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Celestial Bodies vs. Direct Detection
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Celestial Bodies vs. Direct Detection
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Celestial Bodies vs. Direct Detection

6 x 1040 kg day > 8 x 106 kg day




Precision Physics is Possible

- Neutron star spin among the best measured quantities in physics.

~ [psrj1713+0747|

| F= 218.8118437960826270 +/- 0.0000000000000988 s

F' = -4.083888637248 +/- 0.0000143324982645 X 10165

NANOGrav Collaboration (1801.02617)



A Multitude of Targets
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A Multitude of Signatures
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A Multitude of Dark Matter Models

Axion-like Standard Sterile
Particles Model v neutrinos

Neutrinos

Super- Extra-
symmetry dimensions

Modified _ Little
Gravity Higgs

Effective
Field
Theory

Emergent , Simplified
Gravity A Models

Macroscopic Macros Other WIMPzilla

Particle

Self-

bl MaCHOs Superfluid interacting

BHs







Standard Searches Fail in Many of These Scenarios
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Standard Searches Fail in Many of These Scenarios
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Standard Searches Fail in Manv of These Scenarios
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A Cacophony Of Studies
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How to Do Science in the High-Risk High-Reward Regime

1.) Avoid Two-Miracle Studies
o Standard model miracles cost half.
o Miracles can he correlated
2.) Focus on observables
o When the risk is high, observers will not spend effort on studies.
3.) Attack the biggest uncertainty, and then move on.

o Every individual study is individually unlikely.
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How to Do Science In the High-Risk High-Reward Regime

“Wear your ehaFaeteF theory as lightly as a cap.”
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A Few Recent Studies

1.) SuperK Neutrino Searches in the Sun (2501.14864)

2.) Stellar Heating at the Galactic Center (2311.16228; 2405.12267)

3.) Missing Pulsars at the Galactic Center (1405.1031, 1706.00001)



Super-Kamiokande Searches for the Sun

1.) Astrophysical Target: The Sun
2.) Darlkc Matter Target: Annihilating Leptophilic Dark Matter

3.) Detection Technique: Escaping Signals (Neutrinos)




Super-Kamiokande Strongly Constrains Leptophilic Dark Matter Capture in the Sun

Thong T.Q. Nguyen,'* * Tim Linden,* T Pierluca Carenza,'* and Axel Widmark! 2%

! Stockholm University and The Oskar Klein Centre for Cosmoparticle Physics, Alba Nova, 10691 Stockholm, Sweden
> Columbia University, 116th and Broadway, New York, NY 10027 USA

The Sun can efficiently capture leptophilic dark matter that scatters with free electrons. If this dark
matter subsequently annihilates into leptonic states, it can produce a detectable neutrino flux. Using
10 years of Super-Kamiokande observations, we set constraints on the dark-matter/electron scatter-
ing cross-section that exceed terrestrial direct detection searches by more than an order of magnitude
for dark matter masses below 100 GeV, and reach cross-sections as low as ~ 4 x10™* cm™2.
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Standard Searches Fail in Manv of These Scenarios
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Super-Kamiokande Searches for the Sun
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Dark Matter Capture in the Sun
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Super-Kamiokande

The Sun: '
o “Miracle” - Dark Matter

must be leptophilic.

Standard annihilation
cross-sections and
unconstrained
scattering rate.

Ed®/dE [cm™? s 1]

Significant annihilation
rate to neutrinos (or
taus).

107>
107°

=
N

o\l

-



Super-Kamiokande
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Super-Kamiokande
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Super-Kamiokande
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o When the cross-sections are velocity or momentum dependent, the high
velocity of electrons makes constraints much stronger, probing the
theoretical targets for leptophilic DM.



How to Do Science in the High-Risk High-Reward Regime

1.) Avoid Two-Miracle Studies

o Standard model miracles cost half.

o Miracles can be correlated

2.) Focus on observables

o When the risk is high, observers will not spend effort on studies. :7

7

3.) Attack the biggest uncertainty, and then move on.

o Every individual study is individually unlikely.



