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[The second]  



The tools of particle astrophysics  
probe the largest and smallest distance 
scales in the universe… 

   gravitational waves

dark matter

cosmic rays
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Evidence from a range of scales, 
        from a range of times 

Evidence for Dark Matter 
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The Standard Model of Cosmology 

(NASA)
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The Standard Model of Particle Physics  
    describes <5% of the universe! 

(NASA)
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The Standard Model of Cosmology 
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Theorist’s View 
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(thanks to H. Murayama)

New sociology: dark matter definitely exists, naturalness problem may be 
optional?  Need to explain dark matter on its own.
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Indirect Detection Strategies 

Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234

the self-annihilation cross section, and 
spin-dependent DM-nucleon interactions

Ellis et al., ESPPU Physics Briefing Book, CERN-ESU-004 (2019)
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    … to look for dark matter



Self-Annihilation Signal 

Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234
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Bell, TAUP 2023
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Self-Annihilation Searches 

Bell, TAUP 2023

Neutrinos 

Bell et al. JCAP 09 (2020) 019

TeV Gamma Rays 
Montanari et al., 
Phys.Rev.D 107 (2023)

Leane et al., Phys.Rev.D 98 (2018) 



Visible Final States  
Prospects for WIMPs 

Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234W
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Invisible Final States  
Prospects for WIMPs++ 
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Neutrinos: Prospects
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Spin Independent:
χ scatters coherently off of  
the entire nucleus A:  σ~A2 
  

Spin Dependent: 
mainly unpaired nucleons contribute  
to scattering amplitude: σ~ J(J+1) 
  

N N

χ χ
scattering kinematics: v/c ~ 8E-4!

q2 = 2mT Erecoil

ED =
1
2

mDv2

r =
4mDmT

(mD +mT )2

Erecoil = EDr
(1� cosq)

2

Direct Detection Strategies 

D. Z. Freedman, PRD 9, 1389 (1974)  

recoil angle strongly correlated 
with incoming WIMP direction
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10

1

0.1

100 GeV/c2 WIMP mass
1E-45 cm2 WIMP-nucleon SI σ

~

χ

Heat

Ionisation

Scintillation

χ

experimental challenges:  
~1-10s of keV energy threshold, 
low signal rate,  
backgrounds!

Scattering Signal 
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Snowmass Cosmic Frontier Report, arXiv:2211.09978
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Direct Detection WIMP Searches 
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Snowmass Cosmic Frontier Report, arXiv:2211.09978
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how do we get here?

Direct Detection WIMP Searches 



Snowmass Cosmic Frontier Report, arXiv:2211.09978
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Direct Detection WIMP Searches 



Xenon Detectors

XENON 10 (LNGS) 

  DARWIN/ 
      XLZD  
          50 t  

10 kg 

100 kg 
XENON 100 (LNGS)

1,000 kg 

XENON 1T  
       (1t, LNGS) 

XENONnT: (6t, LNGS)
PandaX-4:(4t, CJPL)

LZ: (7t, SURF)

Xenon1T

2010

2015

2020

ZEPLIN I,II,III (Boulby)

10,000 kg 

LUX (250 kg,  
              SURF)  

XMASS 
       (800 kg,             Kamioka) 

PANDA-X             500 kg, 
                                    CJPL) 

Xenon10

Aprile E., et al. SPIE, Vol. No. 4140 (2000)  LXeGRIT

19

Aalbers et al., Phys. Rev. Lett. 131, 041002 (2023)



Argon Detectors

1,000 kg 

10000 kg 

ArDM   
    (1t, LSC) 

  Future:  
  ARGO  
  kt-scale 
     

10 kg 

100 kg 

DEAP-3600 (3.6t,  
                  SNOLAB) 

2010

2015

2020

      (50t, LNGS) 

100,000 kg 

Global Argon Dark Matter  
       Collaboration formed  

            DarkSide-20k

10,000 kg 

DarkSide-50  
    (50 kg,  
          LNGS) 

         DarkSide-20k: observatory for dark matter and ν.       
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Direct Detection Beyond WIMPs

SI
M

P

Q
C

D
 a

xi
on

10
–10

10
0

10
6mass

[GeV]
moduli w/

vector mediation

gravitino

st
er

ile
 n

eu
tr

in
o

as
ym

m
et

ri
c 

D
M

WIMP

de
fe

ct
s

non-thermal

10
19

      Jocelyn Monroe                                                                                                                                                21



Direct Detection Beyond WIMPs

SI
M

P

Q
C

D
 a

xi
on

10
–10

10
0

10
6mass

[GeV]
moduli w/

vector mediation

gravitino

st
er

ile
 n

eu
tr

in
o

as
ym

m
et

ri
c 

D
M

WIMP

de
fe

ct
s

non-thermal

10
19

      Jocelyn Monroe                                                                                                                                                21

Axions: Huge range of techniques to detect axion-photon coupling: halo/helioscopes, 
“light through a wall,” axion-induced RF motivating quantum sensors: QSHS, AION++ 
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Axions: Huge range of techniques to detect axion-photon coupling: halo/helioscopes, 
“light through a wall,” axion-induced RF motivating quantum sensors: QSHS, AION++ 

how do we get here?

