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Dark Matter Effects 
on the Early Universe and Muon g-2



Outline

§ 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 

total stellar mass.

Among these options, it turns out that stars serve as the best DM tracers and time-and-again

have provided important clues about its distribution. The reason for this is that stars in the disk

are essentially collisionless. The time between collisions is ⇠1021 years—far longer than the age of

the Universe!

Exercise: Show that the stars in the Galactic disk are collisionless. You may assume that the stars

have a radius similar to that of the Sun (R� = 2⇥ 10�8 pc) and a random velocity of ⇠50 km/s.

1.1 Rotation Curves

One of the strongest pieces of evidence for DM comes from studying the rotational velocity of

stars. The fact that stars rarely collide means that their motion is dictated by their gravitational

interactions. From standard Newtonian gravity, we know that the stars’ circular velocity, vc, is

vc(r) =

r
GM

r
,

where M is the enclosed mass, r is the radial distance, and G is the gravitational constant. For

distances that extend beyond the Galactic disk (r & Rdisk), Gauss’ Law tells us that M should

remain constant assuming all the mass is concentrated in the disk, and vc / r
�1/2. Instead,

observations find that the circular velocity curve flattens out at these distances, implying that

M(r) / r. This suggests that there is an additional ‘dark’ component of matter beyond the visible

matter in the disk.1 Evidence for flat rotation curves began to build in the 1970s (e.g., [4, 5]),

leading to several ground-breaking papers in the early 1980s [6, 7]. Figure 1 shows the 21 Sc

rotation curves measured by Rubin et al. in [6], which illustrate the approximate flattening of the

circular velocity at large radial distances. Since then, further evidence has continued to strengthen

these conclusions—see e.g., [8].

From rotation curves, we infer that the DM mass density distribution is

⇢(r) /
M(r)

r3
⇠

1

r2
.

Note the implicit assumption being made here: namely, that the DM is distributed in a spherically

symmetric halo about the center of the Galaxy, in contrast to the baryons which are concentrated

in the disk. Because baryons can interact strongly amongst themselves, they have a means of

1Another interpretation for the flattening of the rotation curve is the possibility that Newton’s laws of gravity
are altered at large distances [3]. MOdified Newtonian Dynamics (MOND) is a class of phenomenological models
that seek to address this point. While MOND is most successful at explaining galaxy-scale e↵ects, it has not been
absorbed into a fully cosmological picture to date.
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Standard Newtonian gravity

But, observations show
flattening of vc , hence

Something invisible is holding stars in orbit 

Vera Rubin

Predicted

Evidence for Dark Matter

Something invisible is holding stars in orbit 

HW: predict the shape of this curve



Evidence for DM on many scales at many timesEvidence for Dark Matter

Gravitational Lensing 

“Weighs” total matter: requires ~85% of  matter to be “dark”

Images NASA/ESA

get bent”
-Bart

Simpson
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Images of distant galaxies distorted by 
bending of light by strong gravitational fields

Gravitational Lensing Evidence for Dark Matter

The Bullet Cluster

X-rays (hot gas)

Mass distribution 
(gravitational lensing)

Galaxy Cluster Collisions

Galaxies

Dark Matter

Mass distribution of cluster of galaxies
inferred from gravitational lensing 

Evidence for Dark Matter

Gravitational Lensing 

“Weighs” total matter: requires ~85% of  matter to be “dark”

Images NASA/ESA

get bent”
-Bart

Simpson
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Evidence for DM on many scales at many times
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(a) Baryons (b) Matter

Fig. 15. Baryons and matter. Baryons change the relative heights of the even and odd peaks through their
inertia in the plasma. The matter-radiation ratio also changes the overall amplitude of the oscillations from
driving e↵ects. Adapted from Hu and Dodelson (2002).

second and third peaks (e.g. Hu et al. 2001). The dependence of the spectrum on the baryon density
⌦mh

2 is shown in Fig. 15. Constraints on the third peak from the DASI experiment (Pryke et al.
2001) represented the first direct evidence for dark matter at the epoch of recombination. Current
constraints from a combination of WMAP and higher resolution ground and balloon based data yield
⌦mh

2 = 0.135 ± 0.007 (Reichardt et al. (2008)). Since this parameter controls the error on the
distance to recombination through equation (131) and the matter power spectrum (see below), it is
important to improve the precision of its measurement with the third higher peaks.

Damping Tail: Consistency— Under the standard thermal history of §2 and matter content, the
parameters that control the first 3 peaks also determine the structure of the damping tail at ` > 103:
namely, the angular diameter distance to recombination D⇤, the baryon density ⌦bh

2 and the matter
density ⌦mh

2. When the damping tail was first discovered by the CBI experiment (Padin et al. 2001),
it supplied compelling support for the standard theoretical modeling of the physics at recombination
outlined here. Currently the best constraints on the damping tail are from the ACBAR experiment
(Reichardt et al. 2008, see Fig. 7). Consistency between the low order peaks and the damping tail
can be used to make precision tests of recombination and any physics beyond the standard model at
that epoch. For example, damping tail measurements can be used to constrain the evolution of the
fine structure constant.

Matter Power Spectrum: Shape & Amplitude — The acoustic peaks also determine the shape and
amplitude of the matter power spectrum. Firstly, acoustic oscillations are shared by the baryons. In
particular, the plasma motion kinematically produces enhancements of density near recombination
(see Eqn. 113))

�b ⇡ �k⌘⇤vb(⌘⇤) ⇡ �k⌘⇤v�(⌘⇤) . (132)

This enhancement then imprints into the matter power spectrum at an amplitude reduced by ⇢b/⇢m

due to the small baryon fraction (Hu and Sugiyama 1996). Secondly, the gravitational potentials
that the cold dark matter perturbations fall in are evolving through the plasma epoch due to the

Hu 0802.3688

Planck Collaboration

Constraints on the third peak yield the first 
direct evidence for DM at recombination.

CMB temperature spectrum fluctuations
at different angular scales on the sky

CMB Power Spectrum Matter Power Spectrum

Matter Power Spectrum 

~85% pressure-less matter, 15% conventional “baryonic”
Observation & theory agree with 

Evidence for Dark Matter

FIG. 1: The power spectrum of matter. Red points with error bars are the data from the Sloan

Digital Sky Survey [9]; heavy black curve is the ΛCDM model, which assumes standard general

relativity and contains 6 times more dark matter than ordinary baryons. The dashed blue curve is

a “No Dark Matter” model in which all matter consists of baryons (with density equal to 20% of

the critical density), and the baryons and a cosmological constant combine to form a flat Universe

with the critical density. This model predicts that inhomogenities on all scales are less than unity

(horizontal black line), so the Universe never went nonlinear, and no structure could have formed.

