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Introduction

* The dark matter be captured by neutron star.

Halo DM




Introduction

* What DM can do to NS, after be captured?
»* After thermalization, DM accumulate at center of NS.

* DM-DM annihilate and emit neutrinos.

NS
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Introduction

* What DM can do to NS, after be captured?

* DM can kinematic heats NS, due to strong
gravitational potential of NS, DM is accelerated to

DM

T ~ 1480 K
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* What DM can do to NS, after be captured?

* DM can kinematic heats NS, which increase NS
temperature by
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temperature by
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Introduction

* What DM can do to NS, after be captured?

* DM can kinematic heats NS, which increase NS
temperature by
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Introduction

* What DM can do to NS, after be captured?

* DM can kinematic heats NS, which increase NS
temperature by 1480 K.
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Introduction

»* DM self-interaction help to increase the DM capture
rate.

* There iIs maximal capture rate (geometric limit), due to
the DM density~0.3 [GeV/cm/3]. It is about oy, = O(10~) em”

* For 1078 year old NS, captured DM is 10°{-18} of total
mass. NP
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»* DM self-interaction help to increase the DM capture
rate.

* There iIs maximal capture rate (geometric limit), due to
the DM density~0.3 [GeV/cm/3]. It is about oy, = O(10~) em”

* For 1078 year old NS, captured DM is 10°{-18} of total
mass. NP



Introduction

»* DM self-interaction help to increase the DM capture
rate.

* However, in neutron dark decay model, neutron will
convert into DM inside NS.

* More than 10% of NS could be DM. It helps to heat
NS. R
NS




DM captured rate

* The halo DM captured rate by NS is

dNpyv | Co+ CXX(Npum + Ny) If DM is y
dt | Ce+ (C&XNpy + CXN,) — CuNpyN,, If DMis




DM captured rate

* The halo DM captured rate by NS is

dNpyv | Co+ CXX(Npum + Ny) If DM is y
dt | C.+ (CXNpy+ CXXN,) — C,NpmN,, IfDMis y

- A A
Captured by neutron = DM-self captured ~ DM annihilation
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DM captured rate

* The halo DM captured rate by NS Is

dNpyv | Co+ CXX(Npy + Ny) If DM is y
dt C. + (CXENpm W CEXN, ) - CuNpuN,,  If DM is

Captured halo DM DM from neutron conversion
N X9




NS temperature evolution

* The evolution of NS temperature

dt Cy/




NS temperature evolution

* The evolution of NS temperature

dt
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NS temperature evolution

* The evolution of NS temperature
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NS temperature evolution

* The evolution of NS temperature
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DM annihilations
€x = § DM kinematic heating

i DM-NS thermal transition



NS temperature evolution

» The evolution of NS temperature
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NS temperature evolution

+ The evolution of NS temperature
W.Y.Keung, D.Marfatia, P.Y.Tseng: 2001.......
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* DM capture rate had reached geometric limit, increase
Cross section do not increase NS temperature.



Neutron dark decay model

* The neutron lifetime is measured in bottle
experiments and beam experiments.

+ Bottle: total lifetime is measured by counting the
number of neutrons in a container.

* Beam: count the number of protons from neutron
decay.

bottle

7_bca,rn L [P

" - Br(n — p + anything)




Neutron dark decay model

* From SM prediction, bottle and beam experiments

are almost equal.

* However, there Is 4-sigma tension between bottle and

beam:
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Neutron dark decay model

* From SM prediction, bottle and beam experiments
are almost equal.

* However, there is tension between bottle and
beam:
* To explain the discrepancy, of neutron decay Into

channel without proton.

ATI'(n — no proton) ~ 7.1 x 107°Y GeV




Neutron dark decay model

* The model, invoking dark decays on neutron:

B.Fornal, B.Grinstein, PRL 120, 19, 191801 (2018),
1801.01124,1810.00862.

n—x—+ o

937.992 MeV <my +mg < 939.565 MeV
937.992 MeV < my,
my — mg| < my +me = 938.783081 MeV




Neutron dark decay model

* The model, invoking dark decays on neutron:

B.Fornal, B.Grinstein, PRL 120, 19, 191801 (2018),
1801.01124,1810.00862.

n—x—+ o

937.992 MeV <my +mg < 939.565 MeV
937.992 MeV < my,
my — mg| < my +me = 938.783081 MeV

« Ag =~ 0.04



Neutron dark decay model

* The model, invoking dark decays on neutron

* DM mass is ~GeV, mixing with neutron, carries

B.Fornal, B.Grinstein, PRL 120, 19, 191801 (2018),
1801.01124, 1810.00862.

X Or x
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Stability of neutron star

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.
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Stability of neutron star

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.

* Cure by adding DM-neutron interaction, and repulsive
DM-self interaction. B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.

* The EoS and energy density are
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Stability of neutron star

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.

