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Thank you to all frontline workers

Who Risk their lives to ensure society runs
smoothly during 2020



http://unitedway.org
http://unitedway.org

2020 has been a rough year, but on a positive note...

In the past decade particle physics, astrophysics & cosmology have
had amazing achievements:

-+ Nobel Prize for discovery accelerating expansion of the universe - 2011

- Discovery of the Higgs & completion of SM - 2012
Nobel Prize - 2013

 Nobel prize for discovery of neutrino oscillations - 2015

« Observations of Gravitational waves - 2016
Nobel Prize - 2017

- First Image of Black-hole - 2019
Breakthrough Prize - 2020



Hopefully the next decade will offer more discoveries and
insights

worldofwierdthings.com

Especially in answering the question:

What is the nature of Dark Matter?


http://worldofwierdthings.com
http://worldofwierdthings.com

Outline

1. Current status of searches: super-brief overview.

2. GeV - scale messengers of GUT/Planck - scale DM

- Model for ultra-heavy DM motivated by possible multi-scatter signals
in direct detection experiments

3. How to get a THUMP from a WIMP

- Thermal production in the early universe.

4. Conclude



Undeniable evidence that dark matter exists
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The (Inconvenient) Truth about Dark Matter

If a new particle...

. Mass = 777
Spin = 777
. Decays = 777

. Interactions = Gravity, 7"/
. Elementary = 777

To have any hope of directly probing 1t, we look
for 1ts non-gravitational interactions with the SM
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Range of possibilities is VAST

Ultra-light WIMPS Ultra Heavy

< > < > <

>
10-31 GeV 1016 GeV

I I I I I
< >
I I I I I

1MeV 1GeV 100 GeV

Or even a Primordial Black Hole
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Range of possibilities is VAST

Ultra-light WIMPS Ultra Heavy

< > < > <

>
10-31 GeV 1016 GeV

< >

1MeV 1/GeV 100 Ge

Recent searches
have been focussed on this
region of space
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Motivated searches away from the WIMP scale,
mainly towards lower masses
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+ Many other great ideas

See previous PANDEMIC talks + FIPs 2020 workshop talks

https://indico.cern.ch/event/864648/
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Can dark matter be heavier than WIMPs?

How heavy is heavy?

- Planck Mass

- Scale of quantum gravity } 4 reasonable targets

- GUT scale
Ultra-light WIMPS Ultra Heavy
< > < > < >
10-31 GeV 1016 GeV

~1 MeV 1 GeV 105 GeV

—_—p
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How can we detect Ultra heavy dark matter?

Indirect detection?

1

2
DM

* Flux for annihilating particles: & ~ heavier DM, lower flux

* DM could decay at late times to Ultra high energy cosmic rays/neutrinos

Colliders?

- Cannot produce particles at any collider

unless collider larger than size of solar system

Direct Detection?

< Number density/flux for heavier particles 1s smaller: npar ~ i
DM

Disadvantage? Lets explore this

BROOKHAUEN
NATICUMA L LABURATODKY




Direct detection limits

1 )

2
10738 Dy 1072
5
o 1077 o) ~ 0.3 GeV.cm™°
Ng 3 PDM : :
gw 10-42 o PDM
C < n ~J
5 o DM
@ 3 mpMm
éé 10744 N,..."-“"‘\ . =$’
5 o
© 10746 =
= x
©
0 1048 Number of
particles gets
smaller = less
10720 — — — i
10 100 1000 recoils
Dark Matter Mass [GeV/c[]
Dark Matter
mass is too low Most sensitive best
to provide sizable recoil possibility
recoils

BROOKHAVEN
NATICNA L

U NA LABURATODKY



Is it really a disadvantage?
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iImplying

Ultra heavy dark matter can interact stronger with protons than
weak scale dark matter

May scatter multiple times 1n detector

Bramante, Broerman, Lang & Raj: Phys.Rev. D98 (2018) no.8, 083516
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Current detectors can search for multi-scatter events

Detector Detector

Single Scatter Multiple Scatter

_BROOKARUEN 77



Multiple scattering signature would be a clear DM signal

(0-2! = = E Direct Detection
< 5 P limits extrapolated
1024 P to include
&E“ | T ., Multi-Scattering and
o U = : Single Scattering
>c< 30) ; ;
—— Cross-sections of order
l() - XENONIT ojmar DARWIN oy
“ > 10-33 cm?2
1[)—.\.)
19
: & for XENONIT &
DARWIN

Bramante, Broerman, Lang & Raj: Phys.Rev. D98 (2018) no.8, 083516

Bramante, Broerman, Kumar, Lang, Pospelov & Raj: Phys.Rev. D99 (2019) no.8, 083010

Also see Nirmal’s PANDEMIC talk from 01 July
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What kind of physics can give these kind of cross-sections?

