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Abstract:

A number of theories predict heavy dark matter, including WIMPs and high mass compos
Discovering the heaviest dark matter candidates, with a unit mass in excess of a m
traditional underground experiments. For high mass dark matter searches in general (inc

be necessary in the coming decades. | will discuss the most trenchant past searches for
prospects.
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Heavy dark matter, volume frontier

Signal = NIt
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High mass dark matter - WIMPs

Universe cools, dark matter

i falls out of thermal equilibrium, large
& /fj { - portion annihilates to SM particles
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Underground dark matter detection, WIMP searches
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Higgsino Dark Matter Loops

Hisano et. al. 2013
Hill and Solon 2013
Chen and Hill 2019
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THE ELEPHANT
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THEELEPHANT ...
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~$20 mil DEAP LUX, XENON100
N =10 _¢7100 mil Lz, X1t, PandaX-4t, Darksid
4-——:"—_549 . » t, an el t, arksiae
N=10_¢0.5bil XLZD, PandaX-nT, ARGO

‘? ~$10 bil?
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SI WIMP-nucleon cross section [cm?]
=
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Upper bound on fundamental science projects: 0.1% of GDP
EU: 17 t, USA: 30 t, China: 19 t, Canada 2.2 t
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P _ 1
Heavy DM -Z= E(a(p) + X(@y#o, — my)X + gxXpX — > o0° + gipn + Ly,

Many models in the liter

- Early matter domination ™
- Boson stars

- Q ball
Dark BBN

i Molecular DM
On the other hand: Whe | ",'%_!':{' |
Lagrangian / cosmolo

grang 4 9 ation still has open
(e.g. pebble accretion).

posite DM doesn’t have
amics like single-field
Is

Predict masses from 1st principlé
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1 s _ 1 i
Heavy DM - & =009 + X(ir0, — mpX + gyXpX — —mip? + g.ign + Ly,

Many models in the literature

- Early matter domination - Dissipative dark sector - Q ball
- Boson stars - Fermion stars - Dark BBN
- Molecular DM

On the other hand: What is the

Lagrangian / cosmology for planets?
9 9 gy P - Planet formation still has open

questions (e.g. pebble accretion).

- A
< e - Heavy composite DM doesn’t have
é simple dynamics like single-field
DM models

‘%v.

Predict masses from 1st principles?
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Heavy DM Formation

Dissipative Formation
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JB, Cappiello, Diamond, Kim,
Liu, Vincent 2405.04575

see also e.g.

Chang, Egana-Ugrinovic,
Essig, Kouvaris

1812.07000

Gurion, Ryan, Schon,

Jeong, Shandera 2209.00064
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1st Order PT Formation

“Nuclear” assembly

010
50

FIG. 3. Isolated shrinking bubbl
phase.

of the high-temperature

see e.g.

Witten '84

Starkmann et al. '90

Zhitnitsky '02

Bai, Long, Liu '18

Baker, Kopp, Long '19

Asadi, Kramer, Kuflik, Slatyer, Smirnov ‘21

(1) tightly bound

o

(2) loosely bound

x I :
—
o :
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Heavy assembled composite DM

B

Javier Acevedo, JB, Alan Goodman 2012.10998, 2108.10899
Javier Acevedo, Yilda Boukhtouchen, JB, Chris Cappiello, Gopi Mohlabeng, Narayani Tyagi 2408.03983

irsa: 25080019

Page 11/46

10



1 o . . 1 _
Z = E(&(p)2 + X(iy#9, — my)X + gy XX — Em(%(pz + g ipn + Ly,

Asymmetric DM composites
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for large Nc composite interior has a potential determined by
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minimizing

I wenn . L JPF Ny . - Mmx
D) e d X ¢ e 9 {r < R f
energy 5 (%) +,,r/0 p p? (p* + ms) leading to (¢ X

, 9nN, :
with interior mass mx = [3zmim3/(2ayx)]"* & radius Rx=(4,ﬁxg)

Key point - highly degenerate relativistic fermion interior y
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HEAVY ASYMMETRIC COMPOSITE DM AND DILUTION

So a simple model of fermionic DM coupled by a scalar field

see also e.g.

