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Dark	matter	:	evidence	
• In	1933		Fritz	Zwicky	measured	velocity	dispersion	in	COMA	

cluster	to	estimate	the	cluster	mass	and	found	orbital	
velocities	about	factor	10	larger	than	expected	from	the	mass	
of	galaxies	in	clusters.	He		postulated	the	existence	of	some	
kind	of	matter	which	does	not	emit	light	- >	dark	matter

• He	was	criticized	and	forgotten,	BUT	this	result	was	later	
confirmed	on	many	scales
– The galactic scale (rotation curves)
– Scale of galaxy clusters
– Cosmological scales

• Dark matter is required to amplify the small fluctuations in Cosmic 
microwave background to form the large scale structure in the universe 
today



Rotation	curves	of	galaxies

Explanation  halo has a  M ~ r   : a large part of the mass 
is in outer part of galaxy (dark matter halo ) rather than in 
visible disk



Bullet	Cluster
• Collision	of	two	clusters	:	direct	evidence	of	dark	matter
• Comparison	of	X-ray	images	of	luminous	matter	with	

measurements	of	the	cluster's	total	mass	through	
gravitational		lensing.	

• Involves	the	observation	of	the	distortion	of	light	from	
background	galaxies	by	the	cluster's	gravity	-- the	greater	the	
distortion,	the	more	massive	the	cluster	(lensing).	

• Two	small	clumps	of	luminous	matter	slowed	down	by	the	
collision		(interactions	)

• Two	large	clumps	of	collisionless matter		(not	slowed	down	by	
the	collision	)	– dark	matter





Cosmic	microwave	background
and	total	amount	of	dark	matter	in	the	universe

Background	radiation	originating	from	
propagation	of	photons	in	early	universe	
(once	they	decoupled	from	matter)	
predicted	by	Gamow	in	1948

Discovered	Penzias&Wilson 1965

CMB	is	isotropic	at	10-5 level	and	follows	
spectrum	of	a	blackbody	with	T=2.726K

Anisotropy	to	CMB	tell	the	magnitude	and	
distance	scale	of	density	fluctuation	
when	universe	was	1/1000	of	present	
scale

Study	of	CMB	anisotropies	provide	accurate	
testing	of	cosmological	models,	puts	
stringent	constraints	on	cosmological	
parameters
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Density	fluctuations

• Small	anisotropy	observed	in	sky

• All	information	contained	in	CMB	
maps	can	be	compressed	in	power	
spectrum

• CMB	anisotropy	maps	contain	
inofrmation on		cosmological	model	
parameters	(WB, WM, WL ..) - best	fit	
location	and	ehight of	peaks			

PLANCK	2013



Universe	is	made	of	27%	cold	dark	
matter.	Can	it	be	a	new	particle?

*Cold: nonrelativistic during structure formation
Hot (relavistic) dark matter excluded because 

smooths out structure 



Relic	density	of	dark	matter

• CMB	(WMAP	then	PLANCK)	gives	precise	
determination	of	amount	of	CDM	(assuming	
standard	cosmological	model)

• Wcdm h2=0.1196+/- 0.0031, h=0.674+/-0.014

• What	does	that	tell	us	about	properties	of	a	new	
stable	particle	that	could	form	DM?



A wide variety of DM candidates 

WIMPs

FIMPs

SIMPs

Asymmetric



A.	Belyaev

… many publications

Because of	strong
evidence for	DM,	
has	become one	of
main	motivation
for	BSM



Part	1	:	WIMPs



Relic	density	of	WIMPs

• Assume	a	new	stable	(very	long-lived)	neutral	
weakly-interacting	particle

• Will	be	in	thermal	equilibrium	when	T	of	Universe	
much	larger	than	its	mass

• Equilibrium	abundance	maintained	by	processses

• As	well	as	reverse	processes,	inverse	reaction	
proceeds	with	equal	rate



Boltzmann	equation
• Describes interactions of wimp with photons and other 

relativistic particles in thermal bath before they decouple
• Number of part c/unit volume -> creation – annihilation 

H: Hubble expansion rate
R: scale factor of the Universe

Depletion of c due to 
annihilation

Creation of c from 
inverse process



Relic	density	of	wimps
In early universe WIMPs are present in large 

number and they are in thermal 
equilibrium

As the universe expanded and cooled their 
density is reduced through pair 
annihilation

Eventually density is too low for annihilation 
process to keep up with expansion rate
Freeze-out temperature

LSP decouples from standard model particles, 
density depends only on expansion rate of 
the universe

Freeze-out



Dark	matter:	a	WIMP?

In standard scenario, relic abundance

Depends only on effective annihilation cross section, a WIMP at EW scale has 
‘typical’ annihilation cross section for Ωh2 ~0.1 (WMAP,PLANCK)



Probing the nature of dark matter

• All determined by interactions of WIMPS with Standard Model
• Specified within given particle physics model



Constraints on WIMPs
• Reproduce the measured relic density assuming standard

cosmological model
• Limits from astroparticle searches

• Direct detection (LUX, CDMS, Xenon, Cresst, DAMIC,
DAMA….)

• Indirect detection (FermiLAT, HESS, Magic, AMS …) in
particular with photons, positrons, antiprotons etc..

• Neutrinos (IceCUbe)
• Hints in astroparticle searches

• DAMA/CoGenT, CDMS-SI, Fermi-LAT Galactic Center, PAMELA, AMS02

• Collider constraints (model dependent – stability at collider
scale only)



Direct	detection
• Elastic scattering of WIMPs (weakly interacting 

massive particle)  off nuclei in a large detector
• Measure nuclear recoil energy, ER

• Best way to prove that WIMPs form DM



Direct	detection
• Particle physics : effective Lagrangian for WIMP-nucleon and wimp-

quark amplitude at small momentum transfer (~100MeV)
• For spin independent (Majorana fermion)

• SI: Higgs exchange often dominates

For Dirac fermions Z exchange contributes to SI and SD



WIMP-nucleus

• Rates (SI and SD)  depends on nuclear form factors and 
velocity distribution of WIMPs + local density

• For easy comparison between expt, assume lp=ln

Nuclear form factors DM velocity 
distribution

Particle physics
+ quark content in nucleon

Contents11
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1 Introduction12

The discovery of a Higgs boson with a mass of 125 GeV at the Large Hadron Collider13

(LHC) [? ? ] can be viewed as an argument in favour of supersymmetry (SUSY) since a14

light Higgs boson is a landmark of this theory. However the mass of the new particle is only15

within a few GeV of the maximum value predicted in the minimal supersymmetric standard16

model (MSSM) and requires large contributions from the stop sector, thus raising issues of17

fine-tuning [? ? ]. In the next-to minimal supersymmetric extension of the standard model,18

the NMSSM, the fine-tuning issue is not as severe because of additional contributions to19

the lightest Higgs doublet mass, derived from the extra singlet superfield [? ? ? ]. The20

NMSSM has the nice additional feature that the µ term is generated from the vacuum21

expectation value (VEV) of the new singlet field and is thus naturally at the SUSY scale,22

therefore solving the so-called µ-problem [? ]. For these reasons the discovery of the Higgs23

at the LHC has triggered a renewed interest in the NMSSM and phenomenological studies24

abound [? ? ? ? ? ? ? ? ? ? ]. The main focus has been on the Higgs sector [? ]25

since the extra singlet can lead to new collider signatures, in particular when light, as the26

Standard Model (SM) like Higgs state at 125 GeV can decay into into light singlet like27

– 1 –



Spin	independent

Much improved limit on SIcross section – PandaX and LUX (Akerib et al 
1608.07648) also at low mass CDMS 

Assuming fp=fn, rules out CDMS-Si, CoGENT, DAMA.. 24

10-9pb

Elastic	scattering	of	DM
off	nucleons in	a	large	detector



Limits spin	dependent

Cross sections probed are much larger than for SI
Just reaching the sensitivity to probe more popular DM model (MSSM)

Pico
Pico:	1503.00008



Searching for dark matter at the 
LHC



Probing the nature of dark matter

• All determined by interactions of WIMPS with Standard Model
• Specified within given particle physics model



DM production at LHC
¢ pp collider 7-8TeV (Run 1) and 13TeV 

(Run2)

¢ DM direct production : missing energy 
(need additional particle to trigger) –
monojet, monophoton, mono-X

¢ DM in Higgs decays

¢ Production of coloured particles: DM in 
decay chain (MET+..)

¢ Charged tracks and displaced vertices 
(for quasi stable NLDSP –next-lightest 
dark sector particle)

¢ Production of mediator (in standard 
channels)



EFT/simplified model approach
Direct production of pairs of DM + radiation : high ET miss + 

single jet/photon/boson

Effective interaction
operators

(a)Operators for Dirac fermion DM

Name Operator Dimension SI/SD

D1 mq

⇤3 �̄�q̄q 7 SI

D5 1
⇤2 �̄�

µ�q̄�µq 6 SI

D8 1
⇤2 �̄�

µ�5�q̄�µ�
5q 6 SD

D9 1
⇤2 �̄�

µ⌫�q̄�µ⌫q 6 SD

D11 ↵s
⇤3 �̄�G

µ⌫Gµ⌫ 7 SI

(b)Operators for Complex scalar DM

Name Operator Dimension SI/SD

C1 mq

⇤2 �
†�q̄q 6 SI

C3 1
⇤2�

† !@ µ�q̄�
µq 6 SI

C5 ↵s
⇤2�

†�Gµ⌫Gµ⌫ 6 SI

TABLE I: Lowest-dimensional operators which couple singlet DM candidates to hadronic matter

and give unsuppressed contributions to direct detection scattering of DM o↵ of a nucleus. The

fourth column indicates whether the primary direct detection signal due to that operator is spin-

independent (SI) or spin-dependent (SD). As scalars have no spin, all the listed operators for scalar

DM give rise only to SI direct detection signals.

boson to be gauge invariant. Replacing the Higgs by its vacuum expectation value gives a

form similar to the one we have chosen. The choice to scale the operators by each quark’s

mass rather than by a uniform factor of v/⇤ is motivated by the conjecture of Minimal

Flavor Violation (MFV) [42], which protects new models from being strongly constrained

by flavor physics observables by insisting that all flavor violation be proportional to the

SM Yukawa matrices. It is worth noting that the normalization of D9 actually isn’t very

well-motivated from a theoretical point of view. In principle, the same suppression by mq

that is present for the scalar-type operators, D1 and C1, should also be present there, since

the operator violates SU(2)L in the same way. This normalization for the tensor operator

is standard, however, because this is the normalization which is most naturally probed in

direct detection experiments. We have listed only the operators whose contributions to

direct detection scattering are not suppressed by the small dark matter velocity. It is worth

noting, however, that other operators are possible and have bounds similar to those derived

for these operators from collider searches, while they are e↵ectively unbounded by direct

detection due to the suppression of the scattering cross section.

