
Ultraheavy Dark Matter

Nirmal Raj 
TRIUMF

Dark Interactions, 14 Nov 2022

based on 2203.06508 — Snowmass white paper, 
work with DEAP-3600 (S. Garg, M. Lai, S. Westerdale) &  
J. Bramante, B. Broerman, J. Kumar, R. Lang, M. Pospelov 
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dark matter mass
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“ultraheavy”

friendly to  
colliders,  
thermal unitarity < 1 event/m2/yr, 

not elementary

(UHDM)

Snowmass 2203.06508 

most attention here



Make & model

Snowmass 2203.06508 



Make & model

Snowmass 2203.06508 

+ extremal 
charged BHs

+ electroweak  
solitons

UV freeze-in 
for UHDM

+ dark monopoles

pushes up unitarity limit



“Break it”

+ inherently multi-messenger since mDM ≫ ΛEW

+ cascading via CMB interaction => low-energy detectors important!
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fix: larger exposures

fix: move up the detector

fix: electronics, materials science
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Ultra-ultraheavy

CDMS-I

Drawn in 1999! 
This frontier no  
longer as active.

CRESST-III

CRESST surface

WEARY

fix: larger exposures

fix: move up the detector

fix: electronics, materials science
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Profusion

7 centimetres

       dark matter mass 
             100 GeV 
             WIMPs
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Rarity

> 4 kilometres

       dark matter mass 
           2 x 1016 GeV 
           DAMA limit
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10 cm

10 cm

DAMA 
1999 

search

(Q1) Can our dark matter detectors hunt 
          the rarest huntable?

TODAY

(Q2) Are there bigger detectors that can  
         join the hunt?

Phys.Rev.D. (2018)
N. Raj, B. Broerman, J. Bramante, R. Lang

N. Raj, B. Broerman, J. Bramante,  
    J. Kumar, R. Lang, M. Pospelov

Phys.Rev.D. (2018)

350 days

N. Raj, J. Bramante, J. Kumar
Phys.Rev.D. (2019)

N. Raj + DEAP-3600 experiment
Phys. Rev. Lett. (2022)
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100 cm 130 cm 50 cm

XENON1T/ 
LUX/ 
PANDAX-II

DEAP-3600 PICO-40L

10 cm

10 cm

DAMA 
1999 

search

 Today’s dark matter detectors



 Multiscatter signatures essential

MANY SCATTERS
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B. Broerman, J. Bramante, R. Lang, N. Raj

𝜎 x target number density x path length# scatters per transit = 

Phys.Rev.D. (2018)
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B. Broerman, J. Bramante, R. Lang, N. Raj

𝜎 x target number density x path length# scatters per transit = 

Phys.Rev.D. (2018)

Goodman & Witten, 1985:

- DAMA ’99 based on this ‘multiple 
scatters’ signature 

- Not sought any more. Would double the 
reach of all current experiments!



BULLET CLUSTER

CMB
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Reverse Rutherford

Experiment 2

PICO-40L XENON1T & LUX 
 

DEAP-3600

this talk analyses ongoing

liquid Ar liquid Xe bubble chamber

result to appear 
in Broerman’s 
PhD thesis
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(Q1) Going to the Planck mass

DEAP-3600 @ SNOLAB

130 cm

back-of-the-envelope (2019):

largest dark matter detector in operation 
=> 
greatest flux of dark matter admitted 
=>
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(Q1) Going to the Planck mass

multiscatter signatures: 
waveforms of energy  
deposition in liquid argon

working group
W. Bonivento, S. Garg, M. Lai, N. Raj, 
S. Westerdale. 

DEAP-3600 @ SNOLAB
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(Q1) Going to the Planck mass

 N. Raj & DEAP-3600
Phys.Rev.Lett. (2022)

per-nuclear cross section

per-nucleon cross section
=

A4

1

mχ ≥ 1.2 × 1019 GeV
(MPlanck)

limit:

(like hitting the sound barrier)



BULLET CLUSTER
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(Q2) Are there bigger detectors that can  
         join the hunt?

