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DM “seen" on many different scales

galactic
solar system galaxy cluster universe

1012 101? 1023 > 1026
meters meters meters meters

In our neighbourhood, search:
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And may be created at the LHC

£15
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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

£5
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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
e NEUTRAL

e STABLE
e other properties, see later
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Searches for DM, fany standard model particle
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What do we need to know, to predict these observables?

AT
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Searches for DM, fany standard model particle

F. BOUDJEMA (LAPTh)

=Ts]
=
@
B
(12}
Q
n
[
B
(52
—
=
v
@
(m)

Dark matter annihilation
—

f

ji

e —
Dark matter production

oVv

AT

Dark Matter Working Group HEP IndoFrench Network, Pune, Feb. 2018 5/47



Searches for DM, fany standard model particle
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density of these DM: flux

AT
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Direct Detection: What is it and what'’s at stake, 1

Galactic =~ <o > -
W,MP Hajo _______ - -

(p=03GeViem}) -~ -1

<V> =220 km/s

Elastic Scattering of WIMPs off nuclei in a large underground detector

Measure nuclear recoil energy Eg

Need to go from xq(g) — xq(g) TO xN — xN TO x4V — x4

. particle theory Nuclear Properties of DM halo
Interaction Rate
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Indirect Detection

Low-energy photons Positrons
Quarks =~ ~_—

Medium-energy Electrons

gamma rays

\‘ _’. 8 ;’ Neutrrlos
/ Leptons %
‘ e

- ? Antiprotons

s~ > e
,\/V\/\/\A/W\/\A/Lfrotons

Decay process m—)
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At Colliders

We are more in control !

provided we know

LAP
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The other big unknown! New Physics Models tom mim Taic

Reparity
violating

Supersymmetry

Hidden
Sector DM

\Q\

Dark Photon

Reparity
Conserving

Extra Dimensions
Force Carriers

Warped Extra
Dimensions

Todd DM

(>

Little Higgs
QCD Axions

Axion-like Particles
Litdest Higgs
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New Physics Models/DM tom 1 rai

\"'\

QCD Axions

Axion-like Particl

Lirtest Higgs

Supersymmetry

\\\\\\\\\

Little Higgs

No Lack of Options...
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LHC Dark Matter Connection is new: The new paradigm the Aachen Proceedings

CERN90-10

EUROPEAN COMMITTEE FOR FUTURE ACCELERATORS

Large Hadron Collider
Workshop
PROCEEDINGS
. VOL. 1T
3 Editors: G. Jarlskog
£ ] 1 D. Rein

o
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Aachen, 4-9 October 1990
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LHC Dark Matter Connection is new: The new paradigm the Aachen Proceedings

CERN%0-10

EUROPEAN COMMITTEE FOR FUTURE ACCELERATORS

‘I;Va:rgkesll'llzsron Eallider e No mention of a connection between the LHC
PROCEEDINGS and Dark Matter, despite a SUSY WG.
- ~ Ediors: G ,:0.::: There is a mention of LSP to be stable/neutral be-
T s cause of cosmo reason, but no attempt at identi-
.| fying it or weighing the universe at the LHC

Vi G

Aachen, 4-9 October 1990
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LHC Dark Matter Connection is new: The new paradigm the Aachen Proceedings

CERN%0-10

EUROPEAN COMMITTEE FOR FUTURE ACCELERATORS

Large Hadron Collider ® No mention of a connection between the LHC
Workshop and Dark Matter, despite a SUSY WG.
: ol There is a mention of LSP to be stable/neutral be-
» ~ o cause of cosmo reason, but no attempt at identi-

fying it or weighing the universe at the LHC

b
/\ I N\ e LHC: Symmetry breaking and Higgs

Vi G

Aachen, 4-9 October 1990
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LHC Dark Matter Connection is new: The new paradigm the Aachen Proceedings

CERN%0-10

e R e o e No mention of a connection between the LHC
Large Hadron Collider and Dark Matter, despite a SUSY WG.
Workshop There is a mention of LSP to be stable/neutral be-
: o cause of cosmo reason, but no attempt at identi-
. L O fying it or weighing the universe at the LHC
!

e LHC: Symmetry breaking and Higgs

e New Paradigm, Dark Matter is New Physics.