TeVeS (solid blue curve) solves the no structure problem by modifying gravity to enhance the

perturbations (amplitude enhancement shown by arrows). While the amplitude can now exceed

unity, the spectrum has pronounced Baryon Acoustic Oscillations, in violent disagreement with

the data.

matter model, on the other hand, the oscillations should be just as apparent in matter as

they are in the radiation. Indeed, Fig. 1 illustrates that – even if a generalization such

as TeVeS fixes the amplitude problem – the shape of the predicted spectrum is in violent
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Dodelson, 2011

MOND

no DM
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Observation & theory agree with 
~ 85% pressure-less matter and 

15% conventional baryonic



What do we know about Dark Matter ?

• Couples gravitationally
• It is the most abundant form of matter
• 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) -
• Its mass can be anything from as light as 10−22 eV to as heavy as 

primordial black holes of tens of solar masses

-very little -

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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From 
MACHOs 
searches

Too small mass
⇒ won’t “fit” 
in a galaxy!

Extra stuff
22. Big-Bang nucleosynthesis 3

3He/H p

4He

2 3 4 5 6 7 8 9 101

0.01 0.02 0.030.005

C
M

B

B
B

N

Baryon-to-photon ratio η × 1010

Baryon density Ωbh2

D___
H

0.24

0.23

0.25

0.26

0.27

10−4

10−3

10−5

10−9

10−10

2

5
7Li/H p

Yp

D/H p

Figure 22.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [14] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).
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12 21. The Cosmological Parameters
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Figure 21.1: This shows the preferred region in the Ωm–ΩΛ plane from the
compilation of supernovae data in Ref. 17, and also the complementary results
coming from some other observations. See full-color version on color pages at end of
book. [Courtesy of the Supernova Cosmology Project.]

Two major studies, the ‘Supernova Cosmology Project’ and the ‘High-z Supernova
Search Team’, found evidence for an accelerating Universe [16], interpreted as due to
a cosmological constant, or to a more general ‘dark energy’ component. Current results
from the Supernova Cosmology Project [17] are shown in Fig. 21.1 (see also Ref. 18).
The SNe Ia data alone can only constrain a combination of Ωm and ΩΛ. When combined
with the CMB data (which indicates flatness, i.e., Ωm + ΩΛ ≈ 1), the best-fit values are
Ωm ≈ 0.3 and ΩΛ ≈ 0.7. Future experiments will aim to set constraints on the cosmic
equation of state w(z). However, given the integral relation between the luminosity
distance and w(z), it is not straightforward to recover w(z) (e.g., Ref. 19).

July 14, 2006 10:37

•23% of universe energy/matter is 
a new type of (non-baryonic) 
matter
•73% is a new type of energy 
(cosmological constant)
•SM is 4%

Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

DM Prognosis?

7

Folding in assumptions about the evolution of the DM density in the early Universe 
can motivate more specific mass scales



• Assumptions about early Universe cosmology provides some guidance:

• It can have weak SM charges and be part of an extended SM sector
è 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)

Thermal Equilibrium in early 
Universe narrows the viable 

mass range

What do we know about Dark Matter ?

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

Hidden Sector

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 
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Entering a new era in the search for Dark Matter:
through important advancements in astrophysical, cosmological and terrestrial probes

Gravitational Interactions

DM

Galactic-Scale Observables

Production

DM

SM DM

SM

Scattering or Absorption

SM

DM DM

SM

Annihilations

DM

DM SM

SM

DM produced in the decay of other, yet to be 
discovered particles, charged under the dark sector

Conclusions
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Over next few decades, important advancements in both astrophysical and 
terrestrial probes will test WIMPs and Hidden Dark Sectors
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Over next few decades, important advancements in both astrophysical and 
terrestrial probes will test WIMPs and Hidden Dark Sectors

Small-Scale Structure 
needs to be better 

understood 



The Many possible Dark Matter Solutions
Nature 562, 51 (2018)

Light 
Fermions

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



Dark Matter mass ranges and nature plus thermal histories 
can change behavior at small-scales 
( ∼1 Mpc & mass scales smaller than ∼1011M⊙)

• Cold DM (cold at all redshifts)

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

4

• mass? thermal history?

Hot dark matter: always relativistic 

Mixed dark matter: some component is cold, other component could be warm or hot

Other scenarios that might provide 
different equation of state evolution 

had to be cold enough for structures to form

Cold dark matter: cold at all redshift,  pressure  
+ baryonic feedback (?)

P (z) ⇠ 0, ⇢(z) / ⇢(z = 0)(1 + z)3

<latexit sha1_base64="YM8DW4LDDNoOsnYX7mjrYK/V8eU="></latexit>

Warm dark matter:  produced in the early universe with a temperature, 
motivated by the small-scale crisis

[V. Iršič et al, arXiv: 1702.01764]

P (z < zt) ⇠ 0, P (z > zt) /
1

3
⇢(z)
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mDM � 5.3keV
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• Warm DM (produced in the early universe with a Temperature)

WDM has to be cold enough for structures to form 
T ~ mDM ≥ 5.3 KeV

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

4

• mass? thermal history?

Hot dark matter: always relativistic 

Mixed dark matter: some component is cold, other component could be warm or hot

Other scenarios that might provide 
different equation of state evolution 

had to be cold enough for structures to form

Cold dark matter: cold at all redshift,  pressure  
+ baryonic feedback (?)

P (z) ⇠ 0, ⇢(z) / ⇢(z = 0)(1 + z)3

<latexit sha1_base64="YM8DW4LDDNoOsnYX7mjrYK/V8eU="></latexit>

Warm dark matter:  produced in the early universe with a temperature, 
motivated by the small-scale crisis

[V. Iršič et al, arXiv: 1702.01764]

P (z < zt) ⇠ 0, P (z > zt) /
1

3
⇢(z)

<latexit sha1_base64="0QOTXNS1DU2H9Tm1Kvbj6iVMvJ4="></latexit>

mDM � 5.3keV

<latexit sha1_base64="FP5l4fiOIoP2112/lMKcAr3AMT0=">AAACBXicdVA9SwNBEN2LXzF+RS21WAyC1XGXL1MGtbARIphESELY20ySJbt35+6eEI40Nv4VGwtFbP0Pdv4bN5cIKvpg4PHeDDPzvJAzpR3nw0otLC4tr6RXM2vrG5tb2e2dhgoiSaFOAx7Ia48o4MyHumaaw3UogQiPQ9MbnU795i1IxQL/So9D6Agy8FmfUaKN1M3ui27clgKfXUxwewA3uGQXEmEEjUk3m3PsSqlQLuVxQirunJTdAnZtJ0EOzVHrZt/bvYBGAnxNOVGq5Tqh7sREakY5TDLtSEFI6IgMoGWoTwSoTpx8McGHRunhfiBN+Ron6veJmAilxsIznYLoofrtTcW/vFak+5VOzPww0uDT2aJ+xLEO8DQS3GMSqOZjQwiVzNyK6ZBIQrUJLmNC+PoU/08aedst2sXLYq56Mo8jjfbQATpCLjpGVXSOaqiOKLpDD+gJPVv31qP1Yr3OWlPWfGYX/YD19gkXn5e0</latexit>

- Baryonic physics?
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Redshift of relativistic to 
non-relativistic transition

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

[V. Iršič et al, arXiv: 1702.01764] 



Cosmologically Degenerate Fermions

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785
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Consider the particle nature of DM:
For fermionic dark matter,  it simply cannot be as cold as being non-relativistic 

at arbitrary early time!