Operators of this type, in some combination, su�ce to describe all the interactions of DM

with hadronic matter, provided that the new particles involved in the interactions (of an

extended theory) are much heavier than the scales at which we are probing the interactions

6



For each operator : monojet limit --> limit on direct detection
Caveats : monojet limit valid assuming scale NP large -> 

simplified models
– LHC not very sensitive to scalar operators with couplings 

proportional to mass 
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FIG. 6: Observed 90% CL upper limit for spin-independent(left) and spin-dependent(right) DM-

nucleon cross section for mono-jet final state from the ATLAS, CMS, and CDF [22] collaboration.

The results are also compared with latest direct detection bounds from LUX [58], SuperCDMS [60],

XENON-100 [63], IceCube [61], PICASSO [62], and SIMPLE [59].

abundance of WIMP production as described in Ref. [19, 70]. The ATLAS collaboration

has translated their results of the mono-jet search at
p
s = 7 TeV to WIMP annihilation

rate into four light flavors of quark assuming equal coupling strength for all of them. These

annihilation rates are estimated by translating vector and axial-vector limits as described

in [19]. The annihilation rate is defined as < �v > where � is the cross section and v is the

average relative velocity of dark matter. The limits are based on the assumption of 100%

branching ratio of WIMPs to four light flavour of quarks. These results are summarized

in Fig. 8. The figure also shows a comparison with the observations of Galactic satellite

galaxies with the Fermi-LAT experiment [71] for Majorana WIMPs. For WIMPs to make

up the relic abundance, annihilation rate must be above the thermal relic value observed by

WMAP( dashed line) [72].
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Axial-vector

Vector

gluon



From EFT to simplified model 
The case of axial vector mediator : for certain masses much 
improve sensitivity

Other channels : mono-W, heavy flavour+DM –

Allowed
D5

D8

EXOT-2015-03



Wimp dark matter candidates



T.	Tait



Beyond	the	standard	model
For many years – clear direction on how to explore 

BSM/DM
Start with problems with SM: symmetry breaking, Higgs, 

unification, fermion masses …

Interplay Collider, dark matter searches, cosmology

Interplay	Collider,	dark	matter	searches,	
cosmology

SUSY
XtraDim

Little Higgs
….

Discrete
symmetry

One	of	the	
problems
with SM

WIMP
Dark matter



Bottom-up	approach

Start with stable neutral particle,  and build from there (mediator, other
dark particles) exploiting hints from data LHC or astroparticle searches

Here both approaches…



Supersymmetric dark matter
Status



Supersymmetry

Motivation: unifying matter (fermions) and interactions 
(mediated by bosons)
Symmetry that relates fermions and bosons

Prediction: new particles supersymmetric partners of all 
known fermions and bosons : differ spin 1/2
Not discovered yet

Hierarchy problem
SUSY particles (~TeV) to stabilize Higgs mass against 

radiative corrections àshould be within reach of LHC
R-parity and dark matter



Minimal supersymmetric standard 
model

Minimal field content : partner of SM 
particles and two higgs doublets 
(for fermion masses)

Neutralinos : neutral spin ½ partners
of gauge bosons  (bino,wino) and 
Higgs scalars (higgsinos)



Susy features

New particles stabilize Higgs mass 
(~100GeV) against radiative corrections

If supersymmetry is exact each SM fermion 
contribution is cancelled by that of two 
scalar partners (lS= lF

2)
Quadratic divergences still cancelled if only 

soft susy breaking terms

SU(3), SU(2), U(1) coupling constants 
unification at high scale in MSSM but 
not in SM

No susy particle found

Each increase quadratically
with energy

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)

Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.
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F

H

F

H

Figure 1.2: Two-loop corrections to the Higgs squared mass parameter involving a heavy fermion F
that couples only indirectly to the Standard Model Higgs through gauge interactions.

largest correction comes when f is the top quark with λf ≈ 1. The problem is that if ΛUV is of order
MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the required
value of m2

H ∼ −(100 GeV)2. This is only directly a problem for corrections to the Higgs scalar boson
squared mass, because quantum corrections to fermion and gauge boson masses do not have the direct
quadratic sensitivity to ΛUV found in eq. (1.2). However, the quarks and leptons and the electroweak
gauge bosons Z0, W± of the Standard Model all obtain masses from ⟨H⟩, so that the entire mass
spectrum of the Standard Model is directly or indirectly sensitive to the cutoff ΛUV.

One could imagine that the solution is to simply pick a ΛUV that is not too large. But then one
still must concoct some new physics at the scale ΛUV that not only alters the propagators in the loop,
but actually cuts off the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally suffer from a failure of either
unitarity or causality [2]. In string theories, loop integrals are nevertheless cut off at high Euclidean
momentum p by factors e−p2/Λ2

UV . However, then ΛUV is a string scale that is usually† thought to be
not very far below MP. Furthermore, there are contributions similar to eq. (1.2) from the virtual effects
of any arbitrarily heavy particles that might exist, and these involve the masses of the heavy particles,
not just the cutoff.

For example, suppose there exists a heavy complex scalar particle S with mass mS that couples to
the Higgs with a Lagrangian term −λS |H|2|S|2. Then the Feynman diagram in Figure 1.1b gives a
correction

∆m2
H =

λS
16π2

[
Λ2
UV − 2m2

S ln(ΛUV/mS) + . . .
]
. (1.3)

If one rejects the possibility of a physical interpretation of ΛUV and uses dimensional regularization
on the loop integral instead of a momentum cutoff, then there will be no Λ2

UV piece. However, even
then the term proportional to m2

S cannot be eliminated without the physically unjustifiable tuning of
a counter-term specifically for that purpose. So m2

H is sensitive to the masses of the heaviest particles
that H couples to; if mS is very large, its effects on the Standard Model do not decouple, but instead
make it difficult to understand why m2

H is so small.
This problem arises even if there is no direct coupling between the Standard Model Higgs boson

and the unknown heavy particles. For example, suppose there exists a heavy fermion F that, unlike
the quarks and leptons of the Standard Model, has vector-like quantum numbers and therefore gets a
large mass mF without coupling to the Higgs field. [In other words, an arbitrarily large mass term of
the form mFFF is not forbidden by any symmetry, including weak isospin SU(2)L.] In that case, no
diagram like Figure 1.1a exists for F . Nevertheless there will be a correction to m2

H as long as F shares
some gauge interactions with the Standard Model Higgs field; these may be the familiar electroweak
interactions, or some unknown gauge forces that are broken at a very high energy scale inaccessible to
experiment. In either case, the two-loop Feynman diagrams in Figure 1.2 yield a correction

∆m2
H = CHTF

(
g2

16π2

)2 [
aΛ2

UV + 24m2
F ln(ΛUV/mF ) + . . .

]
, (1.4)

†Some recent attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate
cutoff scale is actually close to the electroweak scale, rather than the apparent Planck scale.
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Figure 1.2: Two-loop corrections to the Higgs squared mass parameter involving a heavy fermion F
that couples only indirectly to the Standard Model Higgs through gauge interactions.
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a counter-term specifically for that purpose. So m2

H is sensitive to the masses of the heaviest particles
that H couples to; if mS is very large, its effects on the Standard Model do not decouple, but instead
make it difficult to understand why m2

H is so small.
This problem arises even if there is no direct coupling between the Standard Model Higgs boson

and the unknown heavy particles. For example, suppose there exists a heavy fermion F that, unlike
the quarks and leptons of the Standard Model, has vector-like quantum numbers and therefore gets a
large mass mF without coupling to the Higgs field. [In other words, an arbitrarily large mass term of
the form mFFF is not forbidden by any symmetry, including weak isospin SU(2)L.] In that case, no
diagram like Figure 1.1a exists for F . Nevertheless there will be a correction to m2

H as long as F shares
some gauge interactions with the Standard Model Higgs field; these may be the familiar electroweak
interactions, or some unknown gauge forces that are broken at a very high energy scale inaccessible to
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R-parity

Proton decay
To prevent this introduce R parity 

R=(-1) 3B-3L+2S;   R=1: SM particles  R=-1 SUSY
The LSP is stable : could be a suitable DM candidate if 

neutral



Minimal Supersymmetric Standard Model



MSSM – soft terms
Supersymmetry must be broken - many possibilities : 

write most general Lagrangian which violate SUSY  
without disturbing cancellation of quadratic 
divergences in scalar mass (Grisaru and Girardelo 1982)

Real parameters and no flavour structure : reduce from 105 to 22 parameters



Neutralino dark matter

• No theoretical prejudice
• Simplified discussion : consider only parameters relevant

for neutralino sector – assume all sfermions are heavy
• Neutralino is mixed state – exact nature will determine its

annihilation properties - wide range of predictions for DM
interactions



The neutralino mass matrix

Mass and nature of neutralino LSP : determined by smallest mass 
parameter

M1 < M2, µ bino
µ < M1, M2 Higgsino ( in this case mχ1 ~mχ2 ~mχ+) 
M2 < µ , M1 wino

Determine couplings of neutralino to vector bosons, scalars…
In most studied SUSY model CMSSM the LSP is usually bino -> 

theoretical bias



Relic density of	neutralino

Bf
-310 -210 -110 1

-410

-310

-210

-110

1
higgsino bino

150GeV

1000GeV

Vary µ, M1, M2 to change nature of LSP
tanb = 10, all other SUSY parameters set to 4TeV