Immortal Stars at the Galactic Center

See also: work on Dark Stars (e.g., Spolyar & Freese)

SLAC-PUB-17770
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Immortal Stars at the Galactic Center

1.) Astrophysical Target: Galactic Center Stars
2.) DM with Scattering and Annihilation Cross-Section

3.) Detection Technique: Stellar Heating (Optical)




Immortal Stars at the Galactic Center

Many stars

within 0.016 pc




Immortal Stars at the Galactic Center

Paradox of Youth: Spectroscopically middle-aged but bright as young stars
Conundrum of Old Age: Lack of very old stars

**7 Top-heavy initial mass function: large abundance of massive stars




Immortal Stars at the Galactic Center

o Dark Matter annihilation
provides an additional
power source that heats
the star.

o The star maintains
equilibrium - it expands if
too much power is
Injected.




Immortal Stars at the Galactic Center
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Immortal Stars at the Galactic Center
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o Dark Matter annihilation
provides an additional
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too much power is
Injected.



Immortal Stars at the Galactic Center

o “Miracle” - Very high dark
matter densities at the
galactic center.

o Standard WIMP DM

© Lower Mass WIMPs (to
avoid direct detection
constraints)







Immortal Stars at the Galactic Center
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Multiple Stars in DM-Dense Regions
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Immortal Stars at the Galactic Center
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Immortal Stars at the Galactic Center

Failed Star Formation 1 0-32 Migrating Star Disrupted

10733 4
10734
10—35 \
10—36
1073/
10—38

0.01 0.1 1 10 100 102 0.01 0.1 1 10 100
m, [GeV] m, [GeV]




But

How Can You Use the Absence of a Star to Detect Something?



Immortal Stars
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Immortal Stars
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How to Do Science in the High-Risk High-Reward Regime

1.) Avoid Two-Miracle Studies

o Standard model miracles cost half.

o Miracles can be correlated

2.) Focus on observables

o When the risk is high, observers will not spend effort on studies. :7

7

3.) Attack the biggest uncertainty, and then move on.

o Every individual study is individually unlikely.



Super-Kamiokande Searches for the Sun

Super-Kamiokande Strongly Constrains Leptophilic Dark Matter Capture in the Sun

Thong T.Q. Nguyen,!>* Tim Linden,!' T Pierluca Carenza,!'* and Axel Widmark!: ?:3

! Stockholm University and The Oskar Klein Centre for Cosmoparticle Physics, Alba Nova, 10691 Stockholm, Sweden
2 Columbia University, 116th and Broadway, New York, NY 10027 USA

The Sun can efficiently capture leptophilic dark matter that scatters with free electrons. If this dark
matter subsequently annihilates into leptonic states, it can produce a detectable neutrino flux. Using
10 years of Super-Kamiokande observations, we set constraints on the dark-matter/electron scatter-
ing cross-section that exceed terrestrial direct detection searches by more than an order of magnitude
for dark matter masses below 100 GeV, and reach cross-sections as low as ~ 4 x10~*! ¢cm™2.
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Detecting Dark Matter with Imploding Pulsars in the Galactic Center

Joseph Bramante
Department of Physics, 225 Nieuwland Science Hall,
University of Notre Dame, Notre Dame, IN 46556, USA
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Neutron Stars are the Coolest Object in Physics

o 1.4 M, compressed into a 10 km radius
o Spinning up to 700 s-' (42000 rpm) -> velocity of 0.2c at the equator.

o Oblate spheroid to within 0.1 part in a million and spin-down power known to
a part in 1020

o Magnetic field of 100 T at the surface, electric field produces a potential of
1000 PV.



Neutron Stars as the Optimal Dark Matter Detectors

o Direct detection cross-sections
near 1046 cm2 produce
~1 event/(ton yr)

WIMP—-nucleon cross section [cm~|
WIMP—-nucleon cross section [pb]

o Sensitivity peaks near Xenon
mass, and falls off significantly at
higher or lower masses.
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Neutron Stars as the Optimal Dark Matter Detectors

o Direct detection cross-sections
near 1046 cm2 produce
~1 event/(ton yr)

Neutron star

Neutrinos

WIMP—-nucleon cross section [pb]
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Neutron Stars as the Optimal Dark Matter Detectors

o Direct detection cross-sections
near 1046 cm2 produce
~1 event/(ton yr)

Neutron star

WIMP—-nucleon cross section [pb]
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Energy Injection is Roughly Independent of Mass

Paul Blocking (< 1 GeV) Multi-Scattering (>1 PeV)

m 2
Eloss — —p(mxv )

m X




Energy Injection is Roughly Independent of Mass




The 2013 GC Magnetar Detection
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Before 2013, it was thought that , | RN 4
pulse dispersion made GC pulsars R, e T
invisible. | o 8 R

Magnetar observed (First in X-rays!)
in 2013.

