperature of Gyr-old NS could be lifted up to O(3000K)

Raj+, PRD 97, 043006 (2018)
Tyin ~ 1750 /4 K or Tiintann ~ 31004 K Lins. JHEP 08, 069 2018)
» All model-dependent and kinematic terms are encoded in 0 = f = 1, eg. cross sections,

. . . : Bell+, JCAP 09, 028 (2020)
branching ratios, Pauli blocking effect...etc el AP 03, 036 oo

» The temperature difference between the prediction of the standard cooling mechanism and
observation can be used to constrain DM and BSM physics Lin+, PrD 104, 063021 (2021)
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Resulting temperature and sensitivity

Joglekar+, PRD 102, 123002 (2020)
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Pure kinetic heating

» NS probes the sensitivity region (left) that is much larger than the direct search for
T, = 16004 K for f =1



Resulting temperature and sensitivity

Joglekar+, PRD 102, 123002 (2020) Lin+, PRD 104, 063021 (2021)

ay =001, my=0.1m,,n=1 @, =001, my=0.1m,,n =00

neutrons
protons

electrons

[ c01x] ™1

thermal relic {oV)
thermal relic {ov)

10* my, [GeV]

Pure kinetic heating Kinetic + annihilation heating

» NS probes the sensitivity region (left) that is much larger than the direct search for
T, = 16004 K for f =1

» 'The neutron to proton yields in NS is about 100, an ideal place for testing asymmetry
couplings of DM to EM (¢,) & NC (¢&z) interactions

N g NC
J JEM J VH
portal (576 " —i_SZCOSQW I )




See: Petraki+, JMPA 28, 1330028 (2013)
Zurek, PP 537,91 (2014)
...for ADM reviews

Probing DM with NS: The DM collapse

» »

Bramante+, PRD 89, 015010 (2014)
Lin+, JCAP 08, 022 (2020)

» Asymmetric DM: No annihilation to deplete the number of ay =1,my=1MeV
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See: Petraki+, JMPA 28, 1330028 (2013)
Zurek, PP 537,91 (2014)
...for ADM reviews

Probing DM with NS: The DM collapse
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See: Petraki+, JMPA 28, 1330028 (2013)
Zurek, PP 537,91 (2014)
...for ADM reviews

Probing DM with NS: The DM collapse

» »

Bramante+, PRD 89, 015010 (2014)
Lin+, JCAP 08, 022 (2020)

» Asymmetric DM: No annihilation to deplete the number of @y = 1.my =1 MeV
DM captured in the NS then trigger the gravitational 1 ,
instability : ‘.‘ L

» Fermi degeneracy pressure could be overcame by attractive . | XENONIT excl
DM self-interaction = Black hole (BH) o | /

» Accretion dominates or evaporation dominates?

e Does the DM effective mass in the high density region

change due to DM self-interaction = Gresham+, PRD 96,096012 (2017)
Gresham+, PRD 99, 083008 (2019)

e Bosonic DM = Bose-Einstein condensation Bell+, PRD 87, 123507 (2013) enlep =001
Guver+, JCAP 05,013 (2014) ===t g/e, =011
. . Kouvaris+, PRD 92, 063526 AN
e Is such endoparasitic BH in NS observable? (2015) s[L | SR

3 2 N2 3 4 5 6 7
East+, PRD 100, 124026 (2019) ey
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» The BDM carries energy larger than the detector threshold, eg. Super-K, DUNE...etc



The idea behind: Boosted DM (BDM)

» Halo DM upscattered by cosmic particles, eg. v, e...etc = T, > m, = Boosted
/ / /
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px = (my,0)
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» The BDM carries energy larger than the detector threshold, eg. Super-K, DUNE...etc

» Current constraints
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Cosmic-neutrino BDM



The idea behind: Boosted DM (BDM)

» Halo DM upscattered by cosmic particles, eg. v, e...etc = T, > m, = Boosted
/ / /
]?V — (lEL'7I)L/)

px = (my,0)
oy

py = (Fu,pv)

» The BDM carries energy larger than the detector threshold, eg. Super-K, DUNE...etc
» Current constraints
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Time-of-flight: A direct m, measurement
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Constraint and sensitivity

» Constraint from SN1987A (LMC) and projected sensitivity for the next GC SN are placed
on s = \/m aS N, X 0y, 0ye

» 'To compare with the existing bounds, we assume gy, = 0y
» ToF is not only for direct m, measurement, but also for background control

» 'The background N, ~ 526 events/kton/year Abe+ sk, PRD94,052010 (2016)

Cosmic rays
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reflection
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Summary

» Selected-topics on LDM probe with NS and
supernova neutrinos are presented

» Both are complementary to the current direct
searches

» NS: heating and DM collapse
» Supernova neutrinos: boosted DM and ToF

» ToF can be used to do a direct my measure-
ment

» The associated constraints and sensitivities are
much improved in eV < m, < GeV
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