In general neutralino LSP can only be subdominant DM component unless TeV scale
Exception : bino overdominant
Higgsino and	wino mean degenerate particles-

Wino

LSP	composition



Direct	detection

Constraints from DD	(LUX)	on	neutralinos (mixed	higgsino-bino)	that
naturally reproduce measured relic density
Bino-wino escape	detection

Correct relic

LUX	2016



Direct	detection
• Coupling of LSP to Higgs maximal for mixed gaugino/higgsino

1TeV	Mixed	
higgsino/bino
mostly compatible	
with relic+DD

LUX2016



Neutralino LSP	
• Relic density constraint + exclusion by direct detection ->

favours neutralino DM at TeV scale or mixed bino/wino or
requires an additional DM candidate

• Way out?
• Theoretical input: impose specific conditions on spectrum
• For example : bino LSP with special mechanism to reduce

relic density – coannihilation with sfermions or mLSP= mH/2
(resonant annihilation)

• Problem µ at TeV scale is not natural from Higgs points of view



Light Higgs mass

Implications for MSSM
• Mass at 125 GeV

– need large radiative corrections

– δt~85 GeV  (comparable to tree-level)
– Large stop mixing

– Fine-tuning issue

–
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1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of 124–126 GeV [1, 2]. The ⇥⇥ channel yields excesses at the 2–3 ⌅ level for ATLAS

and CMS, insu⇥cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 125 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 125 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 125 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2
h = M2

Z cos2 2� + ⇤2t (1)

where ⇤2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require ⇤t � 85 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 125 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di�ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 125 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 125 GeV without multi-TeV stops. Even at

maximal mixing, we must have
⇥
mQ3mu3 � 600 GeV (which, for degenerate soft masses, results

in stop masses heavier than have been directly probed by existing LHC searches [12, 13]) and,

as we will discuss in the next section, this implies that fine-tuning of at least 1% is required in

the MSSM, even for the extreme case of an ultra-low messenger scale of 10 TeV. Hence we seek

an alternative, more natural setting for a 125 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

The Higgs sector of the MSSM depends, at tree-level, on the ratio of the vevs, tan �, and on

the pseudoscalar mass mA, which determines the mixing between the two CP even scalars. In

this section, we focus on the decoupling limit, mA ⌅ mZ , where the lightest CP even Higgs is

SM-like in its coupling and has the largest possible tree-level mass (away from the decoupling

limit, mixing drives the lightest mass eigenstate lighter). In the decoupling limit, the tree-

level Higgs mass is given by mZ cos 2� and is maximized at high tan �, but is always far below

125 GeV.

At the one-loop level, stops contribute to the Higgs mass and three more parameters become

important, the stop soft masses, mQ3 and mu3 , and the stop mixing parameter Xt = At�µ cot �.

The dominant one-loop contribution to the Higgs mass depends on the geometric mean of the

stop masses, m2
t̃
= mQ3mu3 , and is given by,

m2
h ⇤ m2

Z cos2 2� +
3

(4⇥)2
m4

t

v2

⇤
ln

m2
t̃

m2
t

+
X2

t

m2
t̃

�
1� X2

t

12m2
t̃

⇥⌅
. (4)

The Higgs mass is sensitive to the degree of stop mixing through the second term in the brackets,

and is maximized for |Xt| = Xmax
t =

⇧
6mt̃, which is referred to as “maximal mixing.” The Higgs

mass depends logarithmically on the stop masses, which means, of course, that the necessary

stop mass depends exponentially on the Higgs mass. Therefore, an accurate loop calculation is

essential in order to determine which stop mass corresponds to a 125 GeV Higgs.

We use the Suspect [10] and FeynHiggs [11] packages to calculate the Higgs mass, which

include the full one-loop and leading two-loop contributions. In Figure 4 we give the mh = 124

and 126 GeV contours in the (Xt,mt̃) plane, with Suspect shown in red and FeynHiggs shown

in blue. For both curves, the axes are consistently defined in the DR renormalization scheme.

The left and right-handed top squark mass parameters are taken equal, mQ3 = mu3 , since the

Higgs mass depends only mildly on the ratio. As we shall show, this choice results in the lowest

fine-tuning for a given mt̃, since the stop contribution to fine-tuning is dominated by the largest

soft mass. The loop contribution depends slightly on the choice of some of the other SUSY

parameters: we have fixed all gaugino masses to 1 TeV, the Higgsino mass to µ = 200 GeV, and

mA = 1 TeV. We find that the Suspect and FeynHiggs results have considerable di�erences. The

two programs use di�erent renormalization prescriptions, and we take the di�erence between the

two programs as a rough estimate of the theoretical uncertainty in the Higgs mass calculation.

For an earlier comparison, see [23]. The uncertainty should be reduced if one takes into account

the results of recent three-loop calculations [24], although this is beyond the scope of our work.

For a detailed discussion of the two-loop calculations, see for example [25]. Fortunately, the two

programs agree to within a factor of two on the necessary stop mass in the maximal mixing

regime: mt̃ = 500� 1000 GeV for Xt ⇥
⇧
6mt̃ and mt̃ ⇥ 800� 1800 GeV for Xt ⇥ �

⇧
6mt̃, for

a Higgs mass in the 124–126 GeV range.
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = mt̃

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, ⇥m2
Hu

,

⇥m2
Hu

= �3y2t
8⌅2

�
m2

Q3
+m2

u3
+ |At|2

⇥
ln

⇤
⇥

mt̃

⌅
, (5)

where ⇥ is the messenger scale for supersymmetry breaking. If ⇥m2
Hu

becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇥ At, and maximal mixing (|At|2 = 6m2
t̃
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2
H |h|2 +

⇤h

4
|h|4. (6)
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where Mstop denotes an average value of the top squark masses. (It is not necessary to be
more precise here, in contrast to the radiative corrections to the physical Higgs masses.) It
is straightforward to express the vevs vu, vd and s in terms of M2

Z , tan β and µeff with the
help of these equations.

Hence the relevant parameters pSusyi at the Susy scale are given by (leaving aside the
electroweak gauge couplings g1 and g2, as well as Mstop inside the logarithm)

pSusyi = mHu
, mHd

, m2
S, Aλ, Aκ, λ, κ, and ht . (13)

In order to compute the variations ∆Susy
i (see (8)) with respect to these parameters, we

use

0 = δEj =
∑

i

∂Ej

∂pSusyi

δpSusyi +
∂Ej

∂MZ
δMZ +

∂Ej

∂ tan β
δ tanβ +

∂Ej

∂µeff
δµeff (14)

for j = 1, 2, 3. Since all partial derivatives of the equations Ej can be computed explicitely,
the three equations (14) can be solved for δMZ (and, separately, for δ tanβ and δµeff) as
function of all δpSusyi , which allows to determine the variations ∆Susy

i in (8).
At this stage it is useful to recall the origin of the “little fine tuning problem” in the

MSSM. Neglecting the radiative corrections, the minimisation equations (12) of the Higgs
potential imply, with µeff ≡ µ in the MSSM,

M2
Z ≃ −2µ2 +

2(m2
Hd

− tan2 βm2
Hu

)

tan2 β − 1
. (15)

In the absence of fine tuning, all terms on the right hand side of (15) should be of comparable
magnitude, and no large cancellations should occur; hence both µ2 and |m2

Hu
| should not be

much larger than O(M2
Z). However, from the RG equations one typically obtains m2

Hu
∼

−M2
stop, which is often required to be much larger (in absolute value) than M2

Z : At least
within the MSSM, the SM-like Higgs scalar mass increases proportionally to ln

(

M2
stop/m

2
top

)

due to top/stop induced radiative corrections. Then, large values for Mstop are unavoidable
in order to satisfy the LEP bound. Albeit large stop masses are consistent with the non-
observation of top squarks, they would generate an uncomfortably large value for −m2

Hu

which has to be cancelled by µ2 in (15).
For large |m2

Hu
| ∼ µ2 one finds for tan2 β ≫ 1, following (8) with i = mHu

or i = µ,

∆Susy
mHu

∼ 2
|m2

Hu
|

M2
Z

∼ ∆Susy
µ ∼ 2

µ2

M2
Z

. (16)

Accordingly large values for ∆Susy
i (leading, generally, to large values for ∆GUT

i ) reflect well
the necessary fine tuning if |m2

Hu
| and hence µ2 are large.

In the NMSSM µ is replaced by µeff = λs. For large |m2
Hu

| ∼ µ2
eff , the above reasoning

remains essentially unchanged: For s ≫ MZ (valid in most of the parameter space), E3 in
(12) gives

s ∼
1

4κ

(

−Aκ −
√

A2
κ − 8m2

S

)

. (17)

5

jeudi 13 septembre 2012

25

50

75

100

200
200

500

500

1000

1000

-4 -2 0 2 40

500

1000

1500

2000

2500

3000

Xtêmté

m
té
@Ge

V
D

Higgs Mass vs. Fine Tuning

Suspect
FeynHiggs

Dmh
100 300

500 750

1000

1500

2000

2500

-4 -2 0 2 40

500

1000

1500

2000

2500

3000

Xtêmté

m
té
@Ge

V
D

Lightest Stop Mass

Suspect
FeynHiggs

mt1
é

Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)
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Xt=At-µ/tanb

Upper bound on	Higgs mass



The	MSSM	case

Fine-tuning issue

Unless µ ~O(100)GeV (natural SUSY) need large cancellation
– implications for DM since µ determines the Higgsino

component of the LSP
Fine-tuning also from radiative corrections – mHu strong

dependence on parameters of stop sector



What about	LHC	?