Assumptions
• Has a fixed comoving number as we trace back to earlier times,  in particularly 

after the beginning of the Big-Bang Nucleosynthesis;
• Doesn’t form bound states in high density environments

       : redshift that non-relativistic to relativistic transition happenszt
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Hence at some redshift, zt, è pF( zt ) = mψ

Fermionic DM è relativistic radiation at z ≥ zt

even in absence of Dark Sector TemperatureAssumptions:

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

For z > zt :

Nν = 3.045 ; k = 0.22



ΔNeff constraints on light Fermionic DM

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

12

constraining the number of relativistic 
degree of freedom at

current bound: 
            < 0.12, one parameter fit  
 

 < 0.37, joint parameter fit�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

[T. -H. Yeh, et al, arXiv:2011.13874]

[V. Mossa, et al, Nature 587, 210 (2020)]

Tf ⇠ MeV, z ⇠ 109

<latexit sha1_base64="2zrcgG85+LfXsEerHxAlXBMDpko=">AAACBnicdVDLSsNAFJ34rPUVdSnCYBFcSElqte2u6MaNUKEvaGKZTCft0JkkzEyEGrpy46+4caGIW7/BnX/jNK2gogcuHM65l3vv8SJGpbKsD2NufmFxaTmzkl1dW9/YNLe2mzKMBSYNHLJQtD0kCaMBaSiqGGlHgiDuMdLyhucTv3VDhKRhUFejiLgc9QPqU4yUlrrmXr3rO5JymDiCw0vSHB/B21SwretK18xZ+bJtW4VjmBK7dJISq1I+hXbeSpEDM9S65rvTC3HMSaAwQ1J2bCtSboKEopiRcdaJJYkQHqI+6WgaIE6km6RvjOGBVnrQD4WuQMFU/T6RIC7liHu6kyM1kL+9ifiX14mVX3YTGkSxIgGeLvJjBlUIJ5nAHhUEKzbSBGFB9a0QD5BAWOnksjqEr0/h/6RZyNvFfPGqmKuezeLIgF2wDw6BDUqgCi5ADTQABnfgATyBZ+PeeDRejNdp65wxm9kBP2C8fQJvTZfW</latexit>

�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

Big Bang Nucleosynthesis (BBN)
Ne↵ , H

Tf (neutron freeze� out) ,
nn(Tf )

np+(Tf )

<latexit sha1_base64="LY7Yt3fPzfjLt4zf854AyuZ1cyM="></latexit>

Cosmic Microwave Background (CMB)
constraining the number of relativistic 
degree of freedom at 

current bound: 
  < 0.28, one parameter fit�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

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

T ⇠ 0.1eV, z ⇠ 103

<latexit sha1_base64="VbusOj4WAcxavDFrSJcXY99peV0=">AAACBnicdVDLSgMxFM34rPVVdSlCsAguZJi0hba7ohuXFfqCzlgyadqGJjNDkhHq0JUbf8WNC0Xc+g3u/BvTaQUVPXDhcM693HuPH3GmtON8WEvLK6tr65mN7ObW9s5ubm+/pcJYEtokIQ9lx8eKchbQpmaa004kKRY+p21/fDHz2zdUKhYGDT2JqCfwMGADRrA2Ui931HAVE9CxUeJKAWlregZvUwk518VeLu/YlULBKZZhSlAVpQRVq1WIbCdFHixQ7+Xe3X5IYkEDTThWqoucSHsJlpoRTqdZN1Y0wmSMh7RraIAFVV6SvjGFJ0bpw0EoTQUapur3iQQLpSbCN50C65H67c3Ev7xurAcVL2FBFGsakPmiQcyhDuEsE9hnkhLNJ4ZgIpm5FZIRlphok1zWhPD1KfyftAo2Ktmlq1K+dr6IIwMOwTE4BQiUQQ1cgjpoAgLuwAN4As/WvfVovViv89YlazFzAH7AevsEpvaXWg==</latexit>

Multi-parameter extensions of 
LCDM,    < 0.5 �Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

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

Big Bang Nucleosynthesis

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

12

constraining the number of relativistic 
degree of freedom at

current bound: 
            < 0.12, one parameter fit  
 

 < 0.37, joint parameter fit�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

[T. -H. Yeh, et al, arXiv:2011.13874]

[V. Mossa, et al, Nature 587, 210 (2020)]

Tf ⇠ MeV, z ⇠ 109

<latexit sha1_base64="2zrcgG85+LfXsEerHxAlXBMDpko=">AAACBnicdVDLSsNAFJ34rPUVdSnCYBFcSElqte2u6MaNUKEvaGKZTCft0JkkzEyEGrpy46+4caGIW7/BnX/jNK2gogcuHM65l3vv8SJGpbKsD2NufmFxaTmzkl1dW9/YNLe2mzKMBSYNHLJQtD0kCaMBaSiqGGlHgiDuMdLyhucTv3VDhKRhUFejiLgc9QPqU4yUlrrmXr3rO5JymDiCw0vSHB/B21SwretK18xZ+bJtW4VjmBK7dJISq1I+hXbeSpEDM9S65rvTC3HMSaAwQ1J2bCtSboKEopiRcdaJJYkQHqI+6WgaIE6km6RvjOGBVnrQD4WuQMFU/T6RIC7liHu6kyM1kL+9ifiX14mVX3YTGkSxIgGeLvJjBlUIJ5nAHhUEKzbSBGFB9a0QD5BAWOnksjqEr0/h/6RZyNvFfPGqmKuezeLIgF2wDw6BDUqgCi5ADTQABnfgATyBZ+PeeDRejNdp65wxm9kBP2C8fQJvTZfW</latexit>

�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

Big Bang Nucleosynthesis (BBN)
Ne↵ , H

Tf (neutron freeze� out) ,
nn(Tf )

np+(Tf )

<latexit sha1_base64="LY7Yt3fPzfjLt4zf854AyuZ1cyM="></latexit>

Cosmic Microwave Background (CMB)
constraining the number of relativistic 
degree of freedom at 

current bound: 
  < 0.28, one parameter fit�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