Badurina et al., JCAP 05 (2020) 011



Direct Detection Beyond WIMPs
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Sterile neutrino dark matter can scatter 
 with electrons NS e-       νe e- 

Constraints on |Ue4|2 from beta decay: energy  
spectrum modified by sterile neutrino mixing. 
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Constraints from indirect detection: x-ray energy 
spectrum strongly limits |Ue4|2 + 3.5 keV anomaly
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Sterile neutrino dark matter can scatter 
 with electrons NS e-       νe e- 

Constraints on |Ue4|2 from beta decay: energy  
spectrum modified by sterile neutrino mixing. 
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Weinheimer, ESPPU’19

Constraints from indirect detection: x-ray energy 
spectrum strongly limits |Ue4|2 + 3.5 keV anomaly

Phys.Rev.Lett. 130 (2023) 10, 101002
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keV-scale dark matter: 
search for absorption: 

PRL 130 (2023) 10, 101002

PRL 130 (2023) 10, 101002

MeV-scale dark matter: search for scattering 

GeV-scale dark matter: search for scattering 
with nuclear + electronic recoil final states 

PRL 130 (2023) 10, 101001



What if dark matter and cosmic rays interact? 
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Cosmic Rays / Dark Matter

Cosmic ray “downscattering:”                                         

Capiello et al., Phys.Rev.D 99 (2019) 6, 063004
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Cosmic Rays / Dark Matter

Cosmic ray “downscattering:”                                         

Capiello et al., Phys.Rev.D 99 (2019) 6, 063004

“Reverse Direct Detection”
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Cosmic Rays / Dark Matter

Cosmic ray “downscattering:”                                         

Capiello et al., Phys.Rev.D 99 (2019) 6, 063004

“Reverse Direct Detection”

Dark matter “upscattering:”                                         

Bell et al., Phys.Rev.D 104, 076020 (2021)
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Cosmic Rays / Dark Matter

Cosmic ray “downscattering:”                                         

Capiello et al., Phys.Rev.D 99 (2019) 6, 063004

“Reverse Direct Detection”

Dark matter “upscattering:”                                         

Bell et al., Phys.Rev.D 104, 076020 (2021)
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Planck-scale dark matter may be produced non-thermally in GUTs,                                           
primordial black hole radiation or extended thermal production                                                             
in a dark sector 

Unlike WIMPs, super heavy dark matter may scatter multiple                                              times as 
it traverses a detector… signal: multiple nuclear recoils

χ

χ

γ

γ
γ

γ

γ
γ

γ

γ
γ

         Extrapolation: scales flux with nX and regions of mX consistent with null result

PR
L 128 (2022) 1, 011801
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ESPPU Physics Briefing Book, 
CERN-ESU-004 (2019)

limits on branching 
ratio translated 
to limits on cross 
section vs. mass
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Complementarity with Direct Detection 



“Particle Physics in the Future” C. Llewellyn Smith (1993)
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Final Thought 

May Perkins’ optimism for “particles and radiations which bombard us from outer  
space … with new experimental discoveries being made on an almost daily basis”                                         
continue to be justified! 
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Extra Slides



DAMA/LIBRA: measure (0.0112±0.0012) cpd/kg/keV,  
t0 = (144±7) d in 1.33 T-yr.   

many other searches, on Ge, CsI, Xe, etc. 
observe no evidence of modulation. 

In the same underground laboratory: 
XENON100: Xe, 4.8σ exclusion of DAMA,  
test of leptophilic dark matter  arXiv:1507.07748 

Annual Modulation Tests
predicted modulation A~0.02-0.1, t0=152.5 days  
t0 =  

  
CoGeNT 
(dashed line) 

CDMS 
(solid points)

31

SciPost Phys. Proc. 12, 025 (2023) 
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COSINE-100, ICRC2023

With the same target (different laboratories): 
COSINE-100: no evidence of modulation 
ANAIS: PRD 103, 102005 (2021)  



Many new experiments 
planned or proposed for  
hidden sector searches. 

Major synergistic topic of  
Dark Sectors work at CERN. 

Fixed- 
Target  
Strategies 

Ellis et al., ESPPU Physics Briefing Book, 
CERN-ESU-004 (2019)

Renaissance of 
the fixed-target! 
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Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234

Yu, TAUP2019 
Gravitational Detection Strategies

33
      Jocelyn Monroe                                                                                                                                                



Complementarity with Indirect Detection: leading constraints at high mass from WIMP-p scattering     
+ capture in the sun, leading to annihilation signatures in neutrino telescopes. 

Amole et al., arXiv:1902.04031

PICASSO, SIMPLE,  
PICO-2, PICO-60 (CF3I),  
ICECUBE, SUPER-K, 
PANDAX-II 
  

Aprile et al., arXiv:1902.03234

Complementarity with Indirect Detection 

34

Aprile et al., arXiv:1902.03234
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Direct Detection: Is the Neutrino Bound the End?  No.

simulation with 

(energy, angle, time) of neutrino 
background vs. DM signal differ.  

• no ν bound for directional detectors  
Grothaus, Fairbairn, JM, Phys.Rev.D90 (2014)

A ν background paradigm… 
for non-directional detectors 

the discovery reach 
depends on ν flux errors 
and on ν-e discrimination. 

• sensitivity scales with sqrt(time) instead of linearly in time (with zero background) 

2−10 1−10 1 10 210
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