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DM “seen" on many different scales

In our neighbourhood, search: Direct Detection

Galaxy, extragalactic: in indirect detection

Universe: relic density
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And may be created at the LHC
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DM: What is it? Properties

Microscopic Level: interaction, couplings, masses =⇒ We don’t know

Macroscopic level: How is it distributed? =⇒ We don’t know really, but we somehow know

Apart from being

• NEUTRAL

• STABLE

• other properties, see later
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Searches for DM, f any standard model particle

What do we need to know, to predict these observables?

σv
density of these DM: flux
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Direct Detection: What is it and what’s at stake, 1

Elastic Scattering of WIMPs off nuclei in a large underground detector

.

Measure nuclear recoil energy ER

Need to go from χq(g) → χq(g) TO χN → χN TO χN → χN

Interaction Rate

(Counts/keV/kg/day)
dR
dER

=

particle theory︷ ︸︸ ︷
σχN
mχ

×

Nuclear︷ ︸︸ ︷
F2(ER )

µ2
χN

×

Properties of DM halo︷ ︸︸ ︷
ρ0T (ER )

v
√
π
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Indirect Detection
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At Colliders

We are more in control !

provided we know
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The other big unknown! New Physics Models from Tim Tait
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New Physics Models/DM from Tm Tait
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LHC Dark Matter Connection is new: The new paradigm the Aachen Proceedings
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LHC Dark Matter Connection is new: The new paradigm the Aachen Proceedings

• No mention of a connection between the LHC

and Dark Matter, despite a SUSY WG.

There is a mention of LSP to be stable/neutral be-

cause of cosmo reason, but no attempt at identi-

fying it or weighing the universe at the LHC
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• LHC: Symmetry breaking and Higgs

• New Paradigm, Dark Matter is New Physics.

Dark Matter is being looked for everywhere

• New Paradigm, Particle Physics to match the

precision of recent cosmological measurements
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A somehow new shift in the paradigm, after the LHC results and Higgs

discovery
Murayama 2017
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A somehow new shift in the paradigm, after the LHC results
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Warm vs Cold DM: Kinetic decoupling, seeds of matter

▶ After the number of DM particles has frozen up, there is no longer any equilibrium

in the number density but χf → χf can still occur and DM velocity distribution is

still in Equilibrium with that of the plasma.

▶ as time progresses DM fails to encounter SM particles and then it fully decouples,

at T = Tkin. At that point it starts to collapse. Earlier this substructure is washed

out because of the interaction with the EQ plasma.

▶ Kinetic decoupling should start earlier for Warm Dark Matter (WDM) than for Cold

Dark Matter (CDM). The small velocities of CDM allow density perturbations

imprinted in the early Universe to persist down to very small scales.

▶ For WDM kinetic decoupling occurs earlier characterised by larger thermal

velocities, inhibiting the clumping of DM on mass scales of dwarf galaxies.
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DM seeds structure. And we need the right amount

Simulations tend to favour CDM

Some discrepancies however for small scales (see later)

But in all cases DM seeds structure
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N-body simulations: DM Halo Profiles (MW)

Moore
Einasto
NFW
Isothermal
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1 + (r/a)

)( β−γ
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)

(α, β, γ, a(kpc)) = (2, 2, 0, 4) Isothermal

(α, β, γ, a(kpc)) = (1, 3, 1, 20) NFW cusped

(α, β, γ, a(kpc)) = (1.5, 3, 1.5, 28) Moore, cusped

(1)

Cusped: ρ diverges for r → 0

ρo ∼ 0.3GeV/cm3 at ro = 8.5kpc
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Pics halo profile. Cusp vs Core
It may be that the inner profile is more cored (flatter slope) . NFW prefer steeper inner slopes.

Burkert −→ ρBurk(r) =
ρ̄0

(1 + r/rs)(1 + (r/rs)2)
, rs is the core radius

.
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Cusp/Core

Burkert, rs = 0.5kpc

NFW Einasto

Burkert, rs = 10kpc
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Challenges and Open Questions: ΛCDM

▶ Missing Satellites Problem: N-body simulations predict more satellites galaxies

in orbit around the MW than actually observed

▶ Cusp/Core Controversy: Data from Dwarf Galaxies seem to indicate more

"core" ∼ ρ(r) ∼ rα, α ∼ 0 than cusp α ∼= −1 (like in NFW)
▶ Too Big to Fail Problem N-body simulations predict larger dwarf galaxies than

actually observed

▶ NB obtained with DM-only simulations

▶ Governato(’10,’13); Pontzen and Governato (’14) show that in high resolution galaxy

simulations, baryonic physics softens the central DM cusp to a core as long as enough

stars form, M⋆ ≥ 107M⊙

▶ somehow small scale problem. TBTF: the MW is anomalous?