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

T ⇠ 0.1eV, z ⇠ 103

<latexit sha1_base64="VbusOj4WAcxavDFrSJcXY99peV0=">AAACBnicdVDLSgMxFM34rPVVdSlCsAguZJi0hba7ohuXFfqCzlgyadqGJjNDkhHq0JUbf8WNC0Xc+g3u/BvTaQUVPXDhcM693HuPH3GmtON8WEvLK6tr65mN7ObW9s5ubm+/pcJYEtokIQ9lx8eKchbQpmaa004kKRY+p21/fDHz2zdUKhYGDT2JqCfwMGADRrA2Ui931HAVE9CxUeJKAWlregZvUwk518VeLu/YlULBKZZhSlAVpQRVq1WIbCdFHixQ7+Xe3X5IYkEDTThWqoucSHsJlpoRTqdZN1Y0wmSMh7RraIAFVV6SvjGFJ0bpw0EoTQUapur3iQQLpSbCN50C65H67c3Ev7xurAcVL2FBFGsakPmiQcyhDuEsE9hnkhLNJ4ZgIpm5FZIRlphok1zWhPD1KfyftAo2Ktmlq1K+dr6IIwMOwTE4BQiUQQ1cgjpoAgLuwAN4As/WvfVovViv89YlazFzAH7AevsEpvaXWg==</latexit>

Multi-parameter extensions of 
LCDM,    < 0.5 �Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

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

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

12

constraining the number of relativistic 
degree of freedom at

current bound: 
            < 0.12, one parameter fit  
 

 < 0.37, joint parameter fit�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

[T. -H. Yeh, et al, arXiv:2011.13874]

[V. Mossa, et al, Nature 587, 210 (2020)]

Tf ⇠ MeV, z ⇠ 109

<latexit sha1_base64="2zrcgG85+LfXsEerHxAlXBMDpko=">AAACBnicdVDLSsNAFJ34rPUVdSnCYBFcSElqte2u6MaNUKEvaGKZTCft0JkkzEyEGrpy46+4caGIW7/BnX/jNK2gogcuHM65l3vv8SJGpbKsD2NufmFxaTmzkl1dW9/YNLe2mzKMBSYNHLJQtD0kCaMBaSiqGGlHgiDuMdLyhucTv3VDhKRhUFejiLgc9QPqU4yUlrrmXr3rO5JymDiCw0vSHB/B21SwretK18xZ+bJtW4VjmBK7dJISq1I+hXbeSpEDM9S65rvTC3HMSaAwQ1J2bCtSboKEopiRcdaJJYkQHqI+6WgaIE6km6RvjOGBVnrQD4WuQMFU/T6RIC7liHu6kyM1kL+9ifiX14mVX3YTGkSxIgGeLvJjBlUIJ5nAHhUEKzbSBGFB9a0QD5BAWOnksjqEr0/h/6RZyNvFfPGqmKuezeLIgF2wDw6BDUqgCi5ADTQABnfgATyBZ+PeeDRejNdp65wxm9kBP2C8fQJvTZfW</latexit>

�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

Big Bang Nucleosynthesis (BBN)
Ne↵ , H

Tf (neutron freeze� out) ,
nn(Tf )

np+(Tf )

<latexit sha1_base64="LY7Yt3fPzfjLt4zf854AyuZ1cyM="></latexit>

Cosmic Microwave Background (CMB)
constraining the number of relativistic 
degree of freedom at 

current bound: 
  < 0.28, one parameter fit�Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

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

T ⇠ 0.1eV, z ⇠ 103

<latexit sha1_base64="VbusOj4WAcxavDFrSJcXY99peV0=">AAACBnicdVDLSgMxFM34rPVVdSlCsAguZJi0hba7ohuXFfqCzlgyadqGJjNDkhHq0JUbf8WNC0Xc+g3u/BvTaQUVPXDhcM693HuPH3GmtON8WEvLK6tr65mN7ObW9s5ubm+/pcJYEtokIQ9lx8eKchbQpmaa004kKRY+p21/fDHz2zdUKhYGDT2JqCfwMGADRrA2Ui931HAVE9CxUeJKAWlregZvUwk518VeLu/YlULBKZZhSlAVpQRVq1WIbCdFHixQ7+Xe3X5IYkEDTThWqoucSHsJlpoRTqdZN1Y0wmSMh7RraIAFVV6SvjGFJ0bpw0EoTQUapur3iQQLpSbCN50C65H67c3Ev7xurAcVL2FBFGsakPmiQcyhDuEsE9hnkhLNJ4ZgIpm5FZIRlphok1zWhPD1KfyftAo2Ktmlq1K+dr6IIwMOwTE4BQiUQQ1cgjpoAgLuwAN4As/WvfVovViv89YlazFzAH7AevsEpvaXWg==</latexit>

Multi-parameter extensions of 
LCDM,    < 0.5 �Ne↵

<latexit sha1_base64="VuoT0WSHUkb/h07048p0UVwuCjU=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj0SkngL6sGTRDALZELo6dQkTXoWunuEOAR/xYsHRbz6H978G3uSCCr6oODxXhVV9bxYcKUJ+bAWFpeWV1Zza/n1jc2tbXtnt6miRDJosEhEsu1RBYKH0NBcC2jHEmjgCWh5o/PMb92CVDwKb/Q4hm5AByH3OaPaSD17370AoSm+6qWpKwMMvj+Z9OwCKVar5JQ4OCMOKVemhFTLDnaKZIoCmqPes9/dfsSSAELNBFWq45BYd1MqNWcCJnk3URBTNqID6Bga0gBUN51eP8FHRuljP5KmQo2n6veJlAZKjQPPdAZUD9VvLxP/8jqJ9qvdlIdxoiFks0V+IrCOcBYF7nMJTIuxIZRJbm7FbEglZdoEljchfH2K/yfNk6JTKpauS4Xa2TyOHDpAh+gYOaiCaugS1VEDMXSHHtATerburUfrxXqdtS5Y85k99APW2yehnpVg</latexit>

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

Cosmic Microwave Background

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

24

Cosmic Microwave Background (CMB)

[Z. Hou, et al, arXiv:1104.2333]

constraining the number of relativistic degree of freedom at 
current bound: DNeff < 0.28, one parameter fit [N. Aghanim, et al, arXiv:1807.06209]
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Current bound: ΔNeff < 0.28, one parameter fit
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Sub-Halo Mass Function ( SHMF) 

• Calculate linear power spectrum Pψ(k) 
as a function of fψ and  mψ

• Normalized to PCDM(k)
• Compute transfer function T2(k)

using CLASS code non-DM module

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

13

the abundance of sub halos within the 
viral radius of the Milky Way

subhalo mass function (SHMF)

.

