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DM Models

Vis-a-vis heavy composite DM ° Q QQ
Nice to have a model ° °
- Early matter domination - Dissipative dark sector - Q ball
- Boson stars - Fermion stars - Dark QCD/BBN
- Molecular DM

On the other hand: What is the

| agranagian / cosmoloqgy for planets?
J J JY P - Planet formation still has open

questions (e.g. pebble accretion).

? —————— - Heavy composite DM doesn’t have
9 L simple dynamics like single-field
DM models

‘gv

Predict masses from 1st principles®?



HIGH MASS ASYMMETRIC COMPOSITE DM

Consider a simple model of fermionic DM coupled by a scalar field oo a';ﬁ 9
iIse Zhang

Krnjaic Sigurdson ’'14

Hardy Lasenby March-Russell ‘14

: Detmold McCullough Pochinsky 14
Diluted dark matter has a freeze-out abundance that scales with ¢ Gresham Lou Zurek 17
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This abundance of dark matter leads to very large ¢ — X composites

Javier Acevedo, JB, Goodman 2012.10998
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Composite mass ranging from milligrams to thousands of tons




COMPOSITE INTERACTIONS
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nuclear interactions with DM composite internal potential
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Acevedo, JB, Goodman
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scattering with constituents

4.

Acevedo, Boukhtouchen, JB, Cappiello,
Mohlabeng, Sheahan, Tyagi, in progress



MULTISCATTER INTERACTIONS L = (00 + X0, — mOX + &KX = Zm? & g fipn + Ly
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nuclear interactions with DM composite internal potential
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Multiscatter: models of dark matter interact many times in detectors.

New searches for multiply interacting dark matter (MIMPSs)



EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

* If particles have velocity v (~0.001c), then sensitivity of
detector sets a minimum energy threshold for detection

2 2
Eth ~ HpgU /mn

cross-section
for DM to hit
detector particle

massofdark matter -———————1—vov--eeoe-—ee—ue-- e o ki



EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

e Detector is composed of N; atoms, observes for time t

e As DM mass increases, DM flux decreases, sensitivity decreases as 1/my

Mﬂ hits per atom
Nhits ~ NgOazNg Vgl

|

DM number density ox /mx

cross-section
for DM to hit
detector particle
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EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

 For high enough mass, only a few DM In a year

Flux limit ~ 2 ~ A n vt

/

Area of detector
cross-section

for DM to hit
detector particle

mass of dark matter




Overburden attenuation

* DM particles can be slowed through scattering with
atmosphere, earth, aluminum space station wall.

9
Down low, too slow* Length of overburden
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Ethresh 5 Ez(l — ma/mw)na’gamLOb
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EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

m hits in overburden
2 a
Ethresh ~ MgV, (1 >

e Attenuation cross-section increases
linearly with DM kinetic energy ~mjx vx2

cross-section
for DM to hit
detector particle
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EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

Special point — has all passing
particles hit once in detector

Y I L

cross-section
for DM to hit
detector particle
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MULTISCATTER DARK MATTER DETECTION

NgOaqrl > 1

multiscatter
In detector
single scatter
In detector

cross-section
for DM to hit

detector particle JB, Broerman, Kumar, Lang, Pospelov, Raj

1812.09325
JB, Broerman, Lang, Raj  1803.08044 1910.05380 13

mass of dark matter



| Acevedo, JB, Goodman, 2105.06473
Summary of multi scatter bounds: Adhikari et. al., DEAP collaboration, 2108.09405
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Multiscatter frontier

Transit time for a MIMP through
a meter is five microseconds

MIMP
O US
Individual nuclear scattering events typically
deposit ~10 keV
Bubble Chamber Time Projection Chamber

bubble(s) S1(s) S2(S)

/
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Collinear Multiscatter, Xenon TPC

S1 (10 ns)-prompt scintillator recoil flash S2 (ps)-drifted electrons
S1s S2s Sis S2’ S1°S2°
** **** %_» W ‘%
x
*

N <5 5 < N < 500 N > 500

N Is the approximate number of hits per detector passage.
For N > 5 (N > 500) the S2 (S1) pulses merge into elongated pulses

S2° (S1°).

