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Dark Matter Mass Landscape

Allowable mass range covers ~ 90 orders of magnitude
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Ultra Light DM

Axions, ALPS, etc

Need classically coherent
fields to compensate for
weak coupling
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Dark Matter Mass Landscape

Allowable mass range covers ~ 90 orders of magnitude
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Ultra Light DM Particle DM

Axions, ALPS, etc WIMPs, Hidden
Sector, Asymmetric,

etc
Need classically coherent Need high number
fields to compensate for density to compensate
weak coupling for small cross sections
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Dark Matter Mass Landscape

Allowable mass range covers ~ 90 orders of magnitude

zeV keV PeV 10°° GeV 10°? GeV
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Ultra Light DM Particle DM Macroscopic DM
(Mo ~1057 GeV)
Axions, ALPS, etc WIMPs, Hidden Primordial Black
Sector, Asymmetric, Holes, MACHOS,
etc etc
Need classically coherent Need high number Need high mass to
fields to compensate for density to compensate detect gravitationally

weak coupling for small cross sections
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Dark Matter Mass Landscape

Allowable mass range covers ~ 90 orders of magnitude

zeV keV PeV 1050 GeV 10°? GeV
< | | | J// | | >
| | | 77 | |
10'0 GeV 10'9 GeV 1022 GeV 103> GeV 104! GeV
< | I | I I >

D.M. Grabowska PACIFIC 2018 02/17/2018



Dark Matter Mass Landscape

Allowable mass range covers ~ 90 orders of magnitude
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DM flux greater
than one peryear """"° <

Earth

(Distance from Earth to Sun)?
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Plan and Outline

Goal: Convince you of two key points

|. Viable DM candidates in this mass region

2. Detectable with existing experimental methods
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Plan and Outline

Goal: Convince you of two key points
|. Viable DM candidates in this mass region

2. Detectable with existing experimental methods

Outline: Discuss formation, detection of one model

3. lllustrative model: strongly interacting dark sector
4. Discuss formation: dark nucleosynthesis

5. Present several detection methods: MACRO,
hydrophones,and NMR
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Strongly Interacting Dark Sector
“Dark QCD”

General Properties
* Theory confines at energy scale Ax

* Spectrum contains massive particle with my ~ Ay

Dark Nucleon ‘ o~ 1A
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Strongly Interacting Dark Sector
“Dark QCD”

General Properties
* Theory confines at energy scale Ax

* Spectrum contains massive particle with my ~ Ay

Dark Nucleon ‘ o~ 1A

* Massive particles form bound states with My ~ Ny Ax

“Dark Nucleus”
Rx ~ NXI/3//\X

* Relic abundance set by dark baryon asymmetry
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Maximum Size of Dark Nucleus

Semi-empirical mass formula

Treat dark nuclei as drop of liquid to determine how binding
energy depends on number of constituents
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Maximum Size of Dark Nucleus

Semi-empirical mass formula

Treat dark nuclei as drop of liquid to determine how binding
energy depends on number of constituents

* Nearest Neighbor interactions dominate
* Correction due to finite size of nucleus

* No quadratic term, unlike SM nuclei, as no long range
mediator

2/3
Eving ~ ayNx —asNy
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Maximum Size of Dark Nucleus

Semi-empirical mass formula

Treat dark nuclei as drop of liquid to determine how binding
energy depends on number of constituents

* Nearest Neighbor interactions dominate
* Correction due to finite size of nucleus

* No quadratic term, unlike SM nuclei, as no long range
mediator

2/3
Eving ~ ay Nx — asNy

Binding energy unbounded from above!
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Formation of Dark Nuclei

Freeze out of Dark Fusion

Dark nuclei size is only limited by how long fusion lasts
during early universe

* Need to compare fusion rate to Hubble expansion

T oo (7MY (100 Mev\T/2 (10170 (1 N2 e\ Y
H ' 10.2 AX Ny MeV T
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Formation of Dark Nuclei

Freeze out of Dark Fusion

Dark nuclei size is only limited by how long fusion lasts
during early universe

* Need to compare fusion rate to Hubble expansion
Relativistic DoF at decoupling

T oo (@2 (100 Mev\ ™2 (107\Y0 N2\ Y
H ' 10.2 AX Ny MeV T

Dark Sector Temperature
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Formation of Dark Nuclei

Freeze out of Dark Fusion

Dark nuclei size is only limited by how long fusion lasts
during early universe

* Need to compare fusion rate to Hubble expansion
Dark Confinement Scale

T oo (MY (100 MeV\ ™ (10N 1 N2\
H —\ 102 Ay Nx MeV T

Number of Constituents
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Formation of Dark Nuclei