Dark Matter is being looked for everywhere

o
Vi G

Aachen, 4-9 October 1990
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LHC Dark Matter Connection is new: The new paradigm the Aachen Proceedings

CERN90-10

e ® No mention of a connection between the LHC
S Reeee e e and Dark Matter, despite a SUSY WG.
Large Hadron Collider There is a mention of LSP to be stable/neutral be-
Workshop cause of cosmo reason, but no attempt at identi-
RO

fying it or weighing the universe at the LHC

“©
Editors: G. Jarlskog
» fi . Rein
T

e LHC: Symmetry breaking and Higgs

e New Paradigm, Dark Matter is New Physics.

Dark Matter is being looked for everywhere

o
Vi G

e New Paradigm, Particle Physics to match the

precision of recent cosmological measurements

Aachen, 4-9 October 1990
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A somehow new shift in the paradigm, after the LHC results and Higgs
discovery

Murayama 2017

sociology

® Particle physicists used to think
need to solve problems with the SM
hierarchy problem, strong CP, etc
it is great if a solution also gives dark
matter candidate as an option
big ideas: supersymmetry, extra dim
probably because dark matter problem
was not so established in 80’s
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A somehow new shift in the paradigm, after the LHC results

recent thinking

® dark matter definitely exists

® hierarchy problem may be optional?
® need to explain dark matter on its own
® perhaps we should decouple these two
® do we really need big ideas like SUSY?

® perhaps we can solve it with ideas more
familiar to us?
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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 xf — xf can still occur and DM velocity distribution is
still in Equilibrium with that of the plasma.
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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 xf — xf 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 = Tun. At that point it starts to collapse. Earlier this substructure is washed
out because of the interaction with the EQ plasma.
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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 xf — xf 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 = Tun. 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.
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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 xf — xf 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 = Tun. 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)
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(o, 8,7, alkpc)) = (2,2,0,4) Isothermal
(o, B,7, a(kpc)) = (1,3,1,20) NFW cusped

(e, 8,7, a(kpe)) = (1.5,3,1.5,28) Moore, cusped

Cusped: p diverges for r — 0

po ~ 0.3GeV/cm® at r, = 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.

_ Po . .
Burkert — ppu(r) = YA GIADE rs is the core radius

103
102

10

Density [GeV / cm3]

107!

10210 1 T
r [kpc]

LAPTR
F. BOUDJEMA (LAPTh) Dark Matter Working Group HEP IndoFrench Network, Pune, Feb. 2018 7147



Cusp/Core

It Burkert, s = 10kpc ™~ N

Density [GeV / cm3]
S

1

102 10 1 0 102
r[kpc]
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Challenges and Open Questions: ACDM

» Missing Satellites Problem: N-body simulations predict more satellites galaxies
in orbit around the MW than actually observed
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Challenges and Open Questions: ACDM

» 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" ~ p(r) ~ r*, o ~ 0 than cusp a ~= —1 (like in NFW)
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Challenges and Open Questions: ACDM
» 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" ~ p(r) ~ r*, o ~ 0 than cusp a ~= —1 (like in NFW)

» Too Big to Fail Problem N-body simulations predict larger dwarf galaxies than
actually observed
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Challenges and Open Questions: ACDM

» 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" ~ p(r) ~ r*, o ~ 0 than cusp a ~= —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
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Challenges and Open Questions: ACDM

» 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" ~ p(r) ~ r*, o ~ 0 than cusp a ~= —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* > 10" Mg
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Challenges and Open Questions: ACDM

» 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" ~ p(r) ~ r*, o ~ 0 than cusp a ~= —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* > 10" Mg

» somehow small scale problem. TBTF: the MW is anomalous?
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Challenges and Open Questions: ACDM

» 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" ~ p(r) ~ r*, o ~ 0 than cusp a ~= —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* > 10" Mg

» 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)
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Challenges and Open Questions: ACDM

» 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" ~ p(r) ~ r*, o ~ 0 than cusp a ~= —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* > 10" Mg

» 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.
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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. mjsi™ > 10~*2eV
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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. mjsi™ > 10~*2eV

» Fermions (Pauli exclusion principle) my > 0.7 keV
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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. mjsi™ > 10~*2eV
» Fermions (Pauli exclusion principle) my > 0.7 keV

» Absence of lensing for the detection of MACHOS (MAssive Compact Halo Objects)
m > 10%7eV
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DM Mass Range
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(Freeze-out) Relic Density: Boltzman transport equation (WIMP)

001 T maa

based on L[f] = C[f]
dilution due to expansion

/ol = S < oy 1ty
LR - X /

X = X958
eatearlytimes I > H —~ neq
e T ~ m X not enough energy to give
X = %9%%  ndrops and so does I

Ty ~ m/25
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Relic and miracles

» X; ~ 25 (very large variety of electroweak cross sections). Provides a good initial
condition for the iterative process to solve the equation.
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Relic and miracles

» X; ~ 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 hes is one
wants a precision better than 10%.
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Relic and miracles

» X; ~ 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 hes is one
wants a precision better than 10%.