SGR A*

Largest pulse dispersion of any
existing pulsar, but not sufficient to P
make GC pulsars invisible. Sl ey
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Dark Matter interactions in NS

o Dark Matter accumulation can
eliminate these pulsars:

© Need DM to either he non-
annihilating massive fermions or
bosons (to avoid Fermi degeneracy
pressure)

DM Mass m, [GeV]




But

How Can You Use the Absence of a Star to Detect Something?



Dark Matter interactions in NS

o Dark Matter accumulation can
eliminate these pulsars:

o Need DM to either be non-
annihilating massive fermions or
bosons (to avoid Fermi degeneracy
pressure)
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Dark Matter interactions in NS

o Dark Matter accumulation can
eliminate these pulsars:

o Need DM to either be non-
annihilating massive fermions or
bosons (to avoid Fermi degeneracy
pressure)
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Separation of Electromagnetic and Gravitational Signals
Astrophysical Ligo Signals

NS NS

Gravtywa/ \




Separation of Electromagnetic and Gravitational Signals

Astrophysical Ligo Signals DM Induced Collapse

NS NS

Gravtywa/ \ \




Separation of Electromagnetic and Gravitational Signals
Astrophysical Ligo Signals DM Induced Collapse

NS NS

Light
Gravity Waves Light
| Gravity Waves
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How to Do Science in the High-Risk High-Reward Regime

1.) Avoid Two-Miracle Studies

o Standard model miracles cost half.

o Miracles can be correlated

2.) Focus on observables

o When the risk is high, observers will not spend effort on studies. :7

7

3.) Attack the biggest uncertainty, and then move on.

o Every individual study is individually unlikely.



Conclusions
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Conclusions

2025 NCAA DIVISION I MEN’S BASKETBALL CHAMPIONSHIP

FIRST ROUND
3/20-3/21

1Auburn(zs-s)

16 Alabama St.(20-15)

SECOND ROUND

3/22-3/23

SWEETI6
3/273/28

16 Alabama St.(19-15)

16 Saint Francis U(16-17)

8 Louisville27-7)

g Creighton(24-10)

9 CREIGH

5 Michigan(2s-9)

12 UC San Diego(30-4)

4 Texas A&M(22-10)

13 Yale(22-7)

ELITEEIGHT FINAL FOUR FINAL FOUR

ELITE EIGHT
3/29-3/30 4/5 4/5 3/293/30

FIRST FOUR

11 Texas(19-15) American(22-12) 16

1 Xavier(21-11) Mount St. Mary's(22-12) 16

(tng)
:]-'Q"-E

I 20285 MEN'S I

6 Ole Miss(22-11)

11 North Carolina(23-13)

3lowa St.(24-9)

14 Lipscomb(25-9)

7 Marquette(23-10)

10 New Mexico(26-7)

2 Michigan St.(27-6)

15 Bryant(23-11)

SWEETI6 SECOND ROUND
3/273/28 3/22-3/23

San Diego St.(21-9) 11

North Carolina(22-13) 11

FIRST ROUND
3/20-3/21

Duke(31-3)1

Mount St. Mary’'s(23-12) 16

FINAL FOUR

yF T T I _v & 5 &

I —— SAN ANTONIO —— l

/ﬂ“

1Florida(zo-4)

16 Norfolk St.(24-10)

g8 UConn(23-10)

9 Oklahoma(2o-13)

5 Memphis(29-5)

12 Colorado St.(25-9)

4Maryland(2s-8)

13 Grand Canyon(26-7)

Mississippi St.(21-12) 8

Baylor(is-14) 9

Oregon(24-9)5

Liberty(2s-6)12

Arizona(22-12) 4

Akron(zs-6)13

BYU(24-9)6

VCU(2s-6) 11

NATIONAL
CHAMPIONSHIP
0%/07

FLA V1HOU

s Missouri(22-11)

