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Evidence that Dark Matter exists

Nature and mass range of Dark Matter candidates

Searches via astrophysical, cosmological and terrestrial probes
- hard to It is hard to look for what you do not know what it is

Discuss two examples:

Light Fermionic DM : cosmological probes
possible direct detection?

SUSY WIMP scenario with light gauginos, higgsinos and sleptons:
terrestrial probes and muon g-2



Galactic and cosmological observations show there is
much more matter in the Universe than what we "see”

Strong evidence for Dark Matter from its interactions with visible matter
in the Milky Way
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Something invisible is holding stars in orbit



Evidence for DM on many scales at many times

Gravitational Lensing Galaxy Cluster CoII|S|ons
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bending of light by strong gravitational fields 1555 distribution of cluster of galaxies
inferred from gravitational lensing



Evidence for DM on many scales at many times

CMB temperature spectrum fluctuations
at different angular scales on the sky

Dodelson, 2011
Planck Collaboration
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Observation & theory agree with
Constraints on the third peak yield the first ~ 85% pressure-less matter and
direct evidence for DM at recombination. 15% conventional baryonic



What do we know about Dark Matter ?
-very little -

Couples gravitationally

It is the most abundant form of matter TmE

It can be part of an extended hidden, dark sector

It can be made of particles or compact objects
- ultralight DM is best described as wavelike disturbances ( e.g axions) -

lts mass can be anything from as light as 10?2 eV to as heavy as
primordial black holes of tens of solar masses

Too small mass must be bosonic must be composite From
0, < 5s _ ﬁ
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Folding in assumptions about the evolution of the DM density in the early Universe
can motivate more specific mass scales



What do we know about Dark Matter ?

« Assumptions about early Universe cosmology provides some guidance:

mpM

nonthermal nonthermal

~ 100Mq

Thermal Equilibrium in early
Universe narrows the viable

GeV mz > 100 TeV

maSS range ;elgf/es;N w too much

Light DM “WIMPs”
Hidden Sector

* It can have weak SM charges and be part of an extended SM sector
=>» Weakly Interacting Massive Particles (WIMPs)
* It can interact indirectly with SM particles via Dark Sector mediators.
The mediators may mix with SM particles (portals) such as the Higgs boson, the
photon or neutrinos or directly carry SM charges.
* It can have different type of properties with itself (e.g collisionless, self interacting)

Applies to nearly all models with couplings large enough for detection
(rare counter example: QCD axion DM, freeze in DM)



Entering a new era in the search for Dark Matter:
through important advancements in astrophysical, cosmological and terrestrial probes

Gravitational Interactions Galactic-Scale Observables
Small-Scale Structure
‘DM:
—— Nheeds to be better
. understood
l|'1(3r4|'1'|z1‘| froe/o-()m (early l,J‘ni\a)
Annihilations Scattering Production IH(IIFOCI detection (ﬂ()‘,wl’]

DM

DM SM DM DM

direct detection

DM SM

—
I production at colliders

X X
nuclear transverse
magnetic field
.—f

P RBAAKDRE KPR o2y, LABOIRIBTY DM produced in the decay of other, yet to be
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The Many possible Dark Matter Solutions

Nature 562, 51 (2018)

Light bosons

Dark Matter

Motivated partly by null results in weak scale DM searches and
small-scale tensions that may challenge the ACDM predictions



Dark Matter mass ranges and nature plus thermal histories
can change behavior at small-scales
( ~1 Mpc & mass scales smaller than ~101'M,)

» Cold DM (cold at all redshifts)
- Baryonic physics?