_ M MSoYo g g2 2755 x 108

Q
X Perit Perit GeV

Yo
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Relic and miracles

v

v

Xr ~ 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 he is one
wants a precision better than 10%.
_myny  mySe Yo

—MxSo¥o o p?— 2755 x 1081
Perit Perit x GeV

Q. Yo

2
» 1 0.01 m
Pk~ (ov)/(0-2cmd /sy ~ 1 <a> <1ooeev>

WIMP MIRACLE

F. BOUDJEMA (LAPTh) Dark Matter Working Group HEP IndoFrench Network, Pune, Feb. 2018 ﬁ?,’ 47



Relic and miracles

v

Xr ~ 25 (very large variety of electroweak cross sections). Provides a good initial
condition for the iterative process to solve the equation.

v

Important to keep the full T dependence of the statistical factors g* and he is one
wants a precision better than 10%.
_myny  mySe Yo

—MxSo¥o o p?— 2755 x 1081
Perit Perit x GeV

Q. Yo

2
» 1 0.01 m
Pk~ (ov)/(0-2cmd /sy ~ 1 <a> <1ooeev>

WIMP MIRACLE

v

MIRACLE all equal values of (m/«)?. Smaller m with smaller o will do also
WIMPLESS DM
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Constraining Power of the relic density

Relic Density constraint is a killer

108
10°
10
108
102

10

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)

LALL AL AL AL UL L WAL UL LD

LLLL L L L

1 \\\H‘ 1 \\\H‘ [
102 103 10%
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—
o
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Relic Density: Loopholes and Assumptions

> At early times Universe is radiation dominated: H(T) o T2 «

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

H? = 87G/3 p(1 + p/ps), 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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F. BOUDJEMA (LAPTh) Dark Matter Working Group HEP IndoFrench Network, Pune, Feb. 2018 5/ 47



Non Standard Cosmo

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

dp¢
P _3Hpy T
at Po &P
dn b
G = ~%Hn- (ov) (P — n&g) + F¢p¢
ds F¢p¢
— = —8Hs
dt tT

where my, 'y, and p4 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 ¢
decay. Notice that b and my, enter into these equations only through the ratio b/m,,
(n=b(100TeV/my) and not separately. Finally, the Hubble parameter, H, receives contributions
from the scalar field, Standard Model particles, and (new physics, supersymmetric particles),

87

H? = == .
SM"%(P¢+PSM+PX)

Tan = 10MeV(m,/100TeV)®/2(Mp/A) T4 ~ m3 /A2
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Non Standard Cosmo, Figs Gelmini and Gondolo: Low reheating only

1e-02 qrrrrrr T T T T
—— Standard
le-04 — —— Equlibrium m
Ty =10 Mev
1e-06 — —— Tg~l00Mev | 7|
| —- TpFlGev ||
1le-08 <=+ TRF10Gev
lel0/~ S =
L lel2— —
d
> leld- @ @ Pe———————— — —— — — — —
le-16— —
N
\.'.
1e18 R ~
le-20— —
le22— e —
Lo Lol Lvvin Lvvin Xmu“\.:“\““
le-24
100 10 1 0.1 0.01 0.001
Temperature (GeV)

mMSUGRA parameters: M; o = my = 600 GeV, Ag = 0, tan 8 = 10, and p > 0,
— my =246GeV — T;, = 10GeV. Quqh® ~ 3.6 (n = 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] p = > / <f1 L(1 £ B)(1 £ fy)|Mr234® — BE(1 £ H)(1 £ f2)~//34—>12|2>
spins
x(2m)*6*(p1 + p2 — p3 — pa) ANy dMp dMg dMy,  dM; = %
!