* Cure by adding DM-neutron interaction, and repulsive
DM-self interaction. B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.

»* The amount of DM inside NS can be determined by

ng — 2n,
222

Oe(np — Ny, N




Stability of neutron star

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.

B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.
» Cure by adding Interaction, and
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Stability of neutron star

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.

B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.
* Cure by adding DM-neutron interaction, and repulsive
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Stability of neutron star

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.

* Cure by adding DM-neutron interaction, and repulsive

DM-self interaction. B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.
W.Y.Keung, D.Marfatia, P.Y.Tseng: 2001.......
25, ' - - - - 10— p——
No DM-self — i 1 !
[ Repulsive DM-self - ] 8 ' 1 KX
Attractive DM-self ---- ; ! 1
] S 6 ; {F1 o6
------------------------------------------------------- < ;
. < 4 = R
2 - i N B 0.2
% 05 1_15 2 25 3 oo .. ||
M/Ms,in 102 10" 10° 10! _10%_10° 10* 10°
z [GeV]

2 = 10% CeV



Stability of neutron star

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.

* Cure by adding DM-neutron interaction, and repulsive

DM-self Interaction.
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Stability of neutron star

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.

» Cure by adding Interaction, and
interaCtiOn i B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.

* NS can be composed by 30% of DM and stable from

neutron dark decay model.
N = Y0




Heating NS by neutron dark decay

* Neutron dark decay model: the DM-neutron cross
section is (107" cm* < 0(107") em’ , therefore the DM
captured rate Is much smaller than geometric limit.

DM g>(,24><10_3

On ~ 10~ 14



Heating NS by neutron dark decay

* Neutron dark decay model: the DM-neutron cross
section Is  0(107") a? « 0(107%) m® , therefore the DM
captured rate Is much smaller than geometric limit.

* However, the DM-self interactions help to increase the

DM capture rate. - STulin, HB.Yu, KM Zurek: PRL,110(2013).111301
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Heating NS by neutron dark decay

* Neutron dark decay model: the DM-neutron cross
section IS 0(10~") an® < 0(10~%) an? , therefore the DM
captured rate Is much smaller than geometric limit.

* However, the DM-self interactions help to increase the
DM capture rate.
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Heating NS by neutron dark decay

» Neutron dark decay model: can heat up NS more than
1500 K by 1) NS I1s composed by substantial amount of
DM. ii) DM-self cross section is large enough.
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Heating NS by neutron dark decay

» Neutron dark decay model: can heat up NS more than
1500 K by 1) NS I1s composed by substantial amount of
DM. ii) DM-self cross section is large enough.
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Quark vector portal DM

Quark vector portal DM model:

&g _ _
Lint =D, F5X7"X0Nuq

g—u.,d,s

DM less than GeV mass is difficult to probe by DM
direct detection experiments.

It Is within the range of constraint from

For DM lighter than GeV, NS heating gradually loose
the sensitivity due to the Pauli-blocking effect.



p.24

P.Y. Tseng,
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Quark vector portal DM

* Quark vector portal DM model:

&g _ _
Lint =D, F5X7"X0Nuq

g—u.,d,s

* |nstead, DM-nucleon cross section need to be
calculated In relativistic limit.

|Fn(ER)|2

doxnyp($,1) (an,p) 2(f1° + 1)*miy — A(B* + 1)p*smi + i*(25° + 2st + 1)

d cos ., X 167 its

N.F.Bell, G.Busoni, and S.Robles: 1807.02840




Quark vector portal DM

* Quark vector portal DM model:

Qg _ _

Lint =D, F5X7"X0Nuq
g—u.,d,s

* At GeV scale, chiral Lagrangian is better description

to calculate the DM-annihilation cross section.

D.Berger, A.Rajaraman, and J.Kumar: 1903.10632.
|. Kumar:1808.02579
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Quark vector portal DM

* Quark vector portal DM model:

&g _ _
Lint =D, F5X7"X0Nuq

g—u.,d,s

+* The DM-neutron and DM-annihilation cross sections.

> The couplings of «, ~ 107*, the capture rate reaches
geometric limit. This Is about the sensitivity from
heating NS up to 1500 K.