Freeze out of Dark Fusion

Dark nuclei size is only limited by how long fusion lasts
during early universe

* Need to compare fusion rate to Hubble expansion
Dark Confinement Scale

T oo (MY (100 MeV\ ™ (10N 1 N2\
H —\ 102 Ay Nx MeV T

Number of Constituents

* Generically find exponentially large constituents bound
into dark nuclei

y 1015 oy g*(T) 3/5 100 MeV 16/5 'k 9/5 & 3/5
A e\ 10.2 A, MeV T
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Progress
Goal: Convince you of two key points

|. Viable DM candidates in this mass region

* Macroscopically large composite Dark Matter object: BLOB

* See Hardy et al (arXiv: 1411.3739) and Moira, Lou and Zurek
(arXiv: 1707.02313 and 1707.02316) for detailed analysis
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Progress
Goal: Convince you of two key points

|. Viable DM candidates in this mass region

* Macroscopically large composite Dark Matter object: BLOB

* See Hardy et al (arXiv: 1411.3739) and Moira, Lou and Zurek
(arXiv: 1707.02313 and 1707.02316) for detailed analysis

2. Detectable with existing experimental methods

« MACRO * Hydrophones * NMR
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Coupling to Standard Model

Focus on coupling to nucleons and electrons

* Scalar Coupling * PseudoScalar Coupling

m2 oM,

LD : —L 0% + g XX + grp s A F, VEYuYsY s
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Coupling to Standard Model

Focus on coupling to nucleons and electrons

* Scalar Coupling * PseudoScalar Coupling
mi 2 _ N Oup -~
LD 5 ¥ + 9xP XX Hrp Vs - F ViV Ys¥ s
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Coupling to Standard Model

Focus on coupling to nucleons and electrons

* Scalar Coupling * PseudoScalar Coupling

2
myg, 0 u
LD ; —L 0% + gy XX+ gro s - F; VY5 s

Dark Nucleons always couple
via scalar interaction
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Coupling to Standard Model

Focus on coupling to nucleons and electrons

* Scalar Coupling * PseudoScalar Coupling

2
myg, 0 u¥
£~ —2 0% + g XX + gro sty A F; VY5

Dark Nucleons always couple
via scalar interaction

Three types of experimental signatures
* lonization and Scintillation
* Localized energy deposition

* Spin Precession
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Non-relativistic Potentials

Consider only long range mediator

* Classical treatment using non-relativistic potentials

2
myg, 0 u
LD : —20? + g0 XX+ grovrs F, VY YsP s
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Non-relativistic Potentials

Consider only long range mediator

* Classical treatment using non-relativistic potentials

2

™ B _ 8 QO —
LD 250" + gyp XX + 9 hsths - lﬁif Y VuYs s
Scalar Coupling PseudoScalar Coupling
e el o-1e Me’
Vi(r) ~ . Vir) ~ B, (1 +myr)

Spin Independent
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lonization and Scintillation Signals

lonization/Scintillation: Depends on momentum transfer
during SINGLE collision

* Momentum transfer must be more than 100 keV

* Only small angle scattering due to weak coupling
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lonization and Scintillation Signals

lonization/Scintillation: Depends on momentum transfer
during SINGLE collision

* Momentum transfer must be more than 100 keV

* Only small angle scattering due to weak coupling

DM

6 SM Atom
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lonization and Scintillation Signals

lonization/Scintillation: Depends on momentum transfer
during SINGLE collision

* Momentum transfer must be more than 100 keV

* Only small angle scattering due to weak coupling

0 O SM Atom
-\'I

DM
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lonization and Scintillation Signals

lonization/Scintillation: Depends on momentum transfer
during SINGLE collision
* Momentum transfer must be more than 100 keV

* Only small angle scattering due to weak coupling

Scalar

N
00 s 01892 (11"

DM

1/3
AS M
| ApNO.Ong( X3X)
v £y
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MACRO

Main Science Goal: Detect magnetic monopoles
* Ran for 10 yrs in Gran Sasso

* Total acceptance for isotropic flux ~ 10* m?sr
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MACRO

Main Science Goal: Detect magnetic monopoles

* Ran for 10 yrs in Gran Sasso

* Total acceptance for isotropic flux ~ 10* m?sr

Blobs: Produce signal similar to magnetic monopole for
sufficiently high energy deposition

 Momentum transfer depends on gx and gr or Ff, which
have independent constraints

* Sensitivity limited to Mx < 10%* GeV due to total
exposure
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Mediator Coupling Constraints

g« Bound: Bullet Cluster self - interaction constraints

* Momentum transfer cross section must be sufficiently
small so that DM is approximately collisionless
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Mediator Coupling Constraints

g« Bound: Bullet Cluster self - interaction constraints

* Momentum transfer cross section must be sufficiently
small so that DM is approximately collisionless

gr Bound: Fifth force and inverse square law test

* Constrained by precision gravity tests such as torsion
balances or lunar laser ranging

