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Range of DM possibilities is VAST

Primordial
Ultra-light WIMPS Ultra Heavy Black Holes
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For the last decades,
searches have been

focussed on this
region of space

WIMP Hypothesis 1s very motivated
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Current status of DM direct detection
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Dark matter mass [GeV/ c2] Akerib et al, arXiv: 2203.08084

Very little parameter space left in traditional WIMP mass range (1 GeV - 100 TeV)

Larger detectors gives us more sensitivity, but “Neutrino Floor/fog” may be challengin
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WIMPs remain highly motivated
We are compelled to move beyond the WIMP scale
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Many opportunities to explore here
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Low mass (sub-GeV) DM searches are:
1. Complementary to WIMP searches
2. Very well motivated:

4 4

New force?

e/p e/p

e.g. low mass DM coupled through new hidden sector mediator presents a good
target to understand DM production in the early universe

- Thermal freeze-out
- Freeze-1n

- Asymmetric
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Big stumbling block 1s that light DM 1s invisible to current WIMP searches
Many nuclear recoil experiments have ~ keV recoil thresholds

Recoil energy caused by galactic DM with v ~ 10-3 ¢

En’r’ N M?ENUQ
N
m 2 /100 GeV
~ 19 V( x )
“Y \500 MeV ( —_— >
< keV

To probe lower masses need very low threshold nuclear recoil detectors

Other ways to maximize energy transfer to the target
_ 6 l
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Look for DM hitting lighter target to maximize energy transfer

Dark matter - electron scattering

Current searches include: - Large volume noble liquid detectors

- Small scale semi - conductor detectors
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Complementary way to maximize energy transfer to target is

Fast moving/accelerated dark matter

- Energy transferred to nucleus

m 2 /7100 GeV v o\ 2
E. ~ 50 keV ( X ) (—)
“V {500 MeV ( _— ) 0.1

- Max energy transferred to electron

m v\ 2
E.. <2 MeV ( X ) (—)
~ 2V 500 Mev/ \0.1

These are above ~ keV threshold energies in current dark matter
detectors & actually some large neutrino detectors

But, galactic DM has to be non-relativistic

Accelerated DM must be small subcomponent total halo DM

Many ways to get accelerated dark matter
I _ 8 ‘
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Cosmic ray accelerated dark matter

- High energy CR can scatter off DM moving at v~10-3 ¢
- CR transfers energy to DM, accelerating it

- Accelerated DM reaches earth and scatters in detectors
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mailto:gmohlabe@uci.edu

Neutrino accelerated dark matter

- €.g. Solar neutrinos can scatter off DM moving at v~10-3 ¢
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My
| ok
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Cosmic neutrino upscattering: Jho ctal, arXiv: 2101.11262 See talk by Jong-Chul Park

DSNB neutrino upscattering: Das, Sen, Phys.Rev.D 104 (2021) 7, 075029
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Other interesting mechanisms

Accelerated DM from evaporating primordial black holes:

Calabrese et al, Phys. Rev. D (105) 2022 2 1

See talk by Marco Chianese
Calabrese et al, Phys. Rev. D (105) 2022 10 J

Neutrinos from evaporating primordial black holes accelerate DM:
Chao et al, arXiv: 2108.05608

3. DETECTION

1. PRODUCTION

Adapted from talk by Marco Chianese

PBHs possibly exist in our Galaxy
and in the whole Universe

Accelerated DM from supernova shockwaves: See talk by Chris Cappiello

+ many others
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A different mechanism...
Consider non-minimal Dark sector

Generic feature of any non-minimal dark sector: small fraction
of DM today may be relativistic/semi-relativistic

Sources:
I k
- Assisted Freeze-OUt° ){1 X Belanger and Park : JCAP 03 (2012) 038
XiXj = XkXI See talk by Seodong Shin
with XiXj =~ XkXI X 71
X Ak
- Semi-annihilation: D’Eramo and Thaler : JHEP 06 (2010) 109
XiXj — XkQ
, Z3 DM symmet |
y ry 7 0
A
- Decay: (e.g inelastic DM) p / Tucker-Smith & Weiner: Phys.Rev. D64 (2001) 043502
i =