                   Phys.Rev.D. (2018)

 XENON1T 
 

DEAP-3600 PICO-40L

N. Raj, B. Broerman, J. Bramante,  
    J. Kumar, R. Lang, M. Pospelov



BULLET CLUSTERCMB
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+

neutrino detectorsPICO-40L XENON1T 
 

DEAP-3600
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2009.07909
M. Clark, R. Lang et al

‘Direct Detection Limits on 
Heavy Dark Matter’

MAJORANA DEMONSTRATOR

recasting

search for lightly ionizing particles



XENON1T, DEAP, PICO, … BOREXINO, SNO+, JUNO

Mass sensitivity: dark matter fluxes at least 100 times greater

Direct detection @ liq. scint. neutrino detectors 

Cross section sensitivity: Satisfy selection trigger
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Liquid scintillator neutrino detectors



    DM transit = 10 µs

Continuous deposition of photoelectrons  
over transit time

Collinearity

 may be exploited with  
 vertex reconstruction/ timing information
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SNO+ signal



typical windows with dark counts

once in 10 years 

x x x x x

x
14C

dark matter signal, σnx = 10-28 cm2 (spin-independent)

BOREXINO, 10 µs windows
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Signal vs background windows

1 in 100 windows
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SNO+ cross section reach
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Reconstructing dark matter velocity vector

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)

Image: Borexino 1308.0443 

PMT “hot spots” 
with numerous illuminations

dark matter path

+ timestamps
=> dark matter direction & path length

=> dark matter speed



Velocity vector uncertainties

(PMT spacing/ path length)

Testing dispersion speedDetector resolutions

~2 degrees,  
c.f. Cygnus 
spanning > 20 degrees

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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Velocity vector uncertainties

(PMT spacing/ path length)

detector timing resolution

detector uncertainties tiny => smearing negligible => main limitation is statistics! 
                                      (triumph of experimental progress)

Testing dispersion speed

(< 1 km/s)

Detector resolutions
J. Bramante, J. Kumar, N. Raj 

Phys Rev D (2019)
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Dark astrometry

reconstruct velocity vector event-by-event

assemble distributions of speed and angle

determine halo properties!

dispersion speed escape speed anisotropies

bonus: reject backgrounds
+

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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      need multiscatter + repurposed neutrino detectors
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for Planck-mass dark matter

Windchime

Snowmass 2203.07242
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Future annihilations

Snowmass 2203.06508
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Characterizing WIMPs
Encounter rate (spin-independent) =