» Constraints exist for mediator ranges of (10 - 10'%) m

Fr Bound: White dwarf cooling, SN 1987A neutrino emission

* Analogous to Axion-like particle bounds
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Hydrophones

Localized energy deposition

General ldea: Blobs deposit large amounts of energy
without necessarily causing ionization/scintillation

* Large blob radius allows multiple SM atoms to
experience significant change in momentum

DM

Rx )\~
AETor ~ (R—()) AE%/iIr?gle
SM Atom
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Hydrophones

Localized energy deposition

General ldea: Blobs deposit large amounts of energy
without necessarily causing ionization/scintillation

* Large blob radius allows multiple SM atoms to
experience significant change in momentum

DM

Rx )\~
AETor ~ (R—()) AEg/i[r?gle
SM Atom

 Example: Hydrophones in tank of water are sensitive
to energy deposition of ~ 10 keV/Angstrom
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Spin Precession

General ldea: Passing blob causes nucleon or electron spins
to rotate or precess

* Change in orientation of spins causes change in
material’s magnetization

—&-» SM Spin

D.M. Grabowska PACIFIC 2018 02/17/2018 15



Spin Precession

General ldea: Passing blob causes nucleon or electron spins
to rotate or precess

* Change in orientation of spins causes change in
material’s magnetization
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Spin Precession

General ldea: Passing blob causes nucleon or electron spins
to rotate or precess

* Change in orientation of spins causes change in
material’s magnetization

* Example: SQUID in CASPEr is sensitive to AM ~ 0.1 fT
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Scalar Mediator to Nucleons
g me = 0.1 ¢V and A\x = 10 MeV

Perturbative Couplin

o e m o w e m o

Tank: (10m)3
1074
1077 Self Interactions
107 ™~ MACRO
Hydrophones
10°” 10"  10®  10'®  10B M(GeV]
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Scalar Mediator to Nucleons
g me = 0.1 ¢V and A\x = 10 MeV

_____________ Perturbative Couplin L
107"
Tank: (10m)3
1074
1077 Self Interactions
107 ™~ MACRO
Hydrophones
10 10" 0% 10  10? Wh{GeV]
My 4/3 My 2
AE ~ g2 V AE ~ 10 ¢* k
MAGCRO 9X<1010 GeV> y HYDRO ~ 1095 (3><1011 Gev ) ¥
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PseudoScalar Mediator to Electrons
me = 10'* eV and A\« = 100 MeV

9x
A _._._Perturbative Coupling _ ..
| T ™ | vAcrO
: Hydrophones
10_5
| Self Interactions
10—10
10—15
f NMR
10—20

10° 107 10 100 102 0% 10 MGV

D.M. Grabowska PACIFIC 2018 02/17/2018 17



PseudoScalar Mediator to Electrons
me = 10'* eV and A\« = 100 MeV

9x
o _._._Perturbative Coupling _
| . o N
: Hydrophones
10_5
: Self Interactions
10—10
10—15
f NMR
10—20
108 107 10 100 102 102 102 MXGeV]
2/3 4/3
Mx 2 Mx
AF ~ g2 AFE ~ 10 keV
MACRO gx (1019 GeV) eV HYDRO gX 1019 GeV
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PseudoScalar Mediator to Electrons
me = 10'* eV and A\« = 100 MeV

9x
o _._._Perturbative Coupling _
| . o N
: Hydrophones
10_5
: Self Interactions
10—10
10—15
~ NMR
10—20
108 102 1016 10200  10% 1028 102 MxIGeV]
2/3 4/3
M M x
~ G2 X AE ~ 10 ¢2 keV
AEMACRO gx (1019 GeV) eV HYDRO gX (1019 GeV)
MX 10 m
A M ~ 10716 Tesla
NMR Ix 10° GeV r.
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Summary

Focus: Detectability of DM with Mx ~ (10'°-10°°) GeV
using Earth based experiments

Goal: Convince you of two key points

|. Viable DM candidates in this mass region
* Strongly interacting asymmetric dark sector

* Dark nuclei with exponentially large number of constituents
form in Early Universe
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Summary

Focus: Detectability of DM with Mx ~ (10'°-10°°) GeV
using Earth based experiments

Goal: Convince you of two key points

|. Viable DM candidates in this mass region
* Strongly interacting asymmetric dark sector

* Dark nuclei with exponentially large number of constituents
form in Early Universe

2. Detectable with existing experimental methods
* lonization and Scintillation signals (MACRO)
* Localized energy deposition (Hydrophones, etc)

* Spin Precession (CASPEr and other NMR experiments)
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