Heating NS by Quark vector portal DM

* Quark vector portal DM model:

&g _
Lint =D, F5X7"X0Nuq

g—u.,d,s

+ Heating NS temperature
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Heating NS by Quark vector portal DM

* Quark vector portal DM model:

&g _ _
Lint =D, F5X7"X0Nuq

q:u?dﬁs

* Heating NS temperature:
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Heating NS by Quark vector portal DM

* Quark vector portal DM model:

Qq _

Lint =D, F5X7"X0Nuq
g—u.,d,s

* Comparing to future constraint from MeV-gap cosmic

gamma-ray of DM indirect detection:
D.Berger, A.Rajaraman, and J.Kumar: 1903. 10632

J. Kumar:1808.02579
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Heating NS by Quark vector portal DM

* Quark vector portal DM model:

&g _
Lint =D, F5X7"X0Nuq

g—u.,d,s

+* Heating NS temperature varying (s
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Heating NS by Quark vector portal DM

* Quark vector portal DM model:

&g _
Lint =D, F5X7"X0Nuq

g—u.,d,s

+* Heating NS temperature varying (s
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Summary

* We studied the GeV-mass DM captured by NS

* In general, neutron can convert into DM, which
pecomes substantial part of NS. DM-self interaction
nelps to enhance the DM captured rate,and heating
NS up to 1000 K.

* Old NS observation from future infra-red telescopes
will give constraints.



Summary

* GeV-mass DM from Neutron dark decay model and
guark vector portal DM model to illustrate the
constraints.

> Neutron dark decay model: entire region of mg 2 100 eV
can be probed.

» Quark vector portal DM model; «..« 2 O(10~%) can
achieve It is more stringent than DM direct detection
and indirect detection from MeV-gap gamma-ray.



Thank You!
Happy Chinese New Year






Introduction

* From SM prediction, bottle and beam experiments are
almost equal.

* However, there is 4-sigma tension between bottle and

beam ) B.Belfatto, R.Beradze, Z.Berezhiani, 1906.02714.
- e o 5172.0(1.21) ]
895 Brown - In 2.7:71(1 + 3gA) 1+ 3gA
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Models

* |t can couple to photon and pion:

B.Fornal, B.Grinstein, PRL 120, 19, 191801 (2018),
1801.01124,1810.00862.

Model 1 Model 11
n— X+ n— x + ¢

N — 39— x or X
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Models

> Requirement of ?Be stability, and prevent X decay
Into proton. It becomes good DM candidate.

Model 1 Model 11
n— X+ n—x+ o My,

4

037.900 MeV < m, < 938.783 MeV | 937.900 MeV < my +my < 939.565 MeV
/ 937.900 MeV < m

Mp =+ Me

Imy, — mg| < my, +me = 938.783081 MeV

W.Y.Keung, D.Marfatia, P.Y.Tseng: 1905.03401.




Signatures

* What sighatures are expected from Model | and II:

Model | Model 11
— 0 —
X +n— v+ a0 Y+n—=o+y+n°
p1 ki Y — 2L T
X —¢ AYAVAYAN/ X ) . 1 1 b
Al L1 3
X
n Alm — NN
" —b 0 n 4tk ]
— T N ) — ...
P2 ko n —’Lpg e ) A
W.Y.Keung, D.Marfatia, P.Y.Tseng: 1905.03401.




Signatures

* GeV DM annihilate with neutron, produce GeV photon
and pions.

» SuperK, HyperK, and DUNE can detect these
signals.

DEEP UNDERGROUND
NEUTRINO EXPERIMENT




Sighatures

* What sighatures are expected from Model | and II:

Halo DM
Ny Model I Model II
0 .
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W.Y.Keung, D.Marfatia, P.Y.Tseng: 1905.03401.




Model II

P2
937.900 938.783 937.900 937.900 939.174
0 0 0.391
937.900 2my, 940.000
0.04 0.04
5.64 x 10711 1.75 x 10719/4.09 x 10712 4.10 x 1012 4.03 x 10~11
GeV]| 7.1 x 10739 7.1 x 10739 | 3.7 x 10732 0 0

Lnsxy (or v [
Lo [GeV] - - 7.06 x 10739 7.10 x 1030 7.10 x 10730

xn — yr? (y = 2) xn — oyl (y = 2)

Lo [em?] 5.76 x 10792 5.53 x 107°14.74 x 107°7 1.27 x 10757 3.02 x 107°°
Super-K events 5.67 54.4 4.7 x107° 1.3 x107° 3.0 x 1073

Hyper-K events 138 1322 1.1 x 1073 3.0 x 1074 7.2 x 1072

DUNE events 9.29 89.4 7.7 x107° 2.0 x 107° 4.9 x 1073

STAR workshop, P.Y. Tseng, p.7
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a0 1%

7t 2x? 8% 0 1.5%
7t 37° 10% atam° 6.5%
ontn 70 22% nmta~2n° 11%

o2t 27 36% 7wt~ 30 28%
2t 2w 16% 2727 7%
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Tt w 10%
2r 2277 10%

STAR workshop, P.Y. Tseng,



STAR workshop,
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Signatures

* The predominating channel is multi-pions.