P(z) ~0,p(2) o< p(z = 0)(1 + 2)°

Warm DM (produced in the early universe with a Temperature)

P —3(1+w
P(Z<Zt)NO,P(Z>Zt)o<§p(z) w:; p X a ( )

WDM has to be cold enough for structures to form 7+ Redshift of relativistic to

T ~mpy=5.3 KeV non-relativistic transition

[V. IrSiC et al, arXiv: 1702.01764]

 Mixed DM: CDM and WDM components; or other scenarios with different
equation of state evolution



Cosmologically Degenerate Fermions

Fermionic DM cannot be as cold as being non-relativistic at early times

Pauli exclusion principle = Fermi momentum

67m2n, \ >

’UP 9y

€ « @

K N ‘ F Number density is higher at higher redshift
\\/ ny(2) = ny (2 = 0)(1 + 2)°

" Fermi oeqenente presswe " Hence at some redshift, z, & pe(z)=m,,

Fermionic DM => relativistic radiation at z = z,

Assumptions: even in absence of Dark Sector Temperature

thermally cold: kinetic energy from purely degenerate pressure

Has a fixed comoving number since beginning of BBN until today

Does not form bound states in high density environments



Degenerate Fermionic DM in the Early Universe

Given a present-day energy density p, =f, Qpy p. = my ny (z=0) N;

a fraction f, of DM energy density atz=0
eV (2 internal d.o.f and 1 flavor)

1/3
g Ny } _ 1500(

1+Zt=[

67T2f¢QDMpc » f1/3

The energy density of  in its
relativistic regime is characterized
by its equiv. number of effective
neutrinos d.o.f. ANeff

Need to consider that energy density in
matter & radiation redshifts differently

Forz >zt :

0.1

my [eV]

M.C, Coyle, Y-Y Li, McDermott, Tsai, arXiv: 2108.02785 N, = 3.045 : k = 0.22



AN, constraints on light Fermionic DM

—» Big Bang Nucleosynthesis

constraining the number of relativistic
degree of freedom at T, ~ MeV, z ~ 10°

A
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Structure
Background rodiation  formation
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T+ (Tf)
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current bound:
AN g <0.12, one parameter fit
[T. -H. Yeh, et al, arXiv:2011.13874]

ANeft < 0.37, joint parameter fit
[V. Mossa, et al, Nature 587, 210 (2020)]

Cosmic Microwave Background

t = Time (seconds, years)

E = Energy (GeV) < A >
§- o 8- ¥- \ constraining the number of relativistic
gllunm %\":P% 27 atom galaxy
o o A degree of freedom at 7' ~ (0.1eV, z ~ 10>
e i aryon P photon » ..

| Parfice Data Group, LBNL® 2014 Supported by DOE

Neff/ﬂ7H/ﬂ 7f\x

Multiparameter extensions of ACDM Current bound: AN < 0.28, one parameter fit
ANeﬁ <0.5

[N. Aghanim, et al, arXiv:1807.06209]
[N. Aghanim, et al, arXiv:1807.06209]



Structure Formation constraints on light Fermionic DM

Suppression of
gravitational clustering

HISTORY OF THE UNIVERSE
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| Partide Data Group, LBNL® 2014 Supported by DOE

Depends on my, fy and T%(k) =
momentum distributions

Puocpm (k)

If a fraction of today’s CDM remains
relativistic at zy, ~ 107, ( zi <z, ) small
scale clump does not occur at early times

Lyman-a forest data + counting MW
satellites galaxies to determine the
Sub-Halo Mass Function ( SHMF)

 Calculate linear power spectrum P (k)
as a function of f, and m,,

* Normalized to Pcpm(K)

« Compute transfer function T2(k)
using CLASS code non-DM module

Pepwm (k)




Structure Formation constraints on light Fermionic DM

Suppression of
gravitational clustering

t = Time (seconds, years)
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Parficle Data Group, LBNL® 2014 Supported by DOE

P.com (k)

fo DF + (1 — f,)CDM

Ly-a

—— WDM, mwpy = 5.3keV
“= o {my, fy} = {2keV, 100%}
== {my, fy} = {500eV, 20%}
== {my, fy} = {10eV, 4%}

M.C, Coyle, Y-Y Li, McDermott, Tsai, arXiv: 2108.02785

Smallest wavenumber with suppression depends
on z; = lower z; suppresses T2(k) to smaller k.