SUSY	production	LHC	
Standard susy searches : coloured particles

 

q-

g
q̃

q

q

-̃
g̃

Cross	section	(13TeV/8TeV):	
Gluino (1.4TeV)	~25
Stop/sbottom (750	GeV)	~10	



LHC	– SUSY	
• Signatures of squarks and gluinos : jets+MET

• Jets+MET +Leptons

q

q̃

q

q
g̃

r̃  
1
0

r̃  
1
0



A	constrained model
• Traditionally predictions in context of CMSSM (scenario with parameters

defined at unification scale) only handful of parameters
• Neutralino is generally bino U(1) or bino/higgsino
• Relations between masses of particles – e.g. mgluino~6 mLSP

• LHC has put strong constraints on this model – because mh=125GeV with
SM-like couplings, no squarks and/or gluino discovered , no evidence of
SUSY in B physics

• What’s left after fit to all observables
• Relic, LUX, flavour LHC
• L. Rozkowski, 1405.4289



SUSY	search channels
• For general SUSY model (or pMSSM) must exploit a variety of

new physics searches (not just MET)
• x-lepton + jets + MET
• Third generation
• Monojet (most powerful for compressed spectra)
• Disappearing or charged tracks



SUSY	search channels
• For general SUSY model (or pMSSM) must exploit a variety of

new physics searches (not just MET)
• x-lepton + jets + MET
• Third generation
• Monojet (most powerful for compressed spectra)
• Disappearing or charged tracks

Monojet :	
ATLAS	Collab.	
1604.07773



0lepton+jets+MET
• Wide ranging sensitivity to strong particle production with

squark-> q+LSP and gluino-> qq+LSP + various cascade decays

mgluino>1850	GeV

13	TeV



Electroweak-inos
• Direct connection with dark matter (neutralino sector)
• Reach dependent on search channel (here simplified model)
• Weak constraints on charginos which decay into gauge bosons



Long-lived particles
• In SUSY, charged/neutral winos have very small mass

splitting (<3GeV) -> displaced vertex, disappearing tracks,
slow moving particles

• Recall : cannot explain all DM

ATLAS	1506.05332
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Figure 4: Number of pMSSM parameter points in the sub-space covering sparticle masses up to
about 3 TeV shown as a function of the chargino mass and (upper row) of the mass difference
between the chargino and the neutralino, and (lower row) chargino lifetime. The left panels
show the entire set of points considered while the right panels show the set of points excluded
by the analysis based on the results from the HSCP search [12].
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What’s left after LHC 
(only Run 1)

ATLAS	1508.06608

Analysis All LSPs Bino-like Wino-like Higgsino-like
0-lepton + 2–6 jets + Emiss

T 32.1% 35.8% 29.7% 33.5%
0-lepton + 7–10 jets + Emiss

T 7.8% 5.5% 7.6% 8.0%
0/1-lepton + 3b-jets + Emiss

T 8.8% 5.4% 7.1% 10.1%
1-lepton + jets + Emiss

T 8.0% 5.4% 7.5% 8.4%
Monojet 9.9% 16.7% 9.1% 10.1%
SS/3-leptons + jets + Emiss

T 2.4% 1.6% 2.4% 2.5%
⌧(⌧/`) + jets + Emiss

T 3.0% 1.3% 2.9% 3.1%
0-lepton stop 9.4% 7.8% 8.2% 10.2%
1-lepton stop 6.2% 2.9% 5.4% 6.8%
2b-jets + Emiss

T 3.1% 3.3% 2.3% 3.6%
2-leptons stop 0.8% 1.1% 0.8% 0.7%
Monojet stop 3.5% 11.3% 2.8% 3.6%
Stop with Z boson 0.4% 1.0% 0.4% 0.5%
tb+Emiss

T , stop 4.2% 1.9% 3.1% 5.0%
`h, electroweak 0 0 0 0
2-leptons, electroweak 1.3% 2.2% 0.7% 1.6%
2-⌧, electroweak 0.2% 0.3% 0.2% 0.2%
3-leptons, electroweak 0.8% 3.8% 1.1% 0.6%
4-leptons 0.5% 1.1% 0.6% 0.5%
Disappearing Track 11.4% 0.4% 29.9% 0.1%
Long-lived particle 0.1% 0.1% 0.0% 0.1%
H/A! ⌧+⌧� 1.8% 2.2% 0.9% 2.4%
Total 40.9% 40.2% 45.4% 38.1%

Table 7: Percentage of model points excluded by the individual analyses. It should be noted that the fraction of
model points that can be excluded will depend on the model employed and range of input masses initially generated.
The reader is reminded (Table 2) that the sparticle mass terms in this paper extend to 4 TeV. References for the
individual analyses can be found in Table 1.
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production	of	DM	+	jet	
from ISR	and/or	
compressed spectra



What’s left after LHC

ATLAS	1508.06608

(a) Before ATLAS Run 1 (b) After ATLAS Run 1

Figure 14: The density of pMSSM points projected onto the plane of dark matter relic density versus LSP mass,
before and after the constraints from the search analyses. The colours labelling the di↵erent LSP types, as defined
in Table 4.

searches for electroweak production. Further study shows that, for the sampling of pMSSM points made
in this paper, the analyses with the largest regions of unique sensitivity are the 0-lepton + 2–6 jets + Emiss

T
analysis [57], and the Disappearing Track analysis [71]. Nevertheless some care is required in interpreting
these results. The degree of apparent overlap is subjective, in that it depends, in some cases sensitively,
on the metric used when sampling the pMSSM space. Even in cases where the apparent overlap appears
to be large, for example between the 0-lepton + 2–6 jets + Emiss

T and 0-lepton + 7–10 jets + Emiss
T analyses,

both searches are found to have regions of pMSSM space in which they provide unique sensitivity. The
Disappearing Track analysis is mostly sensitive to model points with a wino-like LSP, so an alternative
prior (or weighting by LSP type) of the sample model points would directly a↵ect the apparent relative
sensitivity of this analysis.

The overall fraction of model points within the pMSSM space excluded by each analysis for each of
the LSP types is shown in Table 7. Only the `h analysis is unable to constrain the pMSSM set with
the luminosity available. The lack of sensitivity for that analysis is not unexpected since for simplified
models it excludes only points with very light LSPs [69]. It should again be noted that the absolute
values of the fractions of model points excluded is strongly a↵ected by the prior sampling, in particular
by the upper mass bounds used for the scan in selecting the pMSSM input parameters (see Table 2).
The relative fractions of model points excluded by each analysis are a little more informative, but again
care is necessary in their interpretation since they too are sensitive to changes to the assumptions or
constraints applied to the initial model set. Nevertheless, the high sensitivity of the 0-lepton + 2–6 jets +
Emiss

T analysis for all LSP types, and the Disappearing Track analysis for models with a wino-like LSP is
unambiguous.
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What’s left after LHC

ATLAS	1508.06608
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Figure 16: Left, the distribution of model points generated; right, the distribution of model points not excluded by
ATLAS Run 1 searches, as projected onto the scaled spin-independent (SI) interaction cross-section of nucleons
with the neutralino versus the neutralino mass. The cross-sections are scaled by a factor of R⌦ = ⌦(�̃0

1)h2/⌦Planckh2.
The calculated spin-independent interaction cross-sections are a weighted average of the contributions from proton
and neutron scattering, corresponding to the Xenon atom (the target nucleus of the LUX experiment) and normal-
ised to one nucleon. The 90% confidence limit [90] from the LUX direct detection experiment is overlaid, in which
it is assumed that the dark matter comprises only the LSP, with relic density as measured by the Planck Collabora-
tion [89]. For the spin-dependent cross-sections, the calculated proton cross-section is shown. It is compared to the
direct detection limit from the COUPP experiment [91].
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Neutrino	scattering



• bino - wino : fairly unconstrained – direct detection insensitive
• If nearly pure wino : mass splitting small, chargino long lifetime

->charged tracks
• If mixed : compressed spectra , electroweakino production

Remarks

100TeV	collider 15ab-1,	
Bramante	et	al,	1510.03460



Summary MSSM+DM
• Higgs mass à fine-tuning issue with MSSM, heavily mixed stops
• Coloured sector under pressure by LHC if below TeV unless small mass

difference with LSP
• Electroweak sector still quite open
• Higgs decays -> constrain light LSP
• Flavour physics : constrain large tanbeta
• Neutralino as a single DM component under pressure

• Bino : constrain by Higgs + direct search
• Mixed higgsino/gaugino : constrain by LUX
• Pure higgsino or pure wino : not enough relic + long-lived particles
• Mixed bino-wino : mostly for higher energy collider

ln=lp



Probing the nature of dark matter

• All determined by interactions of WIMPS with Standard Model
• Specified within given particle physics model



Some remarks on	indirect	
detection



Indirect	detection

Annihilation of pairs of DM particles 
into SM : decay products observed 

Searches for DM in 4 channels
Antiprotons and Positrons from  

galactic halo
Photons from GC/Dwarfs
Neutrinos from Sun/GC

Rate for production of e+,p,γ
Dependence on the DM distribution 

(ρ) – not well known in center of 
galaxy

Dependence on propagation

Typical annihilation cross section

Hadronisation
And decays



Indirect	Detection	
In galaxy where  v->0.001c , σv can be different than   at 
“freeze-out”
σv=a+bv2

σv(0) < σv(FO) if b dominates (e.g. in MSSM)
Also suppressed cross section if coannihilation dominant

Increased cross section at small v:
Sommerfeld enhancement (1/v term) 

– long range force

Near resonance annihilation 
Boezio et al, 0810.4995



Results	- photons
• For light dark matter FermiLAT probes cross sections expected
of a thermal relic with photons from dwarf galaxies

•Also searches in Galactic center : strong dependence on profile

• fb-1
Ahnen et	al,	1601.06590
Fermi+MAGIC



Searches for g-ray lines
From DM annihilation in diphoton or gZ
- loop induced

Liang	et	al,	
1608.07184

using Fermi-LAT
Pass8	data



Limits on winos (or SU(2) triplet) - photons

Cohen	et	al	1307.4082

The	region whereWh2~0.1



Results	- photons

• Excess gamma-ray from 10oX10o

region around the GC

• High statistical significance

• Energy spectrum well fit by DM
•Hooper,Goodenough, PLB697(2011)
•Easily explain with pseudoscalar +
Dirac fermion, Boehm et al 1401.6458

• millisecond pulsars could mimick
DM signal

• O’Leary et al 1601.05797



Cosmic rays	- Propagation



Results
- Large excess in positron fraction (from

PAMELA and  AMS) 
- No excess in antiprotons (PAMELA) 

and AMS compatible with background

AMS,	PRL113.121101

• Can this be DM? Leptophilic?