* The signal Is similar to the antineutron-neutron

oscillation searched at SuperK.
The Super-Kamiokande Collaboration: 1109.4227.

nematic cute (in Me T T T3 73 73
Kinematic cuts (in MeV) Nobs  Nbkgd  Nitperk| Niyperk| NDUNE

N
Guti) Pyt C [0,450] Mo C [750,1800] [17] | 24 241 [0,225]| [0,75] | [0,27]

cut-2| Pt C [0,100], Mot C [800,1050] [16] | 0 0.07  [0,7] 0,5.5] | [0,4]

cut-3| Py C [100,250], Moy C [800,1050] [I6]| 0 054  [0,6.5] 0,7 | [0,5.8

W.Y.Keung, D.Marfatia, P.Y.Tseng: 1905.03401.



Signatures

* The predominating channel is multi-pions.

* The signal is similar to the antineutron-neutron

oscillation searches at SuperK.

Mot [GeV]

W.Y.Keung, D.Marfatia, P.Y.Tseng: 1905.03401.
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Table 3. Percentage of events that pass the kinematic cuts.
Model II: Pi
X yn— oy xn— o370 xn — ¢5m°
15.4 % (78.3 %) 71.8 %
29x107% % 1. ; 57x1077% [24x107°% 24XTI0 "% 15x107" %
5

27x1070% 57x10719% 1.0x10719% | 38 %1074 % 23x107° %
Model IT: P3
X X X xn — ¢ym° n — ¢3m° n — ¢br’
14.6 % @ 87.3 %
1.3x10°%% 7. 32x107%% 10XI0°% 36x107"%
28 x 1071 % 1. ‘ 50x1074% 1.0x107*% 58x107°%

STAR workshop, P.Y. Tseng, p.12



Model II

P3
937.900 938.783 937.900 937.900 939.174

0 0 0.391
937.900 2m,, 940.000
0.04 0.04 0.04
5.64 x 1071 1.75 x 10710/4.09 x 10712 4.10 x 1012 4.03 x 10~
Ly (or 5y [GEV]| T.1x 10730 7.1 %1073 | 3.7 x 107°2 0 0

Lhyo [GeV] = 7.06 x 10739 7.10 x 10730 7.10 x 10730

‘ xn — multi-pions xn — @370 (y = 0.542) & yn — ¢57° (y = 0.337)
Lo [em?] 1.40 x 10716 1.35 x 10745 2.37 x 10~°! 5.14 x 104 7.04 x 10750

Super-K events 1.38 x 106 1.33 x 107 23.3 5.1 x 1072 693
Hyper-K events 3.35 x 107 3.22 x 108 567 1.23 16824
DUNE events 2.26 x 106  2.18 x 107 38.4 8.3 x 102 1137

STAR workshop, P.Y. Tseng,




NCTS annul 2019,

P.Y. Tseng,



STAR workshop,

0.937

P.Y. Tseng,



STAR workshop, P.Y. Tseng, p.7



8.936 0.937 0.938 0.939 0.94 0.936 0.937 938 0.9
m, [GeV] m, [GeV]

NCTS annul 2019, P.Y. Tseng, p.1



NCTS annul 2019,

%a(ﬁp — multi-pions)exp = 44 + 3.5 mb

P.Y. Tseng,



STAR workshop,

P.Y. Tseng,



Other constraints

» Stability of neutron star (NS).

B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.

»* Equation of State (EoS) describes pressure and
energy density at NS.

Ny Moy
D=2

6(7/?/71,3 77/)() — gnuc(an) —+ 5;((7’3)() |

* DM makes the EoS softer such that NS mass < 2
solar mass.

Os(np — Ny, Ny ) nE — 2n,

222

AFE =

anx = MX(”X) — #nuc(“n) =+
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Other constraints

» Stabllity of neutron star (NS).

B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.
Lo= (A7 uS dpj®r + A\ ®*" Y dpi + A\s X X ¢ + h.c.)
+ Mg |®* + mg|o]” +my X x +mg XX (38

+ puH "He¢ + g, XX ¢

* Higgs portal and DM-self interactions:

. KOy
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Other constraints

» Stability of neutron star (NS).

B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.

»* Equation of State (EoS) describes pressure and
energy density at NS.

Ny Moy
D=2

g(n?’“ nX) — gnuc(nn) -+ €X(’}’?,X) +

* DM makes the EoS softer such that NS mass < 2
solar mass.

Os(np — Ny, Ny ) nE — 2n,)

222

AFE =

Oy — MX(”X) — Mnuc(7n)



STAR workshop,

Neutron phase:
AEO > 0

P.Y. Tseng,



TOV Eq.

* NS becomes unstable: Equation of State (EoS) Is too
soft to maintain NS heavier than two solar mass.

B.Grinstein, C. Kouvaris, N.G. Nielsen, 1811.06546.

» Tolman-Oppenheimer-Volkoff (TOV) equation:

dP Gpm 47TP?"3 1 2Gm\ "
dr pc2 mec? rc?

dm 4

—— = 47r?

_d_’r' p ?

F.Douchin and P.Haensel ,astro-ph/0111092
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