▶ warm DM (Lovell et al., ’12) /self-interacting/strong-interaction DM (Rocha et al, ’13;,

Peter et al., ’13,...) could solve part of these problems (e.g. longer free-streaming

length than CDM)

▶ more sophisticated simulations (influence of baryons,..) needed and could

perhaps do the job.
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Model Independent limit on the DM mass

▶ DM halos are stable on small scales due to QM: uncertainty principle (same

reason for the stability of the hydrogen atom). If the wave length is too large, can

not confine within a halo.

▶ For scalars: Bose statistics does not restrict how many particles can be packed in

the same phase space point. mscalar
DM > 10−22eV

▶ Fermions (Pauli exclusion principle) mf > 0.7 keV

▶ Absence of lensing for the detection of MACHOS (MAssive Compact Halo Objects)

m > 1067eV
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DM Mass Range
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(Freeze-out) Relic Density: Boltzman transport equation (WIMP)

1 10 100 1000

0.0001

0.001

0.01

Freeze-out

Tf ∼ 20GeV

t ∼ 10
−8

s

Boltzm
a
n
n

S
u
p
p
re

s
s
io

n

E

xp
(-m

/T
)

based on L̂[f ] = Ĉ[f ]
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Relic and miracles

▶ Xf ∼ 25 (very large variety of electroweak cross sections). Provides a good initial

condition for the iterative process to solve the equation.

▶ Important to keep the full T dependence of the statistical factors g⋆ and heff is one

wants a precision better than 10%.

▶

Ωχ =
mχnχ

ρcrit
=

mχs0Y0

ρcrit
−→ Ωχh2 = 2.755 × 108 mχ

GeV
Y0

▶

Ωχh2 ∼ 1
⟨σv⟩/(10−26cm3/s)

∼ 0.1

(
0.01
α

)(
m

100GeV

)2

WIMP MIRACLE

▶ MIRACLE all equal values of (m/α)2. Smaller m with smaller α will do also

WIMPLESS DM
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wants a precision better than 10%.

▶

Ωχ =
mχnχ

ρcrit
=

mχs0Y0

ρcrit
−→ Ωχh2 = 2.755 × 108 mχ

GeV
Y0

▶

Ωχh2 ∼ 1
⟨σv⟩/(10−26cm3/s)

∼ 0.1

(
0.01
α

)(
m

100GeV

)2

WIMP MIRACLE

▶ MIRACLE all equal values of (m/α)2. Smaller m with smaller α will do also

WIMPLESS DM
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Constraining Power of the relic density

Relic Density constraint is a killer

even in a naive model like

mSUGRA (dead now!!) orders

of magnitude for the relic,

DM cross sections orders of

magnitude also

(same for direct and indirect

detection)
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Relic Density: Loopholes and Assumptions

▶ At early times Universe is radiation dominated: H(T ) ∝ T 2 ◀

▶ Expansion rate can be enhanced by some scalar field (kination), extra dimension

H2 = 8πG/3 ρ(1 + ρ/ρ5), anisotropic cosmology,...

▶ Entropy conservation (entropy increase will reduce the relic abundance)

▶ Wimps (super Wimps) can be produced non thermally, or in addition produced in decays of

some field (inflaton,....)
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Non Standard Cosmo

Prototype: A scalar field decaying not long before BBN (Giudice, Kolb; Gelmini and Gondolo, ....)

dρϕ
dt

= −3Hρϕ − Γϕρϕ

dn
dt

= −3Hn − ⟨σv⟩ (n2 − n2
eq) +

b
mϕ

Γϕρϕ

ds
dt

= −3Hs +
Γϕρϕ

T

where mϕ, Γϕ, and ρϕ are respectively the mass, the decay width and the energy density of the

scalar field, and b is the average number of (winps/sWIIMPs e.g neutralinos) produced per ϕ

decay. Notice that b and mϕ enter into these equations only through the ratio b/mϕ

(η = b (100TeV/mϕ) and not separately. Finally, the Hubble parameter, H, receives contributions

from the scalar field, Standard Model particles, and (new physics, supersymmetric particles),

H2 =
8π

3M2
P
(ρϕ + ρSM + ρχ) .