[R. Murgia, et al, arXiv:1704.07838]

Pcov(k)  SHMEF - T?(k < 50h/Mpc) > 0.5 [E-O-Nadler etal, arXiv:2008.00022



Light Fermionic Dark Matter parameter space

- Forf, =12 my=2 keV due to impacts of degeneracy pressure on structure
formation in the early universe - specially from modes of size k = 50h/Mpc -

(in comparison with m = 5.3keV for WDM)

- Constrain fractions a slow as 3% for my, < 1 eV - DF add non-negligibly to
total energy density in the form of radiation during cosmic structure formation -

All results are for T, =0
- Kinetic energy solely from
degenerate pressure

/

A
= g
™ oa

/ ~

g1 Allowing finite Dark sector temperature

=<1 S s
51

S s strengthens bounds from ANgs and

TRl i . cture formation on m
7/ 5 ===ANesg>0.5 v
: & ki —ANg>0.1
10-71, o ... N SV 2 L Ty = 0 =» weakest bounds on f, and m,,
' 1074 1073 W2 0.1 1 10 100 103

my [eV]

» Constrain f; as small as 2 x 10° for my, < 0.1 meV

M.C, Coyle, Y-Y Li, McDermott, Tsai, arXiv: 2108.02785



Light Fermionic Dark Matter: Local Implications

Fermi velocity of degenerate fermions will modify MW DM phase space density

« Assuming py =fy Qpu pc =2 | VF (z=0) = (my, /eV)+3 {13 x 198 km/s

 If mylight enough = Vg(z=0) > Vese mw = 540 km/s = p,locd < p,,
particles not gravitationally bound to MW halo

« MW halo DM overdensity: ppm'°®® = 0.3 f, GeV/cm3 Opm = Pom@ / py= 2 x 10°

@ Not accumulating: p,eca'<p,

@ Smaller over density than CDM,
or higher velocity, e.g. probed

by novel material
a) py'°c@ < Opm Py and Ve < Vese mw

N

s == Ly-o. + SHMF
~; w—ANg > 0.5 b) some DM Vg > Ve yw @nd can
i i =—ANg>0.1 have py'°c@ ~ dpy py
1074 107 1072 0.1 0 100 10° . L
e [e\}] @ Similar phase space distribution
i to that of CDM

VE<V for local local, MW
M.C, Coyle, Y-Y Li, McDermott, Tsai, arXiv: 2108.02785 > esc,MW Py Py



Light Fermions cannot reach arbitrarily high density without obtaining
significant kinetic energy.

The Fermi momentum can cause the DM to behave as extra radiation
density in the early Universe, thereby contributing to AN+ at BBN & CMB
and it can suppress the matter power spectrum by staying relativistic until
too low redshift.

Our analysis of cosmological constraints shows new regions of
parameters in the fermion mass - DM fraction space
m, =2 keV for f,=1and f,as low as 3% for m;, ~1 eV, reaching values as

low as f,~2 x 10— for my, < 0.1 meV

The local phase space density of DM particles can differ from the MW’s

virial distribution and may be suppressed for m;, < 10 eV {4
Close that region particles may have interesting, high-velocity distributions

that may be probed in new type of experiments.



SUSY WIMPs and the Muon g-2 Anomalous Magnetic Moment

Precision Tests of QED : g-2

The precession frequency of the lepton spin in a magnetic field is
controlled by the so-called g-factor ( g >~ 2 )

That can be compared with the cyclotron frequency

qB
my’

)

Most measurements of g-2 are based on clever ways of measuring
these frequency difference in a uniflorm magnetic field.

@M = 116 591 810(43) x 101!

as® = 116 592 061(41) x 1071

ermilab muon g-2 experiment confirms
the Brookhaven result.

Deviation of 4.2 standard deviations
from SM Expectations.

Observe that the g-2 errors are mainly statistical ones.