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

linear matter power, normalized to that of CDM
the transfer function

T 2(k) =
PnCDM(k)

PCDM(k)

<latexit sha1_base64="BINgXRV+cAtQ15YKlDY0JPRbAlY="></latexit>

[R. Murgia, et al, arXiv:1704.07838][E. O. Nadler, et al, arXiv:2008.00022]

suppression of gravitational clustering

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

13

the abundance of sub halos within the 
viral radius of the Milky Way

subhalo mass function (SHMF)

.

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

linear matter power, normalized to that of CDM
the transfer function

T 2(k) =
PnCDM(k)

PCDM(k)

<latexit sha1_base64="BINgXRV+cAtQ15YKlDY0JPRbAlY="></latexit>

[R. Murgia, et al, arXiv:1704.07838][E. O. Nadler, et al, arXiv:2008.00022]

suppression of gravitational clustering

Depends on mψ, fψ and 
momentum distributions 



Structure Formation constraints on light Fermionic DM
Suppression of 

gravitational clustering

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

13

the abundance of sub halos within the 
viral radius of the Milky Way

subhalo mass function (SHMF)

.

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

linear matter power, normalized to that of CDM
the transfer function

T 2(k) =
PnCDM(k)

PCDM(k)

<latexit sha1_base64="BINgXRV+cAtQ15YKlDY0JPRbAlY="></latexit>

[R. Murgia, et al, arXiv:1704.07838][E. O. Nadler, et al, arXiv:2008.00022]

suppression of gravitational clustering

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC

Based on arXiv: 2108.02785
15

Ly � ↵ : T 2(k < 20h/Mpc) � 0.7

<latexit sha1_base64="wrnpFQlCcps7XjD1F/4tSiWN76A="></latexit>

SHMF : T 2
(k < 50h/Mpc) � 0.5

<latexit sha1_base64="zfDJVF6YVkEUvNZ9zpoHHGl8T6o="></latexit>

f DF + (1� f )CDM

<latexit sha1_base64="mHvNTUWffRM6E/JxS2ZNIuPeo8U="></latexit>

Based on a modified CLASS package

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC

Based on arXiv: 2108.02785
15

Ly � ↵ : T 2(k < 20h/Mpc) � 0.7

<latexit sha1_base64="wrnpFQlCcps7XjD1F/4tSiWN76A="></latexit>

SHMF : T 2
(k < 50h/Mpc) � 0.5

<latexit sha1_base64="zfDJVF6YVkEUvNZ9zpoHHGl8T6o="></latexit>

f DF + (1� f )CDM

<latexit sha1_base64="mHvNTUWffRM6E/JxS2ZNIuPeo8U="></latexit>

Based on a modified CLASS package

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

14

the abundance of sub halos within the 
viral radius of the Milky Way

subhalo mass function (SHMF)

.

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

T 2(k) =
PnCDM(k)

PCDM(k)

<latexit sha1_base64="BINgXRV+cAtQ15YKlDY0JPRbAlY="></latexit>

[R. Murgia, et al, arXiv:1704.07838][E. O. Nadler, et al, arXiv:2008.00022]

Ly � ↵ : T 2(k < 20h/Mpc) � 0.7

<latexit sha1_base64="wrnpFQlCcps7XjD1F/4tSiWN76A="></latexit>

SHMF : T 2
(k < 50h/Mpc) � 0.5

<latexit sha1_base64="zfDJVF6YVkEUvNZ9zpoHHGl8T6o="></latexit>

linear matter power, normalized to that of CDM
the transfer function

suppression of gravitational clustering

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC
Based on arXiv: 2108.02785

14

the abundance of sub halos within the 
viral radius of the Milky Way

subhalo mass function (SHMF)

.

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

T 2(k) =
PnCDM(k)

PCDM(k)

<latexit sha1_base64="BINgXRV+cAtQ15YKlDY0JPRbAlY="></latexit>

[R. Murgia, et al, arXiv:1704.07838][E. O. Nadler, et al, arXiv:2008.00022]

Ly � ↵ : T 2(k < 20h/Mpc) � 0.7

<latexit sha1_base64="wrnpFQlCcps7XjD1F/4tSiWN76A="></latexit>

SHMF : T 2
(k < 50h/Mpc) � 0.5

<latexit sha1_base64="zfDJVF6YVkEUvNZ9zpoHHGl8T6o="></latexit>

linear matter power, normalized to that of CDM
the transfer function

suppression of gravitational clustering

Y.-Y. Li Sept 28, 2021 @BSM PANDEMIC

Based on arXiv: 2108.02785
15

Ly � ↵ : T 2(k < 20h/Mpc) � 0.7

<latexit sha1_base64="wrnpFQlCcps7XjD1F/4tSiWN76A="></latexit>

SHMF : T 2
(k < 50h/Mpc) � 0.5

<latexit sha1_base64="zfDJVF6YVkEUvNZ9zpoHHGl8T6o="></latexit>

f DF + (1� f )CDM

<latexit sha1_base64="mHvNTUWffRM6E/JxS2ZNIuPeo8U="></latexit>

Based on a modified CLASS package

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

Smallest wavenumber with suppression depends 
on zt è lower zt suppresses T2(k) to smaller k. 

Based on a modified CLASS package 

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



Light Fermionic Dark Matter parameter space
• For fψ =1 è mψ ≥ 2 keV due to impacts of degeneracy pressure on structure 

formation in the early universe  - specially from modes of size k = 50h/Mpc -

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

(in comparison with m ≥ 5.3keV for WDM) 

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

• Constrain fψ as small as 2 x 105 for mψ≲ 0.1 meV

All results are for Tψ = 0
- Kinetic energy solely from 

degenerate pressure

Allowing finite Dark sector temperature      
strengthens bounds from ΔNeff and  
structure formation on m ψ

Tψ = 0 è weakest bounds on fψ and mψ

excluded



Light Fermionic Dark Matter: Local Implications

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

Similar phase space distribution 
to that of CDM  
vF < vesc,MW for  ρψlocal ~ ρψlocal,MW

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

1

1
2 3

• MW halo DM overdensity: δDM = ρDM
local / ρψ≃ 2 x 105

• Assuming ρψ = fψ ΩDM ρc è vF (z=0) ≃ (mψ /eV)-4/3  fψ1/3 x 198 km/s

• If mψ light enough  è vF(z=0) > vesc,MW≃ 540 km/s è ρψlocal < ρψ
particles not gravitationally bound to MW halo

ρDMlocal = 0.3 fψ GeV/cm3

ρψlocal < ρψNot accumulating: 

2

3

Smaller over density than CDM, 
or higher velocity, e.g. probed 
by novel material 
a) ρψlocal <  δDM ρψ and vF < vesc,MW

b) some DM vF > vesc,MW and can 
have ρψlocal ~ δDM ρψ



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 ∆Neff 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
mψ ≥ 2 keV for  fψ=1 and  fψ as low as 3% for mψ ~1 eV, reaching values as 
low as fψ ~ 2 × 10−5   for mψ ≲ 0.1 meV