TRH = 10MeV (mϕ/100TeV )3/2(MP/Λ) Γϕ ∼ m3
ϕ/Λ

2
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Non Standard Cosmo, Figs Gelmini and Gondolo: Low reheating only
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Standard
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mSUGRA parameters: M1/2 = m0 = 600 GeV, A0 = 0, tanβ = 10, and µ > 0,

→ mχ = 246 GeV → Tf .o = 10GeV . Ωstdh2 ≃ 3.6 (η = 0)
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Freeze-in (new [2018] version of micrOMEGAs)

DM may be produced thermally but at early times its number density too small, as well
as its cross sections with the SM particles, i.e. the bath. In this case. This is the case
of FIMP (Feebly Interacting Massive Particles)

g1

∫
C[f1] dp̄ = −

∑
spins

∫ (
f1f2(1 ± f3)(1 ± f4)|M12→34|2 − f3f4(1 ± f1)(1 ± f2)|M34→12|2

)

×(2π)4δ4(p1 + p2 − p3 − p4) dΠ1 dΠ2 dΠ3 dΠ4 , dΠi =
dp̄i

Ei

Annihilation term not present!

Correct relic density can still be obtained.

F. BOUDJEMA (LAPTh) Dark Matter Working Group HEP IndoFrench Network, Pune, Feb. 2018 28 / 47



Freeze-in (new [2018] version of micrOMEGAs)

DM may be produced thermally but at early times its number density too small, as well
as its cross sections with the SM particles, i.e. the bath. In this case. This is the case
of FIMP (Feebly Interacting Massive Particles)

g1

∫
C[f1] dp̄ = −

∑
spins

∫ (
f1f2(1 ± f3)(1 ± f4)|M12→34|2 − f3f4(1 ± f1)(1 ± f2)|M34→12|2

)

×(2π)4δ4(p1 + p2 − p3 − p4) dΠ1 dΠ2 dΠ3 dΠ4 , dΠi =
dp̄i

Ei

Annihilation term not present!

Correct relic density can still be obtained.

F. BOUDJEMA (LAPTh) Dark Matter Working Group HEP IndoFrench Network, Pune, Feb. 2018 28 / 47



Some old limits first and interpretations: SI

The bell shape easily understood. Low masses penalised because of the threshold

(ER). Higher masses because of the flux n ∼ ρ/Mχ
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Tremendous Progress in Direct Detection Experiments R. Gaitskel

A Worldwide search, many detectors (noble gases)
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Tremendous Progress in Direct Detection Experiments

Compare to processors (Moore’s law!)
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Direct Detection Experiments: Reaching the limit

νN scattering as an irreducible background (different sources of ν some with very large

fluxes,... (Sun, the diffuse supernova background (DSNB), and the atmosphere (atm),

L. Baudis)
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Tremendous Progress in Direct Detection Experiments: Ultimate limits
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Sub GeV DM, Direct Detection

For such low masses, the threshold for the nuclear recoil energy for existing

conventional detectors is far too small

ER = ENR ≲ 100eV

(
mχ

500 MeV

)2 (
10 GeV

mN

)

DM may excite the (bound) electron of the target more efficiently (e− are excited from

the valence band to the conduction band,...)

Smaller nuclei He,O, ENR may be lowered
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Sub-GeV Direct Detection. Scattering Off Electrons
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Sub-GeV Direct Detection. Scattering Off Electrons
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LHC Searches with (Most) Simplified Models
For example, the simplified models do not specify how the Z′ boson acquires a mass nor does the formulation of the models explicitly require gauge

invariance.

Resolving the effective operator through a mediator exchange.
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Most Simplified models: Vector Mediator. CMS limits

Again SI, DD performs much better but for small mχ < 5GeV, because of the ER

threshold.
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Embed effective operators within “Portals" scenarios

Dark Matter interacts only through the Portal Mediator.

Find “Singlet Operators"of the SM

εBµνF ′
µν U(1)vector portal dark photon, minimally coupled to DM

|H|2
(
µsS + λsS2

)
Higgs portal

yN(LH)N neutrino portal
a
fa

Fµν F̃µν axion portal
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Conclusions from Collider-DM

▶ Discovery of a signal of DM at LHC (missing ET ) or through production and study

of it siblings could offer great opportunity to reconstruct the properties of DM.