LAPTA
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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)

e /C[f1] p = > / <f1 L(1 £ B)( £ fy)| M23al? — BE(TEH)( £ f2)//34—>12|2>
spins
d',
x(2m)*6*(p1 + p2 — p3 — pa) ANy dMp dMg dMy,  dM; = %
1
Y
Annihilation term not present!
A
N . . ——
Correct relic density can still be obtained. ' §
ferr 1 ° T = m‘;OT

LAPTA
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Some old limits first and interpretations: S

Spin-independent cross section

e (normalized to nucleons)
N.—.lO v v T =
= DAMAYS ]
= LIBRA
oD
S
—
(=]
R
‘élo42
o
= CRESST: 2008
=
EPLIN Illl: 2008
102 =}
3 CDMS: 2009 ]
[ XENON10: 2008 ]
i CMSSM2008
(Roszkowski, Ruiz, Trotta)
1044 N
lO] 102 103

WIMP Mass [GeV]

The bell shape easily understood. Low masses penalised because of the threshold
(Eg). Higher masses because of the flux n ~ p/M,

LAPTR
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Tremendous Progress in Direct Detection Experiments & cats

A Worldwide search, many detectors (noble gases)

SNOLab
DEAP/CLEAN ‘.‘

Picasso

COUPP

Homestake

LUX
Soudan

SuperCDMS
CoGeNT

Boulby
ZEPLIN
DRIFT

YangYang
KIMS

Kamioka
XMASS
Newage

Modane
EDELWEISS

Canfranc

ArDM ‘- Gran Sasso
XENON
CRESST

DAMA/LIBRA
DarkSide

WARP

Jinping
Panda-X
CDEX

Rosebud X
ANAIS

South Pole
DM Ice

Picture from L Baudis

Dark Matier Searches

F. BOUDJEMA (LAPTh)

Dark Matter Working Group

[DM2016 UCLA Feb 2016 ] Rick Gatskell, Brown University, LUX / DOE
Th
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Tremendous Progress in Direct Detection Experiments

10,000,000,000

Compare to processors (Moore’s law!)

100,000,000

| Doubling every 2 years

1,000,000,000-

Factor 10 every 6.5 years

10,000,000

1,000,000

Transistors

100,000

F. BOUDJEMA (LAPTh)

70 1975 1980 1985 1990 1995

Year

Dark Matter Working Group

2000

05 2010 205

HEP IndoFrench Network, Pune, Feb. 2018
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Tremendous Progress in Direct Detection Experiments & cats

Progress
Dark Matter Searches: Past, Present & Future
T T T
-40
10 ¢ =f ® Edelweiss '98 g
- Oroville iiieh
g _a1 ® Homestake > UKE:A_; 98
=210 "k ®  ®IGEX P
DAMA'98 o DAMA '00 LIBRA ‘08
% 3 COMSISUF'g9 g Edelweiss 01
0] . ®CDMS | SUF 02
s i3 i ® WARP 07 |
8 10 Edelweiss 038 2EpLINI  ® ZEPLIN I
o T ® CDMSII Soudan '04 © CRESST 11
£ e Ge ]
2 10—43 L * Nal ® Edelweiss '09 ol
-% ® Cryodet comsii S'O,AE,',‘,?},“‘.“. o® Edelweiss 11
8 e Liq. Noble XENON100*10 ~ ZEPLINIil @ Darkside 15
) 44 SuperCOMS also focuses on light WIMPs.
1 407k ® PandaX ‘15 -l
] o Projected XENON100 '11®
o o 9
5 | = Signal SuperCDMS Soudan '14 L ;‘)
oo 2 ; XMAsS800kgT  ® xenonioo'iz § 2
810 oLuxs 8B &
8 ®LUX 15 ﬁ i
. aQ
L [rteeniooigty! wxe® g &
£10 7 3
=
XENONIT ‘19 @
1 0747 L 14 L al L ul bl
1985 1990 1995 2000 2005 2010 2015 2020

Year
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Tremendous Progress in

Direct Detection Experiments

Progress

Moore: Factor 10 every 6.5 year:

S
Dark Matter Searches: Past, Present & Future

e

10k

_41 ® Homestake

10

H-M 94
°

® Edelweiss '98

® UKDMC

o

=

E x LIBRA 08

8

-42 ® WARP 07

8 10°¢ ® ZEPLIN NI |
o Sil Soudan 04 © CRESST 11

= * Ge

g 1070 ® Nal Edelweiss 00 |
= ® Cryodet ° jelweiss 11

g ® Lig. Noble 0 ‘13% Darkside ‘15

] =4 SuperCOMS also on light WIliPs.