The local phase space density of DM particles can differ from the MW’s 
virial distribution and may be suppressed for mψ ≲ 10 eV fψ1/4

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 (              )

• That can be compared with the cyclotron frequency

• Hence,  

• Most measurements of g-2 are based on clever ways of measuring 
these frequency difference in a uniform magnetic field. 
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polarized muons of momentum 90 MeV/c were injected into a 6-meter long magnet

with a graded magnetic field. As the muons moved in almost circular orbits which

drifted transverse to the gradient, their spin vectors precessed with respect to their

momenta. The rate of spin precession is readily calculated. Assuming that !β · !B = 0,

the momentum vector of a muon undergoing cyclotron motion rotates with frequency

!ωC = −
q !B

mγ
. (13)

The spin precession relative to the momentum occurs at the difference frequency, ωa,

between the spin frequency in Equation 12 and the cyclotron frequency,

!ωa = !ωS − !ωC = −
(

g − 2

2

)
q !B

m
= −aµ

q !B

m
. (14)

The precession frequency ωa has the important property that it is independent of the

muon momentum. When the muons reached the end of the magnet, they were extracted
and their polarizations measured. The polarization measurement exploited the self-

analyzing property of the muon: more electrons are emitted opposite than along the

muon spin. For an ensemble of muons, ωa is the average observed frequency, and B is

the average magnetic field obtained by folding the muon distribution with the magnetic

field map.

The result from the first CERN experiment was[34] aµ+ = 0.001 145(22) (1.9%),

which can be compared with α/2π = 0.001 161 410 · · ·. With additional data this
technique resulted in the first observation of the effects of the (α/π)2 term in the QED

expansion[35].

The second CERN experiment used a muon storage ring operating at 1.28 GeV/c.

Vertical focusing was achieved with magnetic gradients in the storage-ring field. While

the use of magnetic gradients to focus a charged particle beam is quite common, it makes

a precision determination of the (average) magnetic field which enters into Equation 14
rather difficult for two reasons. Since the field is not uniform, information on where the

muons are in the storage ring is needed to correct the average field for the gradients

encountered. Also, the presence of gradient magnetic fields broadens the NMR line-

shape, which reduces the precision on the NMR measurement of the magnetic field.

A temporally narrow bunch of 1012 protons at 10.5 GeV/c from the CERN proton

synchrotron (PS) struck a target inside the storage ring, producing pions, a few of which
decay in such a way that their daughter muons are stored in the ring. A huge flux of

other hadrons was also produced, which presented a challenge to the decay electron

detection system. The electron detectors could only be placed in positions around the

ring well-removed from the production target, which limited their geometric coverage.

Of the pions which circulated in the ring for several turns and then decayed, only one in

a thousand produced a stored muon, resulting in about 100 stored muons per injected
proton bunch. The polarization of the stored muons was 26%[36].

In all of the experiments discussed in this review, the magnetic field was measured

by observing the Larmor frequency of stationary protons, ωp, in nuclear magnetic
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The muon g-2 collaboration confirms the Brookhaven result. 
Deviation of 4.2 standard deviations from SM Expectations.

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

I. INTRODUCTION

The Standard Model (SM) of particle physics has built its reputation on decades of

measurements at experiments around the world that testify to its validity. With the discovery

of the Higgs boson almost a decade ago [1, 2] all SM particles have been observed and the

mechanism that gives mass to the SM particles, with the possible exception of the neutrinos,

has been established. Nonetheless, we know that physics beyond the SM (BSM) is required

to explain the nature of dark matter (DM) and the source of the observed matter-antimatter

asymmetry. Furthermore, an understanding of some features of the SM such as the hierarchy

of the fermion masses or the stability of the electroweak vacuum, is lacking.

The direct discovery of new particles pointing towards new forces or new symmetries

in nature will be the most striking and conclusive evidence of BSM physics. However, it

may well be the case that BSM particles lie beyond our present experimental reach in mass

and/or interaction strength, and that clues for new physics may first come from results for

precision observables that depart from their SM expectations. With that in mind, since

the discovery of the Higgs boson, we are straining our resources and capabilities to measure

the properties of the Higgs boson to higher and higher accuracy, and flavor and electroweak

physics experiments at the LHC and elsewhere are pursuing a complementary broad program

of precision measurements. Breakthroughs in our understanding of what lies beyond the SM

could occur at any time.

Recently, new results of measurements involving muons have been reported. The LHCb

experiment has reported new values of the decay rate of B-mesons to a kaon and a pair

of muons compared to the decay into a kaon and electrons [3], providing evidence at the

3 �-level of the violation of lepton universality. This so-called RK anomaly joins the ranks

of previously reported anomalies involving heavy-flavor quarks such as the bottom quark

forward-backward asymmetry at LEP [4, 5], and measurements of meson decays at the LHC

and B-factories such as RK⇤ [6–8] and RD(⇤) [9–14]. The Fermilab Muon (g-2) experiment

has just reported a new measurement of the anomalous magnetic moment of the muon,

aµ ⌘ (gµ � 2) /2. The SM prediction of aµ is known with the remarkable relative precision

of 4 ⇥ 10�7, aSM
µ

= 116 591 810(43) ⇥ 10�11 [15–35]. From the new Fermilab Muon (g-

2) experiment, the measured value is a
exp, FNAL

µ
= 116 592 040(54) ⇥ 10�11 [36], which

combined with the previous E821 result aexp, E821

µ
= 116 592 089(63) ⇥ 10�11 [37], yields a

2

value a
exp

µ
= 116 592 061(41)⇥ 10�11.

An important point when considering the tension between experimental results and the

SM predictions are the current limitations on theoretical tools in computing the hadronic

vacuum polarization (HVP) contribution to a
SM

µ
, which is governed by the strong interaction

and is particularly challenging to calculate from first principles. The most accurate result

of the HVP contribution is based on a data-driven result, extracting its value from precise

and reliable low-energy (e+e� ! hadrons) cross section measurements via dispersion theory.

Assuming no contribution from new physics to the low energy processes and conservatively

accounting for experimental errors, this yields a value aHVP

µ
= 685.4(4.0)⇥10�10 [15, 20–26],

implying an uncertainty of 0.6% in this contribution.1 The SM prediction for the anomalous

magnetic moment of the muon and the measured value then di↵er by 4.2 �,

�aµ ⌘ (aexp
µ

� a
SM

µ
) = (251± 59)⇥ 10�11

. (1)

It is imperative to ask what these anomalies may imply for new physics. The most

relevant questions that come to mind are: Can the aµ and R
K(⇤) anomalies be explained

by the same BSM physics? Can they give guidance about the nature of DM? Are they

related to cosmological discrepancies? How constrained are the possible solutions by other

experimental searches? What are future experimental prospects for the possible solutions?