• Model-independent approach



Positron	fraction	excess
• With better measured total lepton

flux from AMS02 – not possible
to obtain good fit for pure
leptophilic DM

• Mixed channels : good fit for any
mass 0.5-40TeV

• Cross sections are very large (up
to 10-21 for multiTeV DM) -
excluded by indirect searches with
photons

• Also challenged by IceCube,
antiprotons unless DM multiTeV,
and by CMB (Cline, Scott, 2013)

1.1	10-23	cm3/s

M.Boudaud et	al,	1410.3799

HESS,	Dwarfs

Abramowski et al, 1410.2589

•Cross sections are very large (up to 10-21 for
multiTeV DM)



Antiprotons
• Using AMS’ updated proton and helium fluxes, secondary pbar/p

with uncertainties was reevaluated
• No significant excess observed

G.Gliesen et	al,	1504.04276Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-

posed to the new Ams-02 data.

that an additional source of uncertainty that we do not include consists in the uncertainties
a↵ecting the energy loss processes. These are however expected to be relevant only at small
energies and in any case to have a small impact.

Finally, antiprotons have to penetrate into the heliosphere, where they are subject to the
phenomenon of solar modulation (abbreviated with ‘SMod’ when needed in the following). We
describe this process in the usual force field approximation [44], parameterized by the Fisk
potential �F , expressed in GV. As already mentioned in the Introduction, the value taken
by �F is uncertain, as it depends on several complex parameters of the solar activity and
therefore ultimately on the epoch of observation. In order to be conservative, we let �F vary
in a wide interval roughly centered around the value of the fixed Fisk potential for protons �p

F

(analogously to what done in [22], approach ‘B’). Namely, �F = [0.3, 1.0] GV ' �p
F ± 50%. In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related
to the value of the Fisk potential in the considered intervals. Notice finally that the force field
approximation, even if ‘improved’ by our allowing for di↵erent Fisk potentials for protons and
antiprotons, remains indeed an e↵ective description of a complicated phenomenon. Possible
departures from it could introduce further uncertainties on the predicted p̄/p, which we are not
including. However it has been shown in the past that the approximation grasps quite well the
main features of the process, so that we are confident that our procedure is conservative enough.

Fig. 2 constitutes our summary and best determination of the astrophysical p̄/p ratio and
its combined uncertainties, compared to the new (preliminary) Ams-02 data. The crucial
observation is that the astrophysical flux, with its cumulated uncertainties, can reasonably well
explain the new datapoints. Thus, our first —and arguably most important— conclusion is

6



Antiprotons
• Upper bound on annihilating dark matter

G.Gliesen et	al,	1504.04276

10 100 1000 1000010-28

10-26

10-24

10-22

DM mass mDM @GeVD

cr
os
ss
ec
tio
n
Xsv\

@cm3
êsecD

Annihilation constraints from p ê p

ccÆ m+ m-
ccÆ gg
ccÆ W+W-
ccÆ bb

Einasto MED

10 100 1000 1000010-28

10-26

10-24

10-22

DM mass mDM @GeVD
cr
os
ss
ec
tio
n
Xsv\

@cm3
êsecD

Astrophysical uncertainties on the constraints

Varying propagation parameters
Varying halo profiles
Einasto MED

Ein
MA
X

Bur
ME
D

ccÆ bb

Figure 4: Annihilating DM: current constraints. Left Panel: current constraints from the

antiproton to proton ratio measurements by Ams-02, for di↵erent annihilation channels. The areas

above the curves are excluded. Right Panel: illustration of the impact of DM-related astrophysical

uncertainties: the constraint for the bb̄ channel spans the shaded band when varying the propagation

parameters (dashed lines) or the halo profiles (solid lines). Notice that in the Min case the analysis is

not sensible, hence not shown here (see text for details).

10 100 1000 100001023

1025

1027

1029

DM mass mDM @GeVD

lif
e
tim
et
@sec
D

Astrophysical uncertainties on the constraints

cÆ m+ m-
cÆ gg
cÆ W+W-
ccÆ bbEinasto MED

10 100 1000 100001023

1025

1027

1029

DM mass mDM @GeVD

lif
e
tim
et
@sec
D

Astrophysical uncertainties on the constraints

Varying propagation parameters
Varying halo profiles
Einasto MED

Ein MAX

Bur MED

ccÆ bb

Figure 5: Decaying DM: current constraints. Left Panel: current constraints from the antiproton

to proton ratio measurements by Ams-02, for di↵erent decay channels. The areas below the curves

are excluded. Right Panel: illustration of the impact of DM-related astrophysical uncertainties: the

constraint for the bb̄ channel spans the shaded band when varying the propagation parameters (dashed

lines) or the halo profiles (solid lines). Notice that in the Min case the analysis is not sensible, hence

not shown here (see text for details).

9

10 100 1000 1000010-28

10-26

10-24

10-22

DM mass mDM @GeVD

cro
ss
se
cti
on
Xsv\

@cm3
êsecD

Annihilation constraints from p ê p

ccÆ m+ m-
ccÆ gg
ccÆ W+W-
ccÆ bb

Einasto MED

10 100 1000 1000010-28

10-26

10-24

10-22

DM mass mDM @GeVD

cro
ss
se
cti
on
Xsv\

@cm3
êsecD

Astrophysical uncertainties on the constraints

Varying propagation parameters
Varying halo profiles
Einasto MED

Ein
MA

X

Bur
ME
D

ccÆ bb

Figure 4: Annihilating DM: current constraints. Left Panel: current constraints from the

antiproton to proton ratio measurements by Ams-02, for di↵erent annihilation channels. The areas

above the curves are excluded. Right Panel: illustration of the impact of DM-related astrophysical

uncertainties: the constraint for the bb̄ channel spans the shaded band when varying the propagation

parameters (dashed lines) or the halo profiles (solid lines). Notice that in the Min case the analysis is

not sensible, hence not shown here (see text for details).

10 100 1000 100001023

1025

1027

1029

DM mass mDM @GeVD

lif
et
im
et
@secD

Astrophysical uncertainties on the constraints

cÆ m+ m-
cÆ gg
cÆ W+W-
ccÆ bbEinasto MED

10 100 1000 100001023

1025

1027

1029

DM mass mDM @GeVD

lif
et
im
et
@secD

Astrophysical uncertainties on the constraints

Varying propagation parameters
Varying halo profiles
Einasto MED

Ein MAX

Bur MED

ccÆ bb

Figure 5: Decaying DM: current constraints. Left Panel: current constraints from the antiproton

to proton ratio measurements by Ams-02, for di↵erent decay channels. The areas below the curves

are excluded. Right Panel: illustration of the impact of DM-related astrophysical uncertainties: the

constraint for the bb̄ channel spans the shaded band when varying the propagation parameters (dashed

lines) or the halo profiles (solid lines). Notice that in the Min case the analysis is not sensible, hence

not shown here (see text for details).

9

Pulsar	could explain the	positron	excess –>	difficult to	see DM	signal



T.	Tait





Vector	boson	DM	– UED
• Conserved momentum in 5th dimension 

leads to conserved KK number
• KK	parity		implies	lightest	KK	particle	is	

stable		KK=(-1)n
• At	tree	level	masses	at	each	KK	level	are	

degenerate

• Radiative	corrections	are	crucial	in	
determining	exact	mass	splitting	and	LKP	

• Minimal	UED:	LKP	is	B	(1), partner	of	
hypercharge	gauge	boson	(spin	1)

• s-channel annihilation of LKP (gauge 
boson) efficient –> TeV scale DM

• Significant annihilation into leptons
• Many degenerate particles -> 

coannihilations and annihilation 
enhancement by resonances natural

Parameters : cut-off scale L, R-1, mh



Scale	for	UED	DM

M. KakizakiGB, Kakizaki, Pukhov JCAP(2011)

Relic density strongly depends on coannihilation and contribution of level 2 
particles in s-channel and in final state (since decay into SM particles)



UED	at	the	LHC
- KK quarks+ISR : R-1  > 825GeV
- KK quark decays  - high lepton 

multiplicity
- Trilepton reach 8TeV - R-1  >1.2TeV

Belyaev et al 1212.4858 

- Contribution to H partial width--> 
R-1 > 600GeV   

- GB et al, 1207.0798

- Production of level 2 resonances 
- Yu, Snowmass white paper
- Rey, Raychaudury 1410.1463



DM	searches
Direct detection – rather 
weak 

Cornell et al, 1401.7050

Cornell	et	al,	1401.7050	

favoured

Projection



Extended scalar sector
• Generic in extensions of the SM
• Much studied from Higgs point of view (e.g. two-Higgs 

doublet model)  compatible with all Higgs data as long as 
125GeV is SM-like (in particular HWW couplings)

• To also provide DM candidate – impose discrete symmetry to 
guarantee stability of lightest particle in the ‘dark’ sector

• Usually a Z2 symmetry (R-parity in SUSY or KK parity)
• Improves stability of Higgs potential



SM Higgs potential

• At some scale λ can run negative leading to new minimum- 
lose stability

• Due to large negative top quark contribution to βλ

8

V ~ λφ4

Introduction
SM vacuum stability

Conclusions
SM effective potential

For large field values, Veff � 1
4�eff (⇥)⇥4.

If �eff � � < 0 at some high energy scale �I , the Electroweak
(EW) minimum at ⇥ = v � 246 GeV of the Higgs potential is
unstable.
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J. Elias-Miró Stability of the EW vacuum
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Dark matter at the LHC [?, ?]
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale �I in GeV assuming
�3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3⇤). The three boundary lines correspond
to 1-⇤ variations of �3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity ⇥e� can be extracted from the e⇥ective potential at two loops [111] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from �3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale �I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt � 173.10GeV)� 0.5GeV
�3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

Buttazzo et al 1307.3536

NNLO

mardi 27 mai 2014

• Improved with additional couplings, positive contribution to b function, 
prevents l from running negative -> stability at large scale, eg. SM + singlet
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Scalar DM
• Minimal case : SM + one  singlet +Z2 symmetry

• Silveira, Zee (1985); J. McDonald PRD50(94) hep-ph/0702143, hep-ph/
0106249; Burgess et al, hep-ph/0011335; Davoudiasl et al hep-ph/0405097; 
O’Connell et al, hep-ph/0611014; Barger et al. hep-ph/07064311; Yaguna, 
arXiv:0810.4267; Guo,Wu 1103.5606; Biswas, Majumdar 1102.3024, 
Asano,Kitano,1001.0486, Tytgat, arXiv:1012.0576, Cline et al 1306.4710 ....