6.8 events ⇥
⇣ ��N

10�39 cm2

⌘✓ A

27

◆4✓1000 GeV

mDM

◆✓
27
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◆
/kg/day

x
⇢ D

M

0.
3
G
eV

/c
m

3
<latexit sha1_base64="zdBoJdGUoHk/tQTb5jhFxXbii4A=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWesoO6KCroRKtgHtLVk0kwbmkyGJCOUYfwMN/6KGxcqbrvzb0yns9DWAwkn59zLzT1eyKjSjvNt5RYWl5ZX8quFtfWNzS17e6euRCQxqWHBhGx6SBFGA1LTVDPSDCVB3GOk4Q0vJ37jkUhFRXCvRyHpcNQPqE8x0kbq2k7blwjHbTkQXXNzeHWbJLFTKsMnmL6vST05ShnmyUM56dpFp+SkgPPEzUgRZKh27XG7J3DESaAxQ0q1XCfUnRhJTTEjSaEdKRIiPER90jI0QJyoTpxulsADo/SgL6Q5gYap+rsjRlypEfdMJUd6oGa9ifif14q0f9aJaRBGmgR4OsiPGNQCTmKCPSoJ1mxkCMKSmr9CPEAmKm3CLJgQ3NmV50ntuHRecu9OipWLLI082AP74BC44BRUwA2oghrA4Bm8gnfwYb1Yb9an9TUtzVlZzy74A2v8A8Fcn7Y=</latexit><latexit sha1_base64="zdBoJdGUoHk/tQTb5jhFxXbii4A=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWesoO6KCroRKtgHtLVk0kwbmkyGJCOUYfwMN/6KGxcqbrvzb0yns9DWAwkn59zLzT1eyKjSjvNt5RYWl5ZX8quFtfWNzS17e6euRCQxqWHBhGx6SBFGA1LTVDPSDCVB3GOk4Q0vJ37jkUhFRXCvRyHpcNQPqE8x0kbq2k7blwjHbTkQXXNzeHWbJLFTKsMnmL6vST05ShnmyUM56dpFp+SkgPPEzUgRZKh27XG7J3DESaAxQ0q1XCfUnRhJTTEjSaEdKRIiPER90jI0QJyoTpxulsADo/SgL6Q5gYap+rsjRlypEfdMJUd6oGa9ifif14q0f9aJaRBGmgR4OsiPGNQCTmKCPSoJ1mxkCMKSmr9CPEAmKm3CLJgQ3NmV50ntuHRecu9OipWLLI082AP74BC44BRUwA2oghrA4Bm8gnfwYb1Yb9an9TUtzVlZzy74A2v8A8Fcn7Y=</latexit><latexit sha1_base64="zdBoJdGUoHk/tQTb5jhFxXbii4A=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWesoO6KCroRKtgHtLVk0kwbmkyGJCOUYfwMN/6KGxcqbrvzb0yns9DWAwkn59zLzT1eyKjSjvNt5RYWl5ZX8quFtfWNzS17e6euRCQxqWHBhGx6SBFGA1LTVDPSDCVB3GOk4Q0vJ37jkUhFRXCvRyHpcNQPqE8x0kbq2k7blwjHbTkQXXNzeHWbJLFTKsMnmL6vST05ShnmyUM56dpFp+SkgPPEzUgRZKh27XG7J3DESaAxQ0q1XCfUnRhJTTEjSaEdKRIiPER90jI0QJyoTpxulsADo/SgL6Q5gYap+rsjRlypEfdMJUd6oGa9ifif14q0f9aJaRBGmgR4OsiPGNQCTmKCPSoJ1mxkCMKSmr9CPEAmKm3CLJgQ3NmV50ntuHRecu9OipWLLI082AP74BC44BRUwA2oghrA4Bm8gnfwYb1Yb9an9TUtzVlZzy74A2v8A8Fcn7Y=</latexit><latexit sha1_base64="zdBoJdGUoHk/tQTb5jhFxXbii4A=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWesoO6KCroRKtgHtLVk0kwbmkyGJCOUYfwMN/6KGxcqbrvzb0yns9DWAwkn59zLzT1eyKjSjvNt5RYWl5ZX8quFtfWNzS17e6euRCQxqWHBhGx6SBFGA1LTVDPSDCVB3GOk4Q0vJ37jkUhFRXCvRyHpcNQPqE8x0kbq2k7blwjHbTkQXXNzeHWbJLFTKsMnmL6vST05ShnmyUM56dpFp+SkgPPEzUgRZKh27XG7J3DESaAxQ0q1XCfUnRhJTTEjSaEdKRIiPER90jI0QJyoTpxulsADo/SgL6Q5gYap+rsjRlypEfdMJUd6oGa9ifif14q0f9aJaRBGmgR4OsiPGNQCTmKCPSoJ1mxkCMKSmr9CPEAmKm3CLJgQ3NmV50ntuHRecu9OipWLLI082AP74BC44BRUwA2oghrA4Bm8gnfwYb1Yb9an9TUtzVlZzy74A2v8A8Fcn7Y=</latexit>

Redundancy in 
{cross-section, 
mass, 
local density}
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Characterizing MIMPs

# scatters per transit detector dimension

cross-section

target number density
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Characterizing MIMPs

N(scatters) ∝ DM kinetic energy / recoil energy
nshieldLshield� / m�v

2
� / recoil energy

More accurately:(

)