In Sec. II we provide a brief overview of the many models which have been previously

proposed in the literature to explain the (gµ�2) anomaly and consider their impact on other

possible anomalies and on unresolved questions of the SM. Then, in Sec. III, we discuss a

supersymmetric solution in the most simplistic supersymmetric model at hand, the Minimal

Supersymmetric Standard Model (MSSM). We focus on a region of the parameter space of

the MSSM where the (gµ � 2) anomaly can be realized simultaneously with a viable DM

candidate. We show that in the region of moderate |µ| and moderate-to-large values of

tan �, a Bino-like DM candidate can be realized in the proximity of blind spots (that require

µM1 < 0) for spin independent direct detection experiments [43]. In this way, our MSSM

scenario explores a di↵erent region of parameter space than the one considered in the study

1 The HVP contribution has recently been computed in lattice QCD, yielding a higher value of aHVP

µ =

708.7(5.3) ⇥ 10�10 [38]. Given the high complexity of this calculation, independent lattice calculations

with commiserate precision are needed before confronting this result with the well tested data-driven one.

We stress that if a larger value of the HVP contribution were confirmed, which would (partially) explain

the (gµ � 2) anomaly, new physics contributions will be needed to bring theory and measurements of

(e+e� ! hadrons) in agreement [39–42]. 3
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Observe that the g-2 errors are mainly statistical ones.
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measurements at experiments around the world that testify to its validity. With the discovery

of the Higgs boson almost a decade ago [1, 2] all SM particles have been observed and the
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supersymmetric solution in the most simplistic supersymmetric model at hand, the Minimal
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Supersymmetric Standard Model (MSSM). We focus on a region of the parameter space of
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tan �, a Bino-like DM candidate can be realized in the proximity of blind spots (that require
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Observe that the g-2 errors are mainly statistical ones.
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III. TINY (gµ � 2) MUON WOBBLE WITH SMALL |µ| IN THE MSSM

Supersymmetric extensions of the SM remain among the most compelling BSM scenar-
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A. �aµ and Direct Dark Matter Detection Constraints

The MSSM contributions to aµ have been discussed extensively in the literature, see, for
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where M2 is the Wino mass parameter and m ef are the scalar particle ef masses, with the

loop functions
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see Refs. [104, 107] for the full (one-loop) expressions. It is interesting to note that these two
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where v = 246 GeV.

The coupling of the Higgs bosons to up and down quarks are given by

gddh =
md

p
2

v
, (3.7)

guuh =
mu

p
2

v
, (3.8)

gddH = �
md

p
2 tan�

v
, (3.9)

guuH =
mu

p
2 tan�

v
, (3.10)

where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m
2
e�0
1
⌧ µ

2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is

given by (similar expression holds for scattering o↵ neutrons) [42, 51, 54]
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M1 to be positive, where M1 is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]
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FIG. 2. 90% CL upper limits on WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this anal-
ysis are shown in thick black (“LUX WS2013+WS2014–16”),
with the range of expected sensitivity indicated by the green
(1-�) and yellow (2-�) bands. Solid gray curves show the
previously published LUX WS2013 limits [13]. Constraints
from other LXe TPC experiments are also shown, includ-
ing XENON100 [26] and PandaX-II [27]. In the top panel,
model-dependent (axial-vector mediator with indicated cou-
plings) LHC search results are represented by dashed lines,
with CMS [28] in light blue, and ATLAS [29] in dark blue. As
calculated by a new profile likelihood scan of the MSSM7 [30],
favored parameter space is shown as dark (1-�) and light (2-�)
peach regions; an earlier calculation using the MSSM-15 [31]
is shown in gray, with analogous shading of confidence lev-
els. In the bottom panel, the DAMA allowed region (as in-
terpreted in [32]) is shown in pink (the analogous neutron-
only region is above the bounds of the plot). Such an in-
terpretation is in severe tension with this result, as well as
the PICO-2L [33] and PICO-60 [34] constraints. Selected lim-
its from indirect searches at neutrino observatories (Super-
Kamiokande [35] and IceCube [36]) are plotted as dashed lines.

FIG. 3. 90% CL exclusions on coupling parameters an and
ap for 50 GeV c�2 and 1000 GeV c�2 WIMPs. Ellipse bound-
aries are colored as in Fig. 2 : this result (thick black), LUX
WS2013 (gray), PandaX-II (purple), and PICO-60 (blue).
Geometrically, Eq. 4 describes a rotated ellipse when the sum
is performed over multiple isotopes with distinct �A

p /�
A
n , as

is the case for LXe experiments. PICO-60 considers only
19F (for which hSni ⇠ 0), and thus sets limits only on ap.
The innermost region (bounded by LUX and PICO-60) repre-
sents parameter space not in tension with experimental data.
The model-dependency of the LHC results is apparent in this
plane, as the CMS excluded region (shown as a green band)
is restricted to the an = ap line (see main text for important
caveat). This line is absent from the lower panel since, in this
treatment, CMS is insensitive to WIMPs at the TeV mass
scale. MSSM7 favored regions from the GAMBIT scan are
also shown, with a red contour at the 2-� level for visibility.
The degeneracies assumed in the MSSM7 Lagrangian lead to
the tight correlation between an and ap. This scan includes a
range of possible WIMP masses (unlike the mass-specific ex-
perimental exclusions), and thus appears identically in each
panel, noting the change in axis scale. Additionally, the scans
include models with sub-dominant relic densities, for which
experimental limits are rescaled accordingly.

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,

a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that
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4
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where we have again assumed that µ
2
� m

2
e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = a
QED
µ + a

EW
µ + a

had
µ (vac. pol.) + a

had
µ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term a
QED
µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = a
exp
µ � a

theory
µ = 268(63)(43)⇥ 10�11

, (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m
2
e�0
1
⌧ µ

2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is

given by (similar expression holds for scattering o↵ neutrons) [42, 51, 54]
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M1 to be positive, where M1 is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]
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consistency with these constraints in the large tan� regime. Depending on the values of
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FIG. 2. 90% CL upper limits on WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this anal-
ysis are shown in thick black (“LUX WS2013+WS2014–16”),
with the range of expected sensitivity indicated by the green
(1-�) and yellow (2-�) bands. Solid gray curves show the
previously published LUX WS2013 limits [13]. Constraints
from other LXe TPC experiments are also shown, includ-
ing XENON100 [26] and PandaX-II [27]. In the top panel,
model-dependent (axial-vector mediator with indicated cou-
plings) LHC search results are represented by dashed lines,
with CMS [28] in light blue, and ATLAS [29] in dark blue. As
calculated by a new profile likelihood scan of the MSSM7 [30],
favored parameter space is shown as dark (1-�) and light (2-�)
peach regions; an earlier calculation using the MSSM-15 [31]
is shown in gray, with analogous shading of confidence lev-
els. In the bottom panel, the DAMA allowed region (as in-
terpreted in [32]) is shown in pink (the analogous neutron-
only region is above the bounds of the plot). Such an in-
terpretation is in severe tension with this result, as well as
the PICO-2L [33] and PICO-60 [34] constraints. Selected lim-
its from indirect searches at neutrino observatories (Super-
Kamiokande [35] and IceCube [36]) are plotted as dashed lines.