• A simple model, one coupling drives DM observables
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Figure 3: Feynman diagrams contributing to (a) annihilation and (b) semi-
annihilation of dark matter; and (c) dark matter cross section with nucleons.

that contribute to (a) annihilation and (b) semi-annihilation of dark matter,
and (c) spin-independent interaction with nucleons.

To compute the relic density we solve the Boltzmann equations with the
micrOMEGAs package [16]. The equations for the number density, n, have been
generalised to include semi-annihilation processes

dn

dt
= �v⌅SS⇤⇥XX

�
n2 � n2

⇥
� 1

2
v⌅SS⇥S⇤h

�
n2 � nn

⇥
� 3Hn, (13)

where X is any SM particle. The treatment of the semi-annihilation term is
described in [13] and the fraction of semi-annihilation is defined as

� =
1

2

v⌅SS⇥S⇤h

v⌅SS⇤⇥XX + 1
2v⌅

SS⇥S⇤h
. (14)

Note that SS ⇥ S�h is the only semi-annihilation process in this model. In
solving for the relic density, the annihilation processes into one real and one
virtual gauge bosons [30] have been also taken into account: these can reduce the
relic density by up to a factor of 3 in the region just below the W/Z thresholds.5

To study the parameter space, we scan over the free parameters in the ranges
1 GeV � MS � 1000 GeV, 0 GeV � µ3 � 4000 GeV, 0 � ⇥S � ⇤, �4⇤ � ⇥SH �
4⇤ with the uniform distribution. The upper bounds on ⇥S and ⇥SH come from
perturbativity.

We require each point to satisfy the vacuum stability conditions (3) and the
Z3 symmetric SM vacuum (��EW,Z3) to be the global minimum to ensure that
S is stable.

The WMAP survey bound on the relic density [31] is

�h2 = 0.1009± 0.0056. (15)

We choose the points in the WMAP 3⌅ range.

5These processes will be available for any model in the next public version of micrOMEGAs.
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• Relic density Ωh2 =0.1199 determines λSH/mS  (for heavy DM)
• The same coupling enters amplitude for elastic scattering on 

nuclei 

• Light scalars : also W threshold and Higgs resonance effects
• Light scalars --> contribution to Higgs invisible width (depends 

on λSH)
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Figure 3: Feynman diagrams contributing to (a) annihilation and (b) semi-
annihilation of dark matter; and (c) dark matter cross section with nucleons.

that contribute to (a) annihilation and (b) semi-annihilation of dark matter,
and (c) spin-independent interaction with nucleons.

To compute the relic density we solve the Boltzmann equations with the
micrOMEGAs package [16]. The equations for the number density, n, have been
generalised to include semi-annihilation processes

dn

dt
= �v⌅SS⇤⇥XX

�
n2 � n2

⇥
� 1

2
v⌅SS⇥S⇤h

�
n2 � nn

⇥
� 3Hn, (13)

where X is any SM particle. The treatment of the semi-annihilation term is
described in [13] and the fraction of semi-annihilation is defined as

� =
1

2

v⌅SS⇥S⇤h

v⌅SS⇤⇥XX + 1
2v⌅

SS⇥S⇤h
. (14)

Note that SS ⇥ S�h is the only semi-annihilation process in this model. In
solving for the relic density, the annihilation processes into one real and one
virtual gauge bosons [30] have been also taken into account: these can reduce the
relic density by up to a factor of 3 in the region just below the W/Z thresholds.5

To study the parameter space, we scan over the free parameters in the ranges
1 GeV � MS � 1000 GeV, 0 GeV � µ3 � 4000 GeV, 0 � ⇥S � ⇤, �4⇤ � ⇥SH �
4⇤ with the uniform distribution. The upper bounds on ⇥S and ⇥SH come from
perturbativity.

We require each point to satisfy the vacuum stability conditions (3) and the
Z3 symmetric SM vacuum (��EW,Z3) to be the global minimum to ensure that
S is stable.

The WMAP survey bound on the relic density [31] is

�h2 = 0.1009± 0.0056. (15)

We choose the points in the WMAP 3⌅ range.

5These processes will be available for any model in the next public version of micrOMEGAs.
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Direct detection

FIG. 2: The predicted DM-nucleon elastic scattering cross section σSIn in the SSDM-SM (top row) and

SSDM-2HBDM (bottom row) for 1 GeV ≤ mD ≤ 200 GeV. The dashed lines indicate the current experi-

mental upper bounds. The short dotted lines in the right panels denote the future experimental upper bounds

from the CDMS 100 kg [31] and XENON1T [32]. The blue solid line in the top left panel describes the

f = 0.63 case. The black hatched region corresponds to a combination of the DAMA and CoGeNT [25].

The vertical dashed line with arrowhead in the top left panel shows the excluded region from the potential’s

global minimum, perturbativity and DM relic density.

symmetric one Higgs bidoublet model. Meanwhile it also relaxes the severe low energy phe-

nomenological constraints [17]. Motivated by the spontaneous P and CP violations, we require P

and CP invariance of the Lagrangian, which strongly restricts the structure of the Higgs potential.

6

Guo,Wu, 1103.5606

LUX
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• LHC has discovered a Higgs boson with couplings close to SM,
• invisible width of the Higgs <23 % of total width – combination of

direct search in VBF and fits of couplings of 125GeV Higgs – ATLAS
1509.00672

• In singlet scalar DM model, relic density requires coupling that leads to
large invisible branching à ms>55GeV

• Generally in Higgs portal type model, both invisible width and SI cross
section depend on h coupling to DM

• Light DM model are constrained
• Djouadi et al 1205.3169
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Figure 9: ATLAS upper limit at the 90% CL on the WIMP–nucleon scattering cross section in a Higgs portal model
as a function of the mass of the dark-matter particle, shown separately for a scalar, Majorana fermion, or vector-
boson WIMP. It is determined using the limit at the 90% CL of BRinv < 0.22 derived using both the visible and
invisible Higgs boson decay channels. The hashed bands indicate the uncertainty resulting from varying the form
factor fN by its uncertainty. Excluded and allowed regions from direct detection experiments at the confidence
levels indicated are also shown [112–120]. These are spin-independent results obtained directly from searches for
nuclei recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs boson exchange
in the Higgs portal model.
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• Efficient annihilation into gauge bosons SU(2)

22

that the IDM can be extrapolated up to the GUT scale in sizeable regions of the parameter
space, with the ranges of λL, λS, and λ5 for which this can happen being somewhat more
limited, whereas λ3 and λ4 can reach higher absolute values. In Tab. I we summarize the
allowed ranges for the quartic couplings, both at the input scale and after the evolution to
the GUT scale.

C. Dark Matter

With the previous results at hand, we now turn to the IDM dark matter phenomenology,
assuming as previously that the Higgs and top quark mass are fixed within the ranges given
by Eqs. (5.2) and (5.3), respectively. In Fig. 6 we show the predicted relic density as a
function of the DM candidate mass, MLOP (left), and the triple coupling of a DM pair to
the (SM-like) Higgs boson (λL when the LOP is H0, λS when it is A0) (right). The 3 σ limit
from the 7-year WMAP data is represented by the red-dashed region.

From the left-hand side plot in Fig. 6, we can see that the correct relic density can be
achieved in the mass regimes that we described in Sec.III. The viable parts of the low- and
intermediate- mass regimes extend from 3 GeV up to roughly 120 GeV. From this value and
up to approximately 500 GeV, the predicted relic density is too low and it can reach the
WMAP levels again above 500 GeV. In the right-hand side plot, we see that the values that
λL (λS) can take while yielding the correct relic density lie in the range −0.4 ! λL,S ! 0.4,
with positive values prefered by the points viable up to the GUT scale.

In order to better illustrate the impact of the WMAP results, in Fig. 7 we project the
IDM parameter space onto the (MLOP,λL) plane, demanding that the relic density satisfies
only the upper 7-year WMAP limit (left), or both the upper and the lower bound (right).
In particular the right plot shows how restrictive the full DM constraint is, and it allows to
discuss in more detail the various mechanisms responsible for producing the correct values
for ΩLOPh2 in the different mass regimes.

At very low masses, below 4 GeV, LOPs annihilate dominantly into τ pairs through

FIG. 6. The dark matter relic density versus the LOP mass MLOP (left) and the coupling of a
LOP pair to the Higgs boson λL,S (right). The green points correspond to all valid points in the
scan, while the black region shows the points which remain valid up to the GUT scale. The red

dashed line indicates the WMAP central value of Eq. (4.8).
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This cross section is mediated either by a direct quartic coupling, or by a t/u-channel
exchange of H0, A0, or H±, which scales as M2

H0/M2
Z (in the case of the Z final state, and

similarly for the W ). The annihilation cross section therefore becomes very large as MLOP

increases (with a similar dependence also on the NLOP mass). However, when the H0 and
A0/H± are nearly mass-degenerate, there is a cancellation taking place between the t/u
channel contributions and the four-vertex diagram. This cancellation is exact for an exact
degeneracy. For example, with λL = 0, MH0 = 700 GeV, and MA0 = 701, the relic density
would be too high, and to satisfy the WMAP bound a non-zero value for λL is required. In
this manner, the WIMP depletion rate can be balanced by varying the LOP-NLOP mass
splitting and the λL parameter to obtain the correct mixture of transverse and longitudinal
gauge bosons in the final state. These solutions are always found for small LOP-NLOP
mass splittings, and require some tuning of the value of λL,S . In practice we find that the
maximal allowed mass splitting for the points in our scan is of the order 10 GeV.