_ . N + many others
Xi — Xj(/b N Y
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Boosted dark matter

- Two stable DM particle, ya & yg with ma > mp (eg.U(1) @ U(1)")

For example:

Galactic DM

Boosted DM

U(l)" interaction

- ya 1s the dominant DM component
and has no direct coupling to SM

- yB 1s sub-dominant and couples
to SM through new force
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- ‘A’ particles self-annihilate producing
accelerated ‘B’ particles with boost factor

) 5 Y = ma/ms
Az VAUBYBYA

1 _ _
K§XAXBXBXA

- boosted DM particles travel to Earth and
scatter with SM in the detector

- Interacts through some light mediator
particle X

Agashe, et al : JCAP 10 (2014) 062
Alhazmi, Kim, Kong, Mohlabeng, Park, Shin: JHEP 05 (2021) 055

Necib et al: Phys.Rev. D95 (2017) 7, 075018

Dutta et al: JHEP 01 (2022) 144
Kim et al: JHEP 07 (2020) 057  + many others
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Boosted dark matter from the Galactic Center

Annihilation of A to boosted B 1n the Galactic Center 0

Flux: NFW profile + 10° cone around GC

< OAipgaY > ., 20GeV Farth
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Lower flux means we need large volume detectors for sensitivity
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Neutrino detectors: Super-K, Hyper-K, Ice-Cube,
DUNE

Dark matter detectors: XENONIT, DarkSide

Focus on electron scattering

For nucleon scattering:

Berger et al, Phys.Rev.D 103 (2021) 9, 095012
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Boosted DM from the Galactic Center

20 sensitivity:
Emax
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Alhazmi, Kong, Mohlabeng, Park: JHEP 04 (2017) 158
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Boosted DM from the Sun

A can get captured in the Sun and annihilate to yg

B travel to earth and scatter 1n the detector

The Sun 1s a point-like source so we don’t consider an observation angle

Including self-interactions enhances the capture rate in the Sun

XA velocity
distribution

v mteractions

Kong, Mohlabeng, Park: Phys. Lett. B 743 (2015) 256-266

Berger et al: JCAP 02 (2015) 005

I
Alhazmi, Kong, Mohlabeng, Park: JHEP 04 (2017) 158

capture

Detector Bhattacharya et al: JCAP 05 (2017) 002

F:am‘dhil:aﬁu:u n
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Boosted DM from the Sun

Time evolution of ya number density in the Sun 1s

AN,
dt

= C.+ (Cs — Ce)Ny — (Cy + Cse) NS

Cc: capture rate by nucle1 inside Sun

Cs: capture rate by DM already captured in Sun

Ce: Evaporation rate due to DM-nuclei scattering

Cse: evaporation rate due to DM-self interaction

Ca: annihilation rate
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Importance of DM Self-interactions

1042
A A
A A
s 10 50 100 500 1000
my (GeV)
Kong, Mohlabeng, Park: Phys. Lett. B 743 (2015) 256-266
I ' OAA
Kinematics .Of 0.1 sz/g < — < 1.25 Cm2/g ~ Matter
dwarf spheroidal m A distribution of
galaxies f \ bullet cluster

min max
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Alhazmi, Kong, Mohlabeng, Park: JHEP 04 (2017) 158
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Boosted DM at direct detection experiments

- Large volume DD experiments can look for lower A masses

XENONIT
DarkSide ' Lower threshold than neutrino detectors

a\

Scattering with either nucleon or electrons

B B

e/p e/p

Focus on electron scattering
_ 21 l
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To obtain recoil rates:

Szg — (I)BUBeNefftexp

/ / \ N exposure

Effective # of time
electrons

BDM flux
Scattering

Cross-section

However, it 1s important to include atomic effects related to DM - e scattering

dNSng dO_BG/U'r’el
dEeR " ! TX dEeR
# of Xenon

atoms 1n volume o
ITonization form factor

Differential scattering cross-section l

4

dO-Bevfr'el ]. 1 - vrel ]. a

dmax -
- d M 2 on Ee , 2
dEer 647 Vrey mQBEeR(Qme + EGR)(me — |E”r?l‘) / 14 ‘ ’ ‘f ( R C])|

min
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ITonization effects:

Ao BeUrel 1 1—9v? 1

C_I’I’I’LCLZE

rel 2 2
— d M 1on Ee )
dB.p 647 e mLE.p(2me + Bop)(me — |EB)) / 14 [MJ fion(Eer, d)]

dmin ~ -~

|

ITonization form factor

Electron
DM Recoiling
, electron
g \‘ d
4
Nucleus ’
Proton

Neutron
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- Bound electrons have non-negligible momentum dependence
- Ionization function takes into account electron momentum dependence

- Electrons are bound 1n different orbitals with binding energies, 1onization
function accounts mom transfer required to 1onize electron from orbitals

/3
Fion(Eors )2 = =2 / Ar3 (1) i (1)

TN

free electron bound electron
wave-function wave-function

- Different functions considered

Plane - Wave: bound electron wave function is described by Roothaan-Hartree-Fock
wavefunctions Bunge et al: Atom. Data Nucl. Data Tabl. 53 (1993) 113-162

Outgoing electron wave function is described by plane wave

Essig et al: Phys. Rev. D 85 (2012) 076007
Kopp et al: Phys. Rev. D 80 (2009) 083502

Cao et al: Chin. Phys. C 45 (2021) 4, 045002 + many others
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Relativistic 1onization function: - bound and ionized electron wave functions are
obtained by solving relativistic Dirac equation

1.e. solve ﬁwnk = Enktnk

A

using Dirac hamiltonian h, = o.p + m, (5 _ 1) + Veff (?“)

- accounts for Lorentz structure of DM - e interactions

Xe: Egr =2 keV
107! Roberts et al: Phys. Rev. D 93 (2016) 115037
5 Roberts, Flambaum: Phys. Rev. D 100 (2019) 063017
107~ A
2\ Preliminary
1073 4%
1074 -
107 1 At high momentum transfer,
= 106 4 relativistic & PW are different
E
10—7 .
10—8 -
1079 A
10—10 -
lo-1 L : : : : : : : : : : : : : : : : Alhazmi, Kim, Kong, Mohlabeng, Park, Shin:
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 In Progress

lal [keV]
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Some Limit plots

Fermion Dark Matter with a vector mediator

my =15 MeV, vpy = 0.06¢, Fermion DM - Vector Mediator my = 30 keV, vpy = 0.06¢, Fermion DM - Vector Mediator
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Alhazmi, Kim, Kong, Mohlabeng, Park, Shin: In Progress
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Fermion Dark Matter with a pseudo-scalar mediator

my =15 MeV, vpy = 0.06¢, Fermion DM - Pseudo-scalar Mediator my = 30 keV, vpy = 0.06¢, Fermion DM - Pseudo-scalar Mediator
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2ENRIE L7 A ENOLILL _ Excluded by XENON1T e
107331 /"// 10733 /"/ /"/

NE 107377  P\'e-m—7""" NE 1037
S S
Q Q
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100 10! 107 10 100 10t 107 103
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Alhazmi, Kim, Kong, Mohlabeng, Park, Shin: In Progress
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Outlook

Accelerated DM 1s interesting phenomenological prospect
Can give striking signals at large volume neutrino detectors
Can produce interesting signals 1n direct detection experiments

Atomic effects can be important for accelerated DM-¢ scattering

Need to be careful when considering atomic effects

Ongoing work, need to include other limits
Xenonl100, Xenonl0, Darkside50, Super-K, BBN?

Working on examining 1onization effects from general accelerated DM
scenarios

Cosmic-ray up-scattered DM

Neutrino up-scattered DM + others
‘_ 28 l
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Thank you
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