▶ with the data from LHC so far this does not look too promising especially from the

point of view of naturalness

▶ indirect studies (very indirect) are not competitive with SI DD experiments
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List of contributions on DM 2017

▶ MSSM with Multiple Hidden Sectors

Priyanka Lamba

▶ Renormalisation of the Inert Doublet Model and application to Relic Density Beyond

Tree-level

Shankha Banerjee(Now Durham), F. Boudjema (LAPTh), G. Chalons(LPSc) and

N. Chakrabarty(Now Taiwan).

▶ Long-lived stau, sneutrino dark matter and right slepton spectrum

Shankha Banerjee, Genevieve Belanger, Avirup Ghosh and Biswarup Mukhopadhyaya

▶ Probing the CP of a spin-0 mediator in its associated production with a top quark.

G. Belanger, Charanjit Khosa, S. D. Rindani

▶ Cornering pseudoscalar-mediated dark matter with the LHC and cosmology

S. Banerjee, D. Barducci, G. Belanger, B. Fuks, A. Goudelis, B. Zaldivar; arXiv:1705.02327

▶ Invisible decay of the Higgs boson in the context of a thermal and nonthermal relic in

MSSM

R. K. Barman, G. Belanger, B. Bhattacherjee, R. Godbole, G. Mendiratta and D. Sengu

Physical Review D 95, 2017, 095018.

F. BOUDJEMA (LAPTh) Dark Matter Working Group HEP IndoFrench Network, Pune, Feb. 2018 42 / 47



Renormalisation of the Inert Doublet Model and application to Relic

Density Beyond Tree-level

Shankha Banerjee(Now Durham), F. Boudjema (LAPTh), G. Chalons(LPSc) and

N. Chakrabarty(Now Taiwan)

▶ SM+ an extra Scalar Doublet (Φ2 with no v.e.v). The new doublet couples to the

bosons of the SM but not to the fermions.

▶ Endowed with a Z2 symmetry. One of the neutral (scalar) components (scalar or

pseudo-scalar) is a potential DM candidate

▶ The model has a non-decoupling limit, that give large corrections to the SM Higgs

self-coupling. Could help trigger EW phase transition and could be measurable at

LHC

▶ However if the scalar is a DM, this property is ruled out because of limit on Direct

Detection
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The model

V = µ2
1Φ

†
1Φ1 + µ2

2Φ
†
2Φ2 +

λ1

2
(Φ†

1Φ1)
2 +

λ2

2
(Φ†

2Φ2)
2

+λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
2Φ1)(Φ

†
1Φ2) +

(
λ5

2
(Φ†

1Φ2)
2 + h.c.

)

Φ1 =

 G+

1√
2
(v + h + iG)

 and Φ2 =

 H+

1√
2
(H + iA)



m2
h = λ1v2 m2

H± = µ2
2 +

1
2
λ3v2 m2

H = µ2
2 +

1
2
λLv2 m2

A = µ2
2 +

1
2
λAv2

Masses can be taken as input parameters in lieu of λ′s. OS (On-Shel) renormalisation.

Need extra-input (one self-coupling, or decay of Higgs or scattering of Higgses if all OS

or combination of OS+D̄R
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Full renormalisation of the model is completed
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2 Benchmarks

Benchmark 1 (Light scalars scenario)

(MH, MA,MH+,Mh)= 57.5, 113.0,123 GeV

mu^2 =3261.5 G(GeV)^2 ; lambda_2=0.01

==== Calculation of relic density =====

Xf=2.38e+01 Omega h^2=1.18e-01

# Channels which contribute to 1/(omega) more than 1%.

# Relative contributions in % are displayed

72% ~X ~X ->b B

15% ~X ~X ->W+ W- ==> OFF SHELL W (2->3 process !!!)

7% ~X ~X ->c C

3% ~X ~X ->l L

2% ~X ~X ->Z Z

χχ → Wf f̄ χ = H,A Extremely challenging!
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2 Benchmarks

Benchmark 2 (Heavy scalars scenario)

(MH, MA,MH+,Mh)= 550, 551,552,125 GeV

mu^2 =301895.3 (GeV)^2 ; lambda_2=0.01

==== Calculation of relic density =====

Xf=2.61e+01 Omega h^2=1.18e-01

# Channels which contribute to 1/(omega) more than 1%.

# Relative contributions in % are displayed

18% ~X ~X ->W+ W- 5% ~Hp ~Hm ->A A

14% ~X ~X ->Z Z 5% ~Hp ~Hm ->A Z

13% ~Hp ~Hm ->W+ W- 3% ~Hp ~X ->Z W+

9% ~H3 ~H3 ->W+ W- 3% ~H3 ~Hp ->Z W+

8% ~Hp ~X ->A W+ 2% ~Hp ~Hm ->Z Z

7% ~H3 ~H3 ->Z Z
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