Further constraints from dark matter come, as we have already mentioned, from direct
detection experiments, and most notably the latest XENON100 limits on the WIMP-nucleon
spin-independent scattering cross section, σSI. In Fig. 8 we show the viable IDM parameter
space in the usual (MLOP, σSI) space and confront the model to the latest XENON100
exclusion bounds[23] (dashed red line). As discussed in Section IVE, we adopt two distinct
values for the strange quark nucleon form factor, and the results are shown in the left- and
right panels of Fig. 8, respectively. In this figure all points respect both the upper and the
lower WMAP bounds. The behaviour of the LOP-nucleon scattering cross section follows
quite closely the corresponding behaviour of the coupling λL,S in Fig. 7, since the only way
of coupling the LOP to quarks at tree level is through t-channel Higgs exchange (the relevant
coupling being simply λL,S). It can be seen clearly that the low- and intermediate- mass
regimes are almost fully excluded. The only surviving points are those for which the correct
relic density is achieved through a combination of small values for the λL,S coupling and
quasi-resonant annihilation to an s-channel Higgs boson and virtual gauge boson final states.
For completeness, we note that the very low mass regime (MLOP < 10 GeV) is also excluded
by the XENON10 bounds on low-mass WIMPs [42], which for the sake of simplicity has
not been depicted here. The high mass regime, on the other hand, remains unaffected by
current direct detection bounds.

In Fig. 8 we can also clearly observe a consequence of fixing the Higgs mass to a constant

FIG. 8. Projection of the viable IDM parameter space on the (MLOP,σSI) plane against the latest

XENON100 limits (red dashed line) for fTs = 0.2594 (left) and fTs = 0.014 (right).
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• Constraints from electroweak precision : 
corrections to gauge bosons self 
energies 

• LHC : Higgs pair production – cross 
sections are small

• At LHC8 TeV : some constraints from 
• dileptons + missing ET

• trileptons Miao, Su, Thomas, 2010

• multileptons - Gustafsson et al 2012 

• Dominant process AH, only depends on 
masses

IDM	at	LHC

• Only process that depends 
on lL, already constrained 
by Higgs invisible with

A final constraint comes from the requirement that the scattering matrix (S-matrix) of
every quantum field theory must be unitary. In the case of weakly coupled theories, it
is sensible to require that the tree-level scattering matrix elements satisfy unitarity limits,
which corresponds to imposing upper bounds on them. For the general 2HDM, the bounds
were first derived in [37]. Here, we use the form for the eigenvalues of the scalar and vector
scattering matrices of [38], and we require them to be smaller than 16π. This corresponds
to saturation of the unitarity limit with the tree-level contribution.

B. Oblique parameters

In models where the dominant effects of new physics appear as corrections to self energies
of the (SM) gauge bosons, the effects can be parametrized in terms of the three “oblique”
(Peskin-Takeuchi) parameters S, T , and U [39], which vanish in a pure SM calculation. In
the 2HDM, the contributions to the U parameter are negligible, which makes it convenient
to work in the approximation U = 0. This assumption has been verified explicitly in our
numerical analysis. For the case of U = 0, recent experimental limits on the remaining two
parameters are [40]

S = 0.06± 0.09, T = 0.10± 0.08. (4.3)

These values are based on a reference (SM) Higgs mass of mref
h = 120 GeV and a reference

top mass of mref
t = 173 GeV. We impose the limits resulting from Eq. (4.3) at the 2 σ

confidence level as constraints on the IDM contribution.

C. Collider searches

The first constraint from direct searches at colliders comes from the invisible decay width
of the Z boson. If the decay mode Z → H0A0 is open, the subsequent decay A0 → H0f f̄
(or H0 → A0f f̄ for the inverse mass hierarchy) would lead to Z decay events with fermion-
antifermion pairs (f f̄) and missing energy in the final state. A detailed analysis has shown
that this decay is incompatible with LEP data, which implies that the decay width of
Z → H0A0 must be small. It is convenient to implement this constraint as [4, 9]

MH0 +MA0 ! MZ . (4.4)

Assuming a fixed mass hierarchyMH0 < MA0 , a more detailed analysis of the IDM parameter
space with respect to LEP data leads to the limit MA0 ! 100 GeV [8]. Considering both
possible mass hierarchies between H0 and A0, we require

max {MH0 ,MA0} ! 100 GeV. (4.5)

Finally, limits on the mass of the charged scalar can be obtained by considering their po-
tential pair production and subsequent decay into neutral Higgs bosons at LEP. Converting
existing limits on the search for charginos and neutralinos, which present the same final state
topology at colliders, leads to the bound MH± ! 70 − 90 GeV [41]. For practical reasons,
we adopt the intermediate limit

MH± ! MW . (4.6)

In order to have a neutral DM candidate, we include as a final requirement

MH± > MLOP = min {MH0 ,MA0} (4.7)
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• Reinterpretation	of	SUSY	searches	+	Higgs	results
• GB,	Dumont,	Goudelis,	Herrmann,	Kraml,	Sengupta

• Constraints	generic	(no	dependence	on	lL)
• LHC	exclusions	of	region	also	excluded	by	DD	+	relic	– more	

at	13TeV

LHC8TeV	constraints

3

In order to work out the current LHC constraints on
the IDM, we recast these two ATLAS analyses using
the MadAnalysis 5 [41, 42] framework. The SUSY
search [38], was already available in the Public Analy-
sis Database [43] as the recast code [44]. The invisi-
ble Higgs search [39] was implemented and validated for
this Letter and is available at [45]. The signal gener-
ation is done with MadGraph 5 [46, 47] with model
files generated using the FeynRules IDM implementa-
tion presented in [24]; the particle widths are calculated
with CalcHEP [48, 49]. The parton-level events are
passed through Pythia 6.4 [50] for parton showering and
hadronization before being processed with the ‘MA5tune’
version of Delphes 3 [51] (see Section 2.2 of [43]) for the
simulation of detector e↵ects. The number of events af-
ter cuts are then evaluated with the recast codes [44, 45].
For the statistical interpretation, we make use of the
module exclusion CLs.py [43]: given the number of sig-
nal, observed and expected background events, together
with the background uncertainty, exclusion CLs.py de-
termines the most sensitive SR, the exclusion confidence
level using the CLs prescription, and the nominal cross
section �95 that is excluded at 95% CL.1

The IDM parameter space, see Eq. (3), is sampled tak-
ing into account the following considerations. First, in
light of the constraints discussed above which require �L

to be tiny, process (11) is essentially irrelevant for the
entire analysis. We can therefore choose �L = 0 without
loss of generality. Besides, �2 is irrelevant for all observ-
ables at tree-level. The mass of the charged inert scalar
is important mostly for process (10), which comes with
the price of an additional EW coupling factor with re-
spect to (9) and turns out to be numerically insignificant
unless mH± is very light.2 We are thus left with mA0 and
mH0 to scan over. For mH± , we choose two representa-
tive values: mH± = 85 GeV, which is the lower allowed
limit by LEP, andmH± = 150 GeV, which is significantly
higher but still safely within the bounds imposed by the
T parameter, which limits the mass splitting between the
inert scalar states (see also the analysis in [24]).

The main results of our analysis are presented in Fig-
ure 1, where we show µ ⌘ �95/�IDM in the form of tem-
perature plots in the (mA0 ,mH0) plane for the two chosen
values of mH± . Here, �IDM is the cross section predicted
by the model while �95 is the cross section excluded at
95% CL. With this definition, regions where µ  1 are
excluded at 95% CL.

As can be seen, the Run 1 ATLAS dilepton searches
exclude, at 95% CL, inert scalar masses up to about
35 GeV for pseudoscalar masses around 100 GeV, with

1
Note that we do not simulate the backgrounds but take the back-

ground numbers and uncertainties directly from the experimental

publications [38] and [39].

2
Process (12) is also subdominant because the ZZH0H0

coupling

is quadratic in the weak coupling whereas the coupling ZA0H0

is only linear.

FIG. 1. The ratio µ ⌘ �95/�IDM in the (mA0 ,mH0) plane
for two representative values of the charged inert scalar mass,
mH± = 85 GeV (upper panel) and mH± = 150 GeV (lower
panel). The solid black lines are the 95% CL exclusion con-
tours, µ = 1. The dashed black lines are given for illustration
and correspond to the µ = 0.5 and µ = 2 contours. The grey
dashed lines indicate mA0 �mH0 = mZ .

the limits becoming stronger for larger mA0 , reaching
⇡ 45 (55) GeV for mA0 ⇡ 140 (145) GeV and mH± = 85
(150) GeV. For massless H0, A0 masses up to about 135–
140 GeV are excluded (note that mH0 and mA0 are gen-
erally interchangeable here). Several interesting features
merit some discussion.
First, we observe that the constraints are slightly

stronger for heavier charged scalars. This is in part due to
the small contribution from process (10) and from qq̄ !
W± ! AH± ! Z(⇤)HW±(⇤)H where one of the leptons
is missed: although the cross section is much larger for
mH± = 85 GeV as compared to mH± = 150 GeV, the
resulting leptons are much softer and almost never pass
the signal requirements. A more significant di↵erence be-
tween the mH± = 85 GeV and 150 GeV cases arises from
the fact that at large mA0 the signal from process (9)
is suppressed by the decay A0 ! W±(⇤)H⌥ followed by
H⌥ ! W⌥H0, that competes with A0 ! Z(⇤)H0. While
the former decay mode also leads to dileptons, these lep-
tons are, as above, much softer and almost never pass



Dark sector
• Many more	possibilities for	dark sector :	 more singlets, 

doublet (Deshpande, Ma 1978), doublet+ singlet, more doublets, triplet 
(Fileviez Perez 2012), triplet+ singlet (Wang, Han, 2012, Fisher, Van der Bij
2013)  ….

• Or alternate discrete symmetry – lead to semi-annihilation, possibility of 
two dark matter (Hambye 0811.0172, Adulpravitchai et al 1103.3053, 
Boucenna et al, 1101.2874, GB et al, 1211.1014, Esch, Klasen,Yaguna
1406.0617… )

• Or fermion dark matter, new Z’ ….