Wise Zhang '14

Krnjaic Sigurdson 14

Hardy Lasenby March-Russell '14
Detmold McCullough Pochinsky '14
Gresham Lou Zurek 17

1 _ . _ 1 _
& = E(ago)z + X(iy*9, — my)X + gx XX — Emi(pz + g aigpn + Lgyy,

leads to very large ¢ — X composites

Zous @6
6/5 6/5
. (2nxaxvx)6’5 _ [ 20V8ET T My - 107 ( gt )3’5 ( T, )9’5 (5 GeV )2”5 10
¢ 3H mjj*¢ 102 105 GeV My 4

with masses ranging from nanograms to thousands of tons
12

Javier Acevedo, JB, Goodman 2012.10998
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O
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1 o, . 1 _
P = E(aqa)2 + X(ty“dp — my)X + gy XX — Em(%(pz + g ipn + Ly,

COMPOSITE INTERACTIONS

nuclear interactions with DM composite internal potential scattering with constituents
1. 2, 3 4.
) 4 )
@ @,
.\ ) P g, <0 g,>0org, <0
S EJ
. ~ v e 4 .
X . : ‘A
=3 . -
' " Y
i &>0
(p) Smy, g,>0 (p) < m (@) > m
Ao on N N Acevedo, Boukhtouchen,
JB, Cappiello,
Mohlabeng, Tyagi,
2408.03983

Acevedo, JB, Goodman 2012.10998, 2108.10899

13
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1 o . 1 _
&= E(aqa)2 + X(ty“dp — my)X + gy XX — Em(%(pz + g ipn + Ly,

COMPOSITE INTERACTIONS

nuclear interactions with DM composite internal potential scattering with constituents

L L 2. 3. P 4
' | 4 ) 4 '
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; Rl By 80> My + Acevedo, Boukhtouchen,
: . _ E JB, Cappiello,
: X too degenerate - no constituent scattering : Mohlabeng, Tyagi,
"""""""""""""""""""""""""""""""""""""""""""""" 2408.03983

Acevedo, JB, Goodman 2012.10998, 2108.10899

14
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1 o . . 1 _
Z = E(&(p)2 + X(iy#9, — my)X + gy XX — Em(%(pz + g ipn + Ly,

DM-nucleon coupling accelerates nuclei in composites

For a composite interaction term £ = £ + g, ign
Hig
8x

Nuclei accelerate across

the DM composite’s boundary layer:
there is an attractive potential
sourced by X fermions, like gravity
but stronger and shielded

for Iarge N composﬂe (P) ~

Rx

): T;RX
T

$(r) = (¢) e me(r=Fx) (

p1 g7 mN pz + (mN Agn(¢’))2 15
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COMPOSITE INTERACTIONS % =00+ X0, — m)X + 8, KX — 2 + g ipn + Ly

nuclear interactions with DM composite internal potential

1. 2. 3s
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S @ @,
.“ l:'_;’\' o 8n < 0 gy~ 0 or 2, < 0
\“ .o-' ~
g
' “'\ '.
A gn > 0
(p) Smy, g,>0 (@) < my (@) > my

New LV neutrino analyses| |New S2/low E multiscatter analyses
2012.10998 2108.10899
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, 1 . _ o1 )
= 5(0(0)2 + X(@iy*0, — my)X + gx XX — Emgqoz + g apn + Ly,

+ Migdal Recoil Bounds

Composite masses/radii determined by mx, cosmology with ay = 0.3

Constituent mass my [GeV] Constituent mass my [GeV]
10~ 10! 10° 107 10°1 10?2 10° 108
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ap %u z o0 g) Migdal e-
= oaa- 5 Itiple = 2= [ g i
a 10 12 ® i multip i 10 12 s
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10-18L IR R SRS : h : =F e 10-18L § B S T e
Qe 101® 1017 1018 104 1p1s 1016
Total composite mass My [GeV] Total composite mass My [GeV]