FIG. 3. 90% CL exclusions on coupling parameters an and
ap for 50 GeV c�2 and 1000 GeV c�2 WIMPs. Ellipse bound-
aries are colored as in Fig. 2 : this result (thick black), LUX
WS2013 (gray), PandaX-II (purple), and PICO-60 (blue).
Geometrically, Eq. 4 describes a rotated ellipse when the sum
is performed over multiple isotopes with distinct �A

p /�
A
n , as

is the case for LXe experiments. PICO-60 considers only
19F (for which hSni ⇠ 0), and thus sets limits only on ap.
The innermost region (bounded by LUX and PICO-60) repre-
sents parameter space not in tension with experimental data.
The model-dependency of the LHC results is apparent in this
plane, as the CMS excluded region (shown as a green band)
is restricted to the an = ap line (see main text for important
caveat). This line is absent from the lower panel since, in this
treatment, CMS is insensitive to WIMPs at the TeV mass
scale. MSSM7 favored regions from the GAMBIT scan are
also shown, with a red contour at the 2-� level for visibility.
The degeneracies assumed in the MSSM7 Lagrangian lead to
the tight correlation between an and ap. This scan includes a
range of possible WIMP masses (unlike the mass-specific ex-
perimental exclusions), and thus appears identically in each
panel, noting the change in axis scale. Additionally, the scans
include models with sub-dominant relic densities, for which
experimental limits are rescaled accordingly.

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,

a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�
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/
m

4
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µ4
cos2(2�) , (3.14)

where we have again assumed that µ
2
� m

2
e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = a
QED
µ + a

EW
µ + a

had
µ (vac. pol.) + a

had
µ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term a
QED
µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = a
exp
µ � a

theory
µ = 268(63)(43)⇥ 10�11

, (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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EXTRAS

55

Reduction of the cross section in the proximity of Blind Spots may 
be obtained for negative values of 
The direct detection cross sections can also be suppressed for  
large values of

g-2 has two contributions, the Bino one proportional to
and the other (chargino) proportional to  

µ⇥M1

µ⇥M1

µ⇥M2

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

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

µ

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

g-2 and Direct Detection

Baum, Carena, Shah and CW, arXiv:2104.03302



Baum, MC, Shah, Wagner, arXiv:2104.03302 7

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

Baum, M.C., Shah and Wagner, arXiv:2104.03302

Large hierarchy of values of μ between positive and
negative values of the Bino mass parameter is observed. 
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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 μ 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. 
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FIG. 1. The colored shades show approximate regions in the µ–M1 parameter plane allowed

by current DM direct detection constraints on the spin-dependent WIMP-proton, spin-dependent

WIMP-neutron, and spin-independent WIMP-nucleon cross section for tan� = 20 and values of

the slepton, Higgs and Wino mass parameters as indicated in the plot. In the gray areas bounded

by the dashed black lines we find a MSSM contribution �aµ = (25.1± 5.9)⇥ 10�10, explaining the

value observed by the Fermilab and Brookhaven Muon (g-2) experiments. The dash-dotted purple

lines indicate constraints arising from tau-leptons +missing transverse energy(+jet) searches at

the LHC, applicable if the mass of the lightest stau is approximately in the middle of the lightest

chargino and neutralino masses [111].

Comparison with the results from direct detection experiments [107–110] leads to an ap-

proximate bound on µ,

|µ| & 300GeV , (12)

with a mild dependence on M1.

To summarize this discussion, we show the qualitative behavior of the direct detection

cross sections in Figs. 1 and 2 in the M1–µ plane. We use approximate analytic expressions
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The
Benchmark Scenarios 

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)

BMSM BMST BMW BMH

M1 [GeV] -352 -258 -274 63

M2 [GeV] 400 310 310 700

µ [GeV] 690 475 500 470

M
1,2

L
[GeV] 360 320 350 750

M
3

L
[GeV] 500 320 350 750

M
1,2

R
[GeV] 360 320 350 750

M
3

R
[GeV] 500 320 350 750

MA [GeV] 2000 1800 1600 3000

tan� 60 40 35 65

BMSM BMST BMW BMH

m� [GeV] 350.2 255.3 271.4 61.0 (124.9)

m⌧̃1 [GeV] 414.4 264.2 305.3 709.5

mµ̃1 [GeV] 362.7 323.0 352.8 751.3

m⌫̃⌧ [GeV] 496.0 313.7 344.2 747.3

m⌫̃µ [GeV] 354.4 313.7 344.2 747.3

m
�
±
1
[GeV] 392.3 296.2 297.9 469.6

�aµ [10�9] 2.10 2.89 2.35 1.93

⌦DMh
2 0.121 0.116 0.124 0.121

�
SI
p [10�10 pb] 0.645 1.58 1.42 0.315

�
SD
p [10�6 pb] 1.03 5.11 4.23 3.01

�
SI
n [10�10 pb] 0.632 1.57 1.41 0.330

�
SD
n [10�6 pb] 0.882 4.10 3.42 2.34

TABLE I. Values of the MSSM parameters, mass spectrum and quantities relevant for dark mat-

ter and (gµ � 2) for the case of Bino-like DM co-annihilating with light sleptons (BMSM), co-

annihilating with a light stau (BMST), co-annihilating with a Wino (BMW) and resonant s-channel

annihilation via the SM-like Higgs boson (BMH). For BMH we also provide the mass of the SM-like

Higgs boson mh between brackets.

• BMH: The lightest neutralino can acquire the proper relic density via resonant s-

channel annihilation. BMH represents such a possibility.

Although the mechanisms controlling the relic density are di↵erent for the di↵erent bench-

mark points, all of them present similar characteristics. They feature masses of weakly

interacting sparticles masses lower than about 500GeV and values of tan� of the order of

a few 10’s, leading to values of �aµ in the desired range. Apart from BMH, which we will

discuss further below, all benchmark points in Table I have negative values of µ ⇥M1 and

positive values of µ⇥M2.

The observed relic density for a Bino-like DM candidate may also be obtained via resonant

s-channel annihilation via the heavy Higgs boson A and H. However, for the values of tan �

necessary to enhance �aµ, the bounds on the heavy Higgs bosons become very strong,

implying a heavy spectrum. Using the bounds on mH provided in Eq. (9), the approximate

14

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

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