r}) 10 ¢ XENON100 * M E|

8 o Projected '\m
(3 x  Signal SuperCDMS Sou

= bocug XMASS 800kg 0

& 10

©

o

2

E 10-45 = WIMP Search: Factor 10 every 3.3 years

| :

10“47 1 1 — 1 L 1 L
1985 1990 1995 2000 2005 2010 2015 2020
Year

F. BOUDJEMA (LAPTh)

Dark Matter Working Group HEP IndoFrench Network, Pune, Feb. 2018
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Direct Detection Experiments: Reaching the limit

vN scattering as an irreducible background (different sources of v some with very large
fluxes,... (Sun, the diffuse supernova background (DSNB), and the atmosphere (atm),
L. Baudis)

107 3
E WIMP 6 GeV/c
— r 4x10™ cm?
> 10g
L & WIMP 40 GeV/c?
» C 2x10™* cm?
- 1
> = - 2
% SIERRAEEE T WIMP 100 GeV/c
_ r  v:hep a
- 10’1 E - T T =
X E )
& C
5 10 2L v: DSNB
Y Bt SR T
=} C viatm 0000 T~ T
~ 107 -
E L L | ! Lo
4x107! 1 2 3 4 5 678910 20

Energy [keV]
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Tremendous Progress in Direct Detection Experiments: Ultimate limits

10—39
107490
10—41
10—42

10~
1045
1046
10-47
1048
1079
105

WIMP—nucleon cross section [cm?]

10~

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
XENON 10 82 (2013)
4 CDMS-Il Ge Low Threshold 2011)

\
(Green ovals) Asymmetric DM ‘
(Violet oval) Magnetic DM
(Blue oval) Extra dimensions
[ (Red circle) SUSY MSSM
A MSSM: Pure Higgsino
@ MSSM: A funnel \ ’
& MSSM: Bino-stop coannihilation
Fr MSSM: Bino-squark coannihilation

1 10 100 1000 10

WIMP Mass [GeV/c?]

1077
10
"o
i 10-10

102
1074
1073
1076

10-11
10-12
10-13
1‘0-14

WIMP-nucleon cross section [pb]
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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

2
m 10 GeV
= < X
EH ENRN1OO€V<500 MeV> ( " )

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, Eng may be lowered

LAPTR
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Sub-GeV Direct Detection. Scattering Off Electrons

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV peV meV eV
| | L1 1 | L

keV  MeV  GeV  TeV PeV  30Mg
|
T

. P W |

L L L

QCD Axion

a

. el L
LI BN B B e |

WIMPs

Ultralight Dark Matter
A
Pre-Inflationary Axion

==
Post-Inflationary Axion

&L &
e

&
Hidden Sector Dark Matter Black Holes

" Hidden Thermal Relics / WIMPless DM

- Asymmetric DM

Freeze-In DM
—
SIMPs / ELDERS
-
Beryllium-8
—
Muon g-2

—
Small-Scale Structure

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

zeV aeV feV peV neV peV meV eV

F. BOUDJEMA (LAPTh)

keV MeV  GeV TeV

Dark Matter Working Group

-
Microlensing

PeV  30M,

LAPTR
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Sub-GeV Direct Detection. Scattering Off Electrons

Superfluid Helium Photon emission
magnetic bubble chambers Chemical-bend breaking
g NR
1keV 1 MeV 1GeV
| ] | DM mass
I | I (scattering)
meV 1eV 1 keV
— | | . DMmass
I | I (absorption)
ER
Superconductors Semiconductors  Noble liquids
Scintillators 2D targets

Ideas to probe low-mass DM via scattering off, or absorption by, muclei (NR) or electrons

LAPTR
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Sub-GeV Direct Detection. Scattering Off Electrons

10—33

10-34

10-35 L

10—36

—
o

10-37

T, [cm

10—38

10-39

1074

10—41 L

0-42
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 See caption &
text for details
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Lines from top to bottom:
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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.