     Dark matter tracks  
=> measure max angle of entry 
=> angle of rejection in 
     Earth underburden in this band 
=> mass
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Characterizing MIMPs

flux detector area

local density
velocity

run-time
mass



PICO-60 LUX/PANDAX/XENON1T

Train of scintillation pulses + 
              electroluminescence pulses

Track of bubbles

- Background ~ 0 (from daughter neutrons of surrounding material & 
coincident electron recoils)

For multiplicity > 5 (>500), S2 (S1)  
pulses merge into elongated pulses 
            

    DM transit = 2.5 µs

Stereo cameras can image up to 
100 bubbles (mm resolution)

39

(Q1) Identifying multiscatterers

single hit:

multi-hit:

Searches ongoing…



Organic liquid scintillator (SNO+, Borexino, etc.):  
well-suited for dark matter search! 
collect enough light in PMTs => in business 

Water Cerenkov (Super-K, SNO, etc.) unsuitable: 
    non-relativistic scattering 

Liquid argon TPCs (DUNE, etc.):  
    threshold too high

40

(Q2) Large volume neutrino detectors?
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“fiducial area” = 106 cm2

First experiment to reach 
Planck mass!41

SNO+ mass reach
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SNO+

scale model @ SNOLAB PMT selfie 2 km underground
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Statistics

SNO+ could potentially collect these many events

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)



Existing @ BOREXINO 
   50 keV/ 100 ns => 
   50 PE     /100 ns, or 
   5000 PE/ 10 µs.

Proposed improvement

42 PE/ 10 µs.

The Scintillation Efficiency of Carbon  
and Hydrogen Recoils in an Organic  
Liquid Scintillator for Dark Matter Searches 

[Bicron scintillator (BC505)] 

Hong, Craig, Graham, Hailey,  
Spooner, Tovey
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SNO+ cross section reach: triggers



Existing @ BOREXINO 
   50 PE     /100 ns, or 
   5000 PE/ 10 µs.

(10 yr)

Proposed improvement

42 PE/ 10 µs.

— Get required trigger from trial factors (solve for Nc)

Dark count rate reported by Borexino (1308.0443):  
                      Nbg  = 10 PE/ 10 µs.

— Enhance cross section sensitivity by ~100.

    DM transit = 10 µs
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SNO+ cross section reach: triggers



sensitivity set by scattering on 13C 
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SNO+ cross section reach
B. Broerman, J. Bramante, J. Kumar, R. Lang, M. Pospelov, N. Raj

Phys.Rev.D. (2019)
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Pinpointing mean speed

v0 = circular speed = √(2/3) dispersion speed

v0 = 220 km/s

v0 = 260 km/s

v0 = 180 km/s
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galactic frame

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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Pinpointing mean speed

circular speed = 220 km/s

galactic frame

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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Halometry at SNO+: speed distributionTesting dispersion speed

Sun’s frame

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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Testing dispersion speed

Sun’s frame

Perform a Kolmogorov-Smirnov test 
(“How many events to reject null hypothesis at given significance?”)

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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Pinpointing escape speed?

Sun’s frame

escape speed on tail => 
hard to reconstruct 
faithfully from  
moments of distribution

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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Testing escape speed

1 event above v 2.3 events in [600 km/s, v] 
(90% C.L., Poissonian)

Sun’s frame

null hypothesis: vesc = 600 km/s

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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Rejecting backgrounds

Unknown instrumental/ radiogenic/  
cosmogenic background 
modelled as power-law. 

(NB: in all probability,  
search would be background-free.)

Kolmogorov-Smirnov test 
to determine # events required to 
reject background

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)
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Testing velocity anisotropies

galactic frame

=>

test anisotropy,

l
m SPHERICAL HARMONICS

monopole ~ 1

dipole ~ ε 

quadrupole ~ ε

Benchmark:

ε << 1

contribution

angular distribution:

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)



Testing velocity anisotropies

poor 
angular 
resolution

good 
angular  
resolution

monopole coefficient dipole coefficient

LESSONS:       good statistics => accuracy & precision, 
                          smearing => anisotropies wash out.

(smearing  
 negligible)

(smearing  
 significant)

J. Bramante, J. Kumar, N. Raj 
Phys Rev D (2019)