For N > 500, there will be overlap between the S2’ and S1’
elongated pulses.
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HEAVY MIMP RESULTS FROM DEAP-3600, XENON1T
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XENONIT Multiple Scatter (This Work)
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HEAVY MIMP RESULTS FROM LZ, PICO-60
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DM-nucleus cross section [cm?]
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PIC0O-60, 2022 (Broerman PhD thesis)

What kind of dark matter produces SD interactions at this mass?
(loosely-bound composites - later in this talk) 18



HEAVY MIMP RESULTS FROM LZ

18 Spin-independent scattering (No scaling)
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LOW E RECOIL INTERACTIONS & =500 + XGr'0, = moX + axKuX = Smip™ + giom + sy

4’ g, >0
() K my

Acevedo, JB, Goodman
2108.10899
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Composite Migdal Effect at DD Experiments

Atinteract < Te- > Ra/VN Migdal app

roximation

sudden nuclear recoll

T, ~ 10-17 ¢ electron orbital period

1 1
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Collinear Multiscatter Migdal / electron recoil

S2 (us)-drifted electrons

o2

N <95 5 < N < 500 N > 500

N Is the approximate number of hits per detector passage.
For N > 5 the S2 pulses merge into elongated pulses S2°.
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Mlgdal Bounds <z = %(aqp)z + X(l}/'ua,u — mX)X + gX)_QDX — %méqoz + gnﬁ¢n + gSM?

Composﬂe masses/radii determined by mx, cosmology with @y = 0.3
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Migdal Bounds
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LOOSELY-BOUND COMPOSITES

scattering with constituents

4.

Acevedo, Boukhtouchen, JB, Cappiello,
Mohlabeng, Sheahan, Tyagi, 2408.03983
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https://arxiv.org/abs/2408.03983

LOOSELY BOUND COMPOSITES

Acevedo, Boukhtouchen, JB, Cappiello, Mohlabeng, Tyagi 2408.03983 m,> Ay, > (dark)
B

104 Cf. SM nuclei: 1 >0.1 >0.01 GeV
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LOOSELY BOUND COMPOSITES

Acevedo, Boukhtouchen, JB, Cappiello, Mohlabeng, Tyagi 2408.03983 m,> Ay, > (dark)
B

104 Cf. SM nuclei: 1 >0.1 >0.01 GeV
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LOOSELY BOUND COMPOSITES

Acevedo, Boukhtouchen, JB, Cappiello, Mohlabeng, Tyagi 2408.03983

my > Np > E™

assume A4 Ap =1 MeV ~A%
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@
- DM-nuclear scattering cross sections that scales with ~A4for larger than nuclear cross sec:tihA
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Loosely-bound low-energy recoills

-Recoil energy determined by DM-nucleus or DM-electron reduced mass with constituent

-Constituent can be low mass (e.g. 10 MeV), recoil energy can be similarly low, ~10 eV,
but total energy deposition can be high (keV-MeV)

my; > Np > Eéd“’"k)

S3 S3
*
**
x Rl
N < 5 N >> 5 —
What is “S3”?

~ like a very weak S1 PMT signal
~ below-threshold individual recoil energy deposition

Needs further calibration / study to determine detector sensitivity.
29



XENON DETECTION OF LOOSELY BOUND COMPQOSITES

-Constituent can be low mass (e.g. 10 MeV), recoil energy can be similarly low, ~10 eV,
but total energy deposition can be high (keV-MeV)

my > Ap > ES

10G10(Teq [cm

0 15 20 | I5 10 15 20
log10(Np) log10(Np)
The point: loosely bound composites predict, e.g., trails of ~10 eV NR.
Individually these recoils are below threshold - but collectively they may

be detectable. 2408 03983 30

logio (Edep [keV/eml))



Searches for composite dark matter in liquid xenon

. . . S1s S2s
1. Collinear multiscatter, usual recoil energy n
* eg 1803.08044,
» Pointlike composites, composite potentials ** . ** 1812.09325,
1910.05380,
** 2012.10998

2. Collinear Migdal, usual ionization signal
° ° **** S2s

» Composite potentials, loosely-bound composites
eg 2108.10889

S3s
eg 2408.03983

3. Collinear sub-threshold (call it S3)

» Composite potentials, loosely-bound composites

4. Non-collinear multiscatter

» Loosely-bound composites

eg 25XX.XXXXX 31



Searches for high mass and composite dark matter with
multiscatter events in liquid xenon

Thanks to the organizers and PandaX collaboration