DM Mass [TeV]

ATLAS Preliminary July 2017

DM Simplified Model Exclusions
7T -

1.2 :
L / ]
N / ]

L / 4

L / .
08 | & ]
= S / . i

I = 4 ]
0.6 | & .
04 | -
LIS ]
LB i

L a 1

<

02 or, Dirac DM ]
L ]

2.5 3
Mediator Mass [TeV]

== Dijet
Vs =13 TeV, 37.0 fb™
arXiv:1703.09127 [hep-ex]

= Dijet 8 TeV
Vs =8TeV,203fb"
Phys. Rev. D. 91 052007 (2015)
— Dijet TLA
Vs =13 TeV,3.41b"
ATLAS-CONF-2016-030
— Dijet + ISR
Vs =18 TeV, 155"
ATLAS-CONF-2016-070
miss
ET™+y
¥s=13TeV,36.1fb"
Eur. Phys. J. C 77 (2017) 393
= miss | ¢
ET™*+jet
¥s=13TeV,36.1fb"
ATLAS-CONF-2017-060
—_— Emiss+z
T
Vs =13 TeV, 36.1 b
ATLAS-CONF-2017-040

LAPTR
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Most Simplified models: Vector Mediator. CMS limits

12,917 (13 TeV)

1297 (13 Tev)

o A T T T T TTTTH

10 *f CMS 4 g CM +
_355 Vector med, Dirac DM, gq=0.25, gw=1 3 E  Axial-vector med, Dirac DM, gq=0.25, gw=1 E
10 E e CMS median exp. 90% CL E 0% 3 woeses GMS median exp. 90% CL
[ ——— CMSobs.90%CL ] 5f —— CMS obs, 90% CL
E —— L _! 107 —— PICO40
—— CDMSLite 350 — picoL
: Pandaxl-ll -g & 10 355r IceCube'r
E | —— CRESSTI E E 10-37' Super- 1’1
E E ;
T s
1 ¢
] 24&10‘39
1 aﬂw«w
107 ¢
E 41
4 10k
1 104
1043"
Ll | 10-\44;r Ll | Y-
1 10 107 10° 1 10 102
m,, [GeV] m,,, [GeV]
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Embed effective operators within “Portals" scenarios

Dark Matter interacts only through the Portal Mediator.
Find “Singlet Operators"of the SM

eB"F}, U(1)vector portal  dark photon, minimally coupled to DM

|HI? (uss + /\SSZ> Higgs portal

yn(LH)N neutrino portal
fiF“”I:'W axion portal
a

LAPTA
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Conclusions from Collider-DM

» Discovery of a signal of DM at LHC (missing E7) or through production and study
of it siblings could offer great opportunity to reconstruct the properties of DM.
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Conclusions from Collider-DM

» Discovery of a signal of DM at LHC (missing E7) 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
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Conclusions from Collider-DM

» Discovery of a signal of DM at LHC (missing E7) 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, Charanijit 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.
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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 (¥, with no v.e.v). The new doublet couples to the
bosons of the SM but not to the fermions.

» Endowed with a Z, 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

A A
Vo= o]0+ ufdes + T(0]01) + T(0)0r)°

A
FA3(P]B1)(Phb2) + A (PLd1) (D] D2) + (25(4’14)2)2 + h~0~>

Gt HT
& = and ¢, =

2(v+h+iG) - (H + iA)

1 1 1
% mﬁzug"‘*)\LVz m,ZAZILg‘f'*)\AVz

2 2 2

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

2 2 2 2
My = MV Myx = s +

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

LAPTR
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Full renormalisation of the model is completed

LAPTR
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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
15% ~X
7% ~X
3% ~X
2% ~X
xx — WIf

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

~X ->b B

~X —=>W+ W- ==> OFF SHELL W (2->3 process !!!)
~X ->c C

~X ->1 L

~X =>7 Z

x = H, A Extremely challenging!

APTR
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2 Benchmarks

Benchmark 2 (Heavy scalars scenario)

(MH

mu”2

Xf=2

, MA,MH+,Mh)= 550,
=301895.3 (GeV) "2

551,552,125 GeVv

7

lambda_2=0.01

Calculation of relic density =====

.61le+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-

14% ~X ~X ->72 2

13% ~Hp ~Hm —->W+ W-

9%
8%
7%

~H3 ~H3 —>W+ W-
~Hp ~X —->A W+

~H3 ~H3 ->7Z Z

F. BOUDJEMA (LAPTh)

3%

Dark Matter Working Group

5%

~Hp ~Hm ->A A

5% ~Hp ~Hm ->A Z

~Hp ~X ->Z W+

3%

~H3 ~Hp ->Z W+
2% ~Hp ~Hm —->Z Z

[
HEP IndoFrench Network, Pune, Feb. 2018
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