The couplings for detectable composites can be very weak
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LOOSELY BOUND COMPQSITES

N Og Oy
§ °Lp S g, qucl =1 dark
;Zog)o L ‘!2 - md > AD - Eé )

’U
- _38F Cf. SM nuclei: 1 > 0.1 >0.01 GeV

== = LZ S.8. exclusion

s LZ exclusion @ Np
Earth attenuation

*  single scatter @ Np

% % % multiple scatters @ Np

4 6 8 10 12
logo(ma [GeV])
Acevedo, Boukhtouchen,
JB, Cappiello, Mohlabeng,
Sheahan, Tyagi, 2408.03983

Boukhtouchen JB, Cappiello,
Diamond 25xX.XXXXX 19
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This slide is here to provide a pause.

Now we’ll briefly move onto a different
composite dark matter model.
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Heavy DM

Many models in the liter

- Early matter domination:

- Boson stars

On the other hand: Wh
Lagrangian / cosmolog

Predict masses from 1st princip
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E .
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- Molecular DM
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amics like single-field
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MULTISCATTER INTERACTIONS 7 = 00+ K00, = MK g KX i =g +

nuclear interactions with DM composite internal potential

3

.
e

g,>0org, <0

(@) > my
(MIMPS)

21
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Heavy dark matter, flux frontier

Signal = Area X n*v, ¢

ng = # density above threshold

!

1018 GeV ~ mass flux of dark matter through a meter squared in a year

22

irsa: 25080019 Page 23/46



MULTISCATTER DARK MATTER DETECTION

", hits in overburden
2 a
4 Eth'r'esh ~ My (1 - ) L

multiscatter
in detector

single scatter
in detector

L
I'x p,/m,
cross-section
for DM to hit
detector particle
JB, Broerman, Kumar, Lang, Pospelov, Raj 1803.08044 1812.09325
mass of dark matter

JTB, Kumar, Raj 1910.05380 23
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High mass dark matter searches

(no A%) 0100 105 1010 1015 1020 1025 1030 1035 1040 1045

-Composite dark 10— g 10°
matter cross-section 107 £ - 107°
nucleus-independent: 10710 10710
bowling ball limit 1o
- 10~20
E 1 10725
z 1 10-30
-Limit of usual © 1035
detectors: Planck mass 1o=40 | 10-40
1052 10745

107 16 10'% 1670 1020 107 10°% 10°° 10%° 10%°
mx (GeV)
Axion/ ALP (wavy bc:lsons) : WIMPI:I-IeavyICompt::sites (particles)
10-% 10-20 1019 100 1010 1020 1030 10% 1050
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EXAMPLES IN ASTROPHYSICAL BODIES

ag fg pg ng ng mg g kg Mg Gg Tg Pg

multiscatter
in detector

single scatter
in detector

o
-
-®
-

Microlensing

Sensitivity transition
at high mass for destroying
Saturn rings.

Zac Picker 2504.07232
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HEAVY MIMP RESULTS FROM UNDERGROUND EXPERIMENTS: EG DEAP-3600, XENON1T
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m, [GeV/c?) DM Mass [GeV/c?]

2108.09405 2304.10931

26
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Dark matter detection, flux frontier
(paleo edition)

Signal = Area X n*v, ¢

ng = # density above threshold

te —
i L

1018 GeV ~ flux of dark matter through a meter squared in a year
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ANCIENT SEARCH FOR NEW PARTICLES: MICA
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> 1986 Price and Salamon mica monopole search
> Established etching rates with nuclear damage, threshold ~7 GeV/cm in mica

the rate of

ki it il & i ot

B

cm- 28

pirically byl vy = (0.012 um/h)[S, (GeV cm?/g)]] for ’
muscovite etched in 40% HF at 25 C. As Fig. 2 @Ql/euggnsv
chnuwe in sawvalnatina wviethilitu Af an atrhad tracrl Ana
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ANCIENT SEARCH FOR NEW PARTICLES: MICA

see also Jacobs, Starkmann, Lynn, 1410.2236
f - __..ﬂ— l 4 ’1

DM contact cross—section o [em?]