Brookhaven ®
result

Fermilab

—
result

— +——
Standard Model Experiment
Prediction Average

185 190 195 200 205 210 215
a,x10° - 1165900

A very important result, that will be
further tested in the coming years

Aa, = (™ — ™M) = (251 £59) x 107

% %
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Dominant Diagrams for g-2 in Supersymmetry SCIENTIFIC
Barbieri, Maiani’82, Ellis et al’82, Grifols and Mendez’82 AMERICAN

Moroi’95, Carena, Giudice, CW’95, Martin and Wells’00. . Mapol A
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If all weakly interacting supersymmetric particle masses were

a? — 4z 43 + 2In(z) the same, and the gaugino masses had the same sign, then
(1-a)
2?—1—-2zn(z)
(1—1’)3

fyx (@) =

fola) =

100 GeV 2
(Aa,)?Y®Y ~ 150 x 1071 (—e> tan 3
msusy

This implies that, for tan[3 = 10, particle masses of order
250 GeV could explain the anomaly, while for values of tan[3
= 60 ( consistent with the unification of the top and bottom
Yukawa) these particle masses could be of order 700 GeV.

Rough Approximation

—ab™) = (251 £59) x 107"




Dark Matter Direct Detection
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Spin Independent Interactions Spin Dependent Interactions

1 1
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g-2 and Direct Detection

Reduction of the cross section in the proximity of Blind Spots may

be obtained for negative values of 1 X M;
The direct detection cross sections can also be suppressed for

large values of

g-2 has two contributions, the Bino one proportional to p X M;
and the other (chargino) proportional to u x M

The Bino contribution to g-2 is negative at the proximity of the blind spot but
becomes subdominant at smaller values of |1

The chargino contribution is the dominant one for masses of the same
order and is suppressed at large [

Since g-2 needs to be positive, compatibility between g-2 results and Direct
detection may be either achieved for large values of | or for smaller values
of |, when the relative sign of the gaugino masses is opposite.




Compatibility of Direct Detection and g-2 Constraints for a representative
example of a compressed spectrum. Stau co-annihilation is assumed

Large hierarchy of values of 4 between positive and
negative values of the Bino mass parameter is observed.

tan = 20; my = 1200 GeV; My = |M;|+ 50 GeV
mp, = my, = | M|+ 55GeV; my, = | M|+ 45GeV

A compressed spectrum leads to
weaker bounds and to getting the DM

relic density via co-annihilation.

Proximity to the blind spots or large
values of u serve to avoid the direct
detection bounds.

The high luminosity LHC will further
probe the presence of light weakly
interacting particles and the Muon g-2
results should highly motivate these
searches.

Baum, MC, Shah, Wagner, arXiv:2104.03302



The Tiny (g-2) Muon Wobble from Small-u Supersymmetry

Benchmark Scenarios BMSM |BMST BMW| BMH
350.2 | 255.3 | 271.4|61.0 (124.9)

BMSM|BMST|BMW BMH
414.4 | 264.2 | 305.3 709.5

M [GeV] | -352 | -258 | -274 | 63

362.7 | 323.0 | 352.8 751.3

M, [GeV] | 400 310 | 310
496.0 | 313.7 | 344.2 747.3

1 [GeV] | 690 | 475 | 500
354.4 | 313.7 | 344.2| 7473

M;? [GeV]| 360 | 320 | 350
392.3 | 296.2 [297.9|  469.6

M3} [GeV] | 500 | 320 | 350

2.10 | 2.89 | 2.35 1.93

My? [GeV]| 360 | 320 | 350
0.121 | 0.116 [0.124|  0.121

M3 [GeV]| 500 | 320 | 350
0.645 | 1.58 | 1.42 0.315

OSI (10~ pb

]
oy [107%pb]| 1.03 | 5.11 | 4.23 3.01
]

My [GeV] | 2000 | 1800 | 1600

tan 3 60 | 40 | 35

oS 1070 pb]| 0.632 | 1.57 | 1.41 0.330

oSP [1075pb]| 0.882 | 4.10 | 3.42 2.34

Good prospects to probe these
benchmarks at LHC and direct
detection experiments

Bino-like DM
co-annihilating with light sleptons (BMSM)
co- annihilating with a light stau (BMST)
co-annihilating with a Wino (BMW)
resonant s-channel annihilation via the SM-like Higgs boson (BMH)
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