11 Drake(30-3)

11 DRAKE

3 Texas Tech(z2s-8)

14 UNC Wilmington(27-7)

7 Kansas(21-12)

10 Arkansas(20-13)

2St. John's(30-4)

15s Omaha(z2-12)

2 STJOHN

Wisconsin(2s-9) 3

Montana(2s-9) 14

Saint Mary's(28-5) 7

STMARY 7

Vanderbilt(2o-12) 10

Alabama(zs-8) 2

Robert Morris(26-8) 15

Houston(30-4)1

SIU Edwardsville(22-11) 16

Watch the tournament on these
networks or at NCAA.COM/MarchMadness

i) N X
IR
4

#MARCH MADNESS
#MFINALFOUR

Gonzaga(zs-8) 8

Georgia(2o-12) 9

Clemson(27-6) 5

MCNEES 12

McNeese(27-6) 12

Purdue(22-11) 4

High Point(29-5)13

Illinois(21-12) 6

Xavier(2z2-1) 1

***All Times Eastern***

*On March 16, the NCAA Division | Men's Basketball Committee will select eight teams to play in the First
Four. Those games are scheduled for March 18 and 19 in Dayton. The four winning teams will advance to
first-round sites to be determined by the committee during selection weekend. First-/second-round and

regional sites will be placed in the bracket by the committee on March 16.
March 20 and 22 first-/second-round sites: Denver, Lexington, Providence, Wichita.
March 21 and 23 first-/second-round sites: Cleveland, Milwaukee, Raleigh, Seattle.
March 27 and 29 regional sites: Newark, San Francisco.
March 28 and 30 regional sites: Atlanta, Indianapolis.

©2025 National Collegiate Athletic Association.
No commercial use without the NCAA'’s written permission.
The NCAA opposes all forms of sports betting.

Kentucky(22-11) 3

Troy(23-10)14

UCLA(22-10)7

Utah St.(26-7)10

Tennessee(27-7) 2

Wofford@9e-15) 15
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o When the cross-sections are velocity or momentum dependent, the high
velocity of electrons makes constraints much stronger, probing the
theoretical targets for leptophilic DM.



A Note Regarding 2503.07713

* Our work

* Super-K atmos v,
B * Super-K atmos v,

Super-K (Kopp, et al.)
IceCube 2016
DeepCore-2016
XENONIT
DeepCore-2021




A Note Regarding 2503.07713

Gould, 1987a (Astrophys.). 321 (1987) 560)

o0 O

R(w — v) = 4”_1N0% / dz / dyx®(z + y)e"'°2"26(v~ 'y [)0(z — w) (A11)

1
T2
0

= = JLL?"J\fvl)-[x(—& o) + x(—B-, By )e 2w (v, Al5
T,V —ya4) + x(—0-, B+ - (A15)

Garani & Palomares-Ruiz (1702.02768)

k. w — u| fi(u,r) d3u

00 1 d ;
/ du u? / dcosf — w — u) e~ /i (r)
0 —1 dv




A Note Regarding 2503.07713

Moreover, the distribution of energy loss is uniform over this interval. On the

other hand, scattering from velocity w to a velocity less than v, requires an energy
loss of at least

AE w2____2 2
———-—Z 'U:u

= - — (2.11)

Combining expressions (2.9) and (2.11) gives the probability that a given scat-

tering will leave the WIMP with less than escape energy,

2
u

£ 2. (2.12)
Ky W

The rate of scattering from w to less than v is just the product of the total rate

of scattering, onw, with the conditional probability (2.12). This result may be

written,

(2.13)

Gould, 1987b (Astrophys.). 321 (1987) 571)



A Note Regarding 2503.07713

10%7
o Incorrectly adding a zero-

temperature kinematic 10%°
cutoff significantly
suppresses the leptophilic 2
dark matter capture rate in
the Sun (by a factor of ~7).
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—— Our result (2501.14864)
Garani et al. (1702.02768)

® Our result + Zero-temp. assumption
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Correcting this error leads to

stronger limits in many
studies. ® Finite Temperature correction
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