- Simplest possibility is to consider light mediators between these very
large scales and the SM

- Vector bosons associated with gauge symmetries well motivated

- To keep vector light compared to Planck scale, need resilient gauge
symmetry, not easily broken

Simplest gauge group U(1) enjoys this property

Halverson & Langacker: arXiv:1801.03503

We proposed a “dark™ gauge group U (1)4 which has vector Ay

e.g. U(1)y = gauged baryon number

L D ga(QLqv,q + QX xv.x) AL + e.e(qyug + lyul) AL

BROOKHAUEN
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Detection of Ultra heavy dark matter through a light messenger

Baryon charge of
dark matter ~1/2

X X
gp QX
Spin Independent DM-nucleon
cross-section
Ad
2 X\2 .2
167Tluxn( ;rlL d) &y
Oxn ™ 1
ULy
gD d
P P
e.g. > 10-33 cm?

dark matter much heavier

than mediator |
Davoudiasl & Mohlabeng Phys.Rev. D98 (2018) no.11, 115035
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Ultra heavy dark matter can be searched for at current direct detection
experiments

Messenger particle can be searched for at low energy accelerators

How is this Dark Matter produced?
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Well motivated: Thermal Freeze-out

- Thermal equilibrium requires large couplings to the SM

- Large couplings are useful for detection at present times

Problem

< Elementary dark matter heavier than 100 TeV leads to over-closure
of universe, 1f produced 1n thermal equilibrium with SM 1n early

universe
Ultra-light WIMPS Ultra Heavy
<< > < > < >
10-31 GeV 1016 GeV
~1 MeV 1 GeV 105\GeV
Unitarity
limit

BROOKHAVEN
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Getting around the Unitarity Limit

Creative ways of getting around this, for example ...

Superheavy dark matter from thermal inflation

Hui & Stewart, Phys. Rev. D 60 (1999) 023518

Thermal DM from decoupled sector

Berlin, Hooper & Krnjaic, Phys. Lett. B 760 (2016) 106-111

Coannihilation with lighter unstable species

Berlin, Phys. Rev. Lett 119 (2017) 121801

Filtered Dark Matter

Baker, Kopp & Long, arXiv:1912.02830 Chway, Jung & Shin, arXiv:1912.04238

+ many other theoretical possibilities
Kim & Kuflik, Phys. Rev. Lett 123 (2019) 191801
Kramer et al, arXiv:2003.04900

- THUMPs

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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Sl

THermal Ultra Massive Particles

# W
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Basic 1dea:

- Dark matter 1s light before freeze-out, 1.e. WIMP

- Require 1t to over-annihilate so that number density of DM particles
after freeze-out 1s very small

- DM obtains large mass after freeze-out which sets the right relic density

- Over-annihilation sets small number density for heavy DM, expected at
present times

Concrete example

1

L5 (A¢+m)XX +igpQpALXY'X + AL fy" f — Smg( — ¢o)?
f dark photon SM fermions ultra-light scalar
mX

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177

BROOKHAUEN
NATICUMA L LABURATODKY



Before treeze-out DM over-annihilates

if m; > M 4/ then dominant annihilation process is

gD f
b4 A .€
f
f
X A €
gD f

Thermal annihilation process

Large number ~ 1, ensures DM annihilates efficiently

(ov) ~ —ID .\ [1 (mA’)2

i
M

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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- After freeze-out, ultra-light scalar rolls 1n 1its potential

V(P)

¢

0
T~ Vacuum expectation value

- When scalar reaches minimum, gives large mass to dark matter after freeze-out

L D (Ml + X)X X m{ — m’ + Ay

Some benchmark numbers

10-6 10-14eV 1015 GeV

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177

)
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Relic density Q,h% ~ ny (mt) m?

X X
1013 mXi =2my
10122 w=10
1011; ~===qp=0.5 ;
1010.: —?
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Direct Detection of THUMP Dark Matter

X
2 2
167 1y, € p
Oyn ™~ 1
oy
/ .\ Independent of m>f<
e/p e/p

Lower the mediator mass, larger the direct detection cross-section

BROOKHAUEN
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Complementarity of direct detection and low energy accelerators
ap=10, m,/ =5x10" GeV

10 —2 E | | | | | | | | I T T | | | 1 L Ig
= (4-2). BABAR LHCb -
= E774/ :
~NA64/E341 5

10°* = L "=
E s -
- - ,&0
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10 -6 E “ Q\\X‘l\ o
- N 9

1077~ 42 3
- SeaQugpet/ DarkQuest ’.o‘ 3

10-8— SN1987 2 SHiF —
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1072 107! 1 10
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- Low energy experiments search for mediator
- Direct Detection experiments search for THUMP

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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Take away

- We need to look at many avenues 1n our search for Dark Matter.