Acevedo, JB, Goodman 2105.06473 1 1 - ; ;
107 10" 10 10*
Reanalyzed mica data using overburden model / custom MC Dark matter mass my [CeV]

1 623 1027

Recent whitepaper: 2405.01626 (Baum, Stengel et al.)

29
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MICA CALIBRATION

We digress to explain how the monopole track-

------------------------------------l’elel‘ltionagcisdetermined. Thesloppingpowerand

Search for Supermassive Magnetic Monopoles Using Mica Crystals

P. B. Price and M. H. Salamon

Department of Physics, University of California, Berkeley, California 94720
(Received 18 November 1985)

- Some basic mica questions remain from the 1980s
- Notably: how best to determine track retention age

- Follow-on work would benefit from modern microscopy
and ab initial calculations of defect annealing

Pirsa: 25080019

track etch rate for a monopole-nucleus track are much
lower than for a fission track (Fig. 1), and its resis-
tance to thermal fading should also be lower.!* It is
not sufficient to establish the fission track-retention
age of a mica sample; one needs to establish the
monopole_track-retention age. Fortunately, early in
this study we discovered a new class of naturally occur-
ring tracks produced by particles with stopping power

closely similar to that of a monopole-nucleus pair.’
Thus, a measurement of the retention age of these
tracks gives the retention age for monopole tracks.
We found that alpha particles emitted from certain
daughters in the U and Th decay chains have a high
enough energy to initiate nuclear reactions with nuclei
in the mica structure, producing what we call a-
interaction tracks. From He-ion calibrations we

snowed that mosl ol (Nese (racks come 1Tom reactions
of 8.8-MeV alpha particles from 2!2Po with aluminum
and silicon nuclei, leading to silicon (Si) and phos-
phorus (P) recoil nuclei with 8= 0.006, stopping
power = 3 GeV cm?/g (see Fig. 1), and length ~ 0.5
to ~— 1 um, compared with a length — 20 pm for fis-
sion tracks. From our He-ion calibrations we calculat-
d that the ratio of surface density of a-interaction
tracks to surface density of fission tracks should be
~0.15 in micas maintained at normal ambient tem-
perature.® A smaller ratio would indicate loss of some
of the a-interaction tracks. In our monopole search
we used only crystals with a ratio > 0.14, for which
the monopole-nucleus track-retention age should be
about the same as the fission-track age. and measured
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MICA AT QUEEN'S & U MONTREAL

Mica DM: Balogh, Boukhtouchen, JB, Leybourne, Robinson, Vincent, Willson

6/26/2025 HV det HFW WD - 100 pm
l4:43:10 PM 15.00 kV BSED 320 pm 9.1 mm Quanta 650

Alexis Willson
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MICA AT QUEEN'S & U MONTREAL

Mica DM: Balogh, Boukhtouchen, JB, Leybourne, Robinson, Vincent, Willson

~one Amencpm alpha no etch
per square micron

i
B =a=y
&

w/ Steve Gillen
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Heavy dark matter, astro frontier

Signal ~ NI't

I'~nv,.o,,
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Prospects for DM detection using NS temperatures

Masha Baryakhtar, JB, Shirley Li, Tim Linden, Nirmal Raj 1704.01577

PR

Javier Acevedo, JB, Rebecca Leane, Nirmal Raj 1911.06334

Javier Acevedo, JB, Qinrui Liu, Narayani Tyagi 2404.10039
JB, Katie Mack, Nirmal Raj, Lijing Shao, Narayani Tyagi 2411.18647

34
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