Ultra-heavy dark matter 1s one possibility

- I discussed a possible model for multi-scattering in direct detection
experiments.

- Disussed a viable scenario for early universe thermal production,
called THUMPs.

- Possible complementarity between direct detection of UHDM &
accelerator searches for low mass mediator.
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Unitarity / Griest-Kamionkowski bound

o, —0
QJ' o

o . g
The thermal annihilation cross-section: <av> ~ 2D

Mo

0.1 pb
(V)

If Mpy > 100 TeV then thermal relic density 1s very large, 1.e. produce too
much DM, over-close universe

Relic density: ()2 ~

If gD istoo large, i.e. above perturbative unitarity, calculation is unreliable

K. Griest & M. Kamionkowski, Phys. Rev. Lett 64, 615 (1990)
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U(1)p is anomalous, i.e. not a consistent gauge theory

Anomaly cancelation requires heavy fermions that are:
- Vector-like under SM

- Chiral under dark sector

Heavy fermions would get mass from U(1) breaking by dark Higgs

Scale of symmetry breaking = 100 GeV

Dobrescu & Frugiuele, Phys. Rev. Lett. 113, 061801 (2014)



mAngng)<<I>>
mpep ~y < d >
LD yF,Frd

If <® > < 100 GeV Fermions F would have been seen at LEP/LHC

Y

= 100 GeV < < ® >

For ma, ~ 1 GeV = Qé{l) << 1

= Q5 <<1

Many fermions at TeV scale to cancel anomalies



Breaking U(1)s & preserving EWS results in non-zero Wess-Zumino terms

Giving non-decoupling longitudinal mode of vector showing up in low
eNergy processes

Dror, Lasenby & Pospelov, Phys. Rev. Lett. 119, 141803 (2017)

Effects show up in: - B-meson decays

- Z-boson decays

If U(1)s breaking is different i.e. not EWS preserving

No longitudinal mode effects



Including longitudinal mode enhancements

€4d
(4m)?

Were made assuming: ¢ =

. 1.0\. . .
_ Mp [GEV]
Ag = pp Ay — Hadrons

can still get: o, ~ 107°° — 10~ *®cm?



We can recast the BaBar visible decay limit using

Ny, = UAdq/BR(Ad — l+l_)£

d

ASSU,IIliIlg NAd > NBaBa,r

ag = 1077

Rescaled BaBar
limit

Excluded by

0.01}

e 0.001}

0.05 0.10 020 _ 0.50 1.00 2.00
mAd[GEV]

Davoudiasl & Mohlabeng: Phys.Rev. D98 (2018) no.11, 115035
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Further constraints

White Dwarf constraints on PSDM

3

i

Infalling DM: [iqan & = 1
=
u)
o
&
g
)
Collapsing Core: lNuygpeafon > 1, 1= 107"% em
N WD p, = 0.4 GeVicm®
Oy = 107°% em*
10117 10118 10119 1[;20

my (Ge¥Y)

Graham, Janish, Narayan, Rajendran & Riggins, arXiv:1805.07381

47‘(’de
OxxVUx ™

~ 107"%cm? /s

for My ~ 1017 GeV

& ap~ 1077



What ensures that scalar only rolls after Freeze-out?

During thermal equilibrium, plasma 1s relativistic

- Thermal effects of DM on ¢ mass: m(i(T) ~ m?b + AT

m?@o
m(zb + 2772

- minimizing ¢ potential gives ¢(71") ~

= at large T, before freeze-out, (1) — 0

10-6 10- 14eV 015 GeV 10 MeV

H(T') ~ 10~ % o

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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At or after freeze-out, DM 1s non-relativistic

1

L2 ApxX — 5167 — do)°

Lorenz invariance allows 1)1) — ny, (V1 — v2)

Tadpole term AQXX — ATy

Solving equation of motion gives

Any (1)
mg

P(T) ~ - @0

As Universe expands, DM density gets diluted ¢(71") — ¢q

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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1

L2 ApxX — 5167 — do)°

Lorenz invariance allows 1)1) — ny, (V1 — v2)

Tadpole term AQXX — ATy

m?bﬁbo
m?b + w2(T)

Solving equation of motion gives @(1") ~

Plasma Frequency

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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