• Some with peculiar DM properties : isospin violation

• Signatures at LHC : Higgs searches, Z’ searches, new fermions …

• Some inspired by excess (diphoton)



Portals – dark sector

• DM and the Higgs portal
– Bertolami,Rosenfeld, 0708.1794; March-Russell et al, 0801.3440; J. Mcdonald, Sahu, 0802.3847, 

0905.1312; Tytgat, 0906.1100; Aoki et al, 0912.5536; Andreas et al, 1003.3295; Arina et al, 
1004.3953; Cheug,Nomura (singlet)1008.5153; Djouadi et al, 1112.3299 ..

• DM and the Z’ portal
– Krokilowski, 0712.0505; Chu et al, 1112.0493; Dudas et al, 0904.1745....; Arcadi et al 

1402.0221

Portal

h, Z’, S...

Higgs-field portal into hidden sectors
Patt, Wilczek 0605188

Visible 
sector SM

Dark sector



Z’	portal
- Well motivated extension of SM, e.g. in GUT

SU(3)XSU(2)XU(1)XU(1)
- Discrete symmetry
- Dark matter: neutral fermion or scalar in dark sector
- Many constructions possible (popular simplified model)

- Coupling to quarks and leptons +dark matter à dijet and dilepton limits
- Dark matter observables : 



Z’	portal	at	LHC

For gq<< gDM dijet limit shrinks
DM properties (relic) also sensitive to other particles in spectrum
Could relax	limits on	Z’->SM with Z’	->	invisible	but	too large	coupling to	DM	
->	Direct	detection limit,	Arcadi et	al,	1402.0221



Beyond simplified models, one example : 
Isospin violation

Direct detection limits are extracted assuming ln=lp

Quantity used for comparisons

In general does not have to be the case, in particular if ln= - 0.7 lp direct 
detection rate on Xenon (54,132) much suppressed

Chang et al, 1004.0697; Feng et al 1102.4331; Frandsen et al, 1304.6066

http://clas-annecy.fr/http://clas-annecy.fr/
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1 Introduction12

The discovery of a Higgs boson with a mass of 125 GeV at the Large Hadron Collider13

(LHC) [? ? ] can be viewed as an argument in favour of supersymmetry (SUSY) since a14

light Higgs boson is a landmark of this theory. However the mass of the new particle is only15

within a few GeV of the maximum value predicted in the minimal supersymmetric standard16

model (MSSM) and requires large contributions from the stop sector, thus raising issues of17

fine-tuning [? ? ]. In the next-to minimal supersymmetric extension of the standard model,18

the NMSSM, the fine-tuning issue is not as severe because of additional contributions to19

the lightest Higgs doublet mass, derived from the extra singlet superfield [? ? ? ]. The20

NMSSM has the nice additional feature that the µ term is generated from the vacuum21

expectation value (VEV) of the new singlet field and is thus naturally at the SUSY scale,22

therefore solving the so-called µ-problem [? ]. For these reasons the discovery of the Higgs23

at the LHC has triggered a renewed interest in the NMSSM and phenomenological studies24

abound [? ? ? ? ? ? ? ? ? ? ]. The main focus has been on the Higgs sector [? ]25

since the extra singlet can lead to new collider signatures, in particular when light, as the26

Standard Model (SM) like Higgs state at 125 GeV can decay into into light singlet like27

– 1 –



Spin	independent

99

10-9pb

Possible	to	reconcile	strong	limits	obtained	
with	Xe with	excesses		from	Si,	Ge,	NaI?



Not possible to reconcile DAMA with Xenon
New limits from LUX probably close the allowed parameter space



WIMPs are	not	the	only viable	DM	candidates



WIMPs are not the only viable DM 
candidates



FIMPS	(Feebly	interacting	MP)
• Freeze-in	(Hall	et	al	0911.1120)	relevant	for	FIMP
• In	early	Universe,	X	so	feebly	interacting	that	X	is	decoupled	

from	plasma	

• Interactions	are	feeble	but	lead	to	production	of	X

S. West



FIMPS	(Feebly	interacting	MP)
• Assume that after inflation abundance X very small
• Interactions with SM -> X production
• T~M, X ‘freezes-in’  - yield increase with interaction strength, 

Y~l



• Some possibilities for FIMPs:
• 1) FIMP is DM  pair production in annihilation of SM 

particles
• 2) FIMP is dark matter - next to lightest ‘odd’ particle has 

long lifetime freeze-out as usual then decay to FIMP –
typically l~10-12

• collider signature for production of stable charged particles (or 
displaced vertices)

• Impact on BBN

• 3) FIMP (X) is not DM, freezes-in  and then decay to DM  



• X	can	have	very	long	lifetime	:	late	decay	impact	on	BBN,	
indirect	dark	matter	detection
• Indirect	detection	from	X	decay	into	DM+SM	particles	à
boost	factor

• Relic	abundance	and	DM	annihilation	cross	section	no	
longer	related,	freeze-in	produce	DM	abundance,	DM	
annihilation	can	be	large	– freeze-out	abundance	small

• Examples	of	FIMPs:	
• Any	‘dark	sector’	particle	feebly	coupled	to	SM	or	to	MSSM
• Dirac	neutrino	mass	+	supersymmetry	:	RH	sneutrino FIMP
• Gravitino



Minimal	FIMP	model
• SM+ majorana fermion (DM) + real scalar + Z2 symmetry (Klasen,

Yaguna, 1309.2777)

• Some diagrams that contribute to DM annihilation

• Can reproduce relic density for DM with any mass



Minimal	FIMP	model
• SM+ majorana fermion (DM) + real scalar + Z2 symmetry (Klasen,

Yaguna, 1309.2777)
• Can reproduce relic density for DM with any mass



Example :	RH	Sneutrino
• Partner of LH neutrino NOT a good DM candidate

• Very large contribution to direct detection- through Z
exchange (Falk,Olive, Srednicki, PLB354 (1995) 99)

• Neutrino have masses – RH neutrino + supersymmetric partner
well-motivated – if LSP then can be dark matter
• Thermalized?

• Non-negligible L-R mixing (Arina et al, 1503.02960)
• New gauge interactions MSSM+U(1) (GB, DaSilva, Laa,

Pukhov 1505.06243 )
• Both cases are viable with respect to LHC constraints

and feature new signatures
• Or not – abundance from decay of other particles



MSSM+RH	(s)neutrino
• The framework : MSSM + three generations (nR + sneutrinoR).
• Assume pure Dirac neutrino mass
• Superpotential
• Small Yukawa couplings O(10-13) depending on assumption : neutrino

mass saturates atmospheric neutrino or cosmological bound with
degenerate neutrino

• Sneutrino mass same order as other sfermions – can be LSP

• Sneutrino mixing



• Sneutrino not thermalized in early universe – its interactions are too weak
• One possibility for DM is production through decays of sparticles
• Consider decay of MSSM-LSP after freeze-out (lifetime of NLSP is quite

long)
• Relic density obtained from that of the NLSP (or MSSM-LSP) – can be

charged

• Consider the case where stau is the NLSP (and for simplicity assume
SUGRA relations)

• Collider constraints – Higgs; flavour constraints; susy searches (mostly not
valid because stau is collider stable and charged); charged stable particles

• Constraints from BBN : lifetime of stau can be long enough for decay
around or after BBNà impact on abundance of light elements



Big	Bang	nucleosynthesis

• BBN success in predicting abundances of light elements, D, He3, He4, 7Li
• Depends on photon to baryon ratio
• In early Universe, energy density dominated by radiation (g e ) conditions for 
synthesis of light elements at T~ 1MeV
•At these T, weak interaction rates were in thermal equilibrium

•Reverse process proceed at same rate and n/p~1
•At	lower	temperatures	:	weak	interactions	fall	out	of	equilibrium	



• Relationship between expansion rate of Universe (relate to total 
matter density) and density of p and n (baryonic matter density) 
determine abundance of light elements

• Main product of BBN 4He
• Other elements produced in lesser amounts  D, 3He ~ 10-5, 7Li ~10-10

• Decay of particle with lifetime > 0.1s can cause non-thermal nuclear 
reaction during or after BBN – spoiling predictions – in particular if 
new particle has hadronic decay modes

• Kawasaki, Kohri, Moroi, PRD71, 083502 (2005)

• Hadrodissociation of He4 - overproduction D
• n+He4 ->  He3+D, 2D+n, D+p+n

• Key elements : Bhad, Evis (net energy carried
away by hadrons), YNLSP : yield

photodisintegration



• After all constraints – room for sneutrinoR DM (even in CMSSM)
• Can constitute dominant dark matter component

Banerjee,	GB,	Mukhopadyhyay,	Serpico,	1603.08834

Allowed region



• Characteristic signature : stable charged particle NOT MET
• Staus live from sec to min : decay outside detector
• Searches

• Cascades : coloured sparticles decay into jets + SUSYà N
jets + stau

• Pair production of two stable staus
• Passive search for stable particles

• Stable stau behaves like « slow » muons b=p/E<1
• Use ionisation properties and time of flight measurement to

distinguish from muon
• kinematic distribution

Banerjee,	GB,	Mukhopadyhyay,	Serpico,	1603.08834

LHC	signatures



• Dominant contribution from squark pairs (heavy gluinos)
• Can probe mass ~600 GeV but depends on squark mass
• Pair production : no model dependence but EW cross section -> lower

reach

Banerjee,	GB,	Mukhopadyhyay,	Serpico,	1603.08834

Charged tracks from cascades

Long	lived



• Passive detector
• Array of nuclear track detector stacks
• Surrounds intersection region point 8
• Sensitive to highly ionising particles
• Does not require trigger, one detected event is enough
• Major condition : ionizing particle has velocity b<0.2

Banerjee,	et	al,	1603.08834

MoEDAL detector

B.	Acharya et	al,
1405.7662



DM	with strong interactions

- Strong interactions with itself – SIDM
- Strong interactions with SM – SIMP



Self-interactions	:	motivation
- Collisionless CDM works well at large scale however discrepancies

between Nbody simulations in LCDM and astrophysical observations on 
galactic or galaxy cluster  scales

Cusp-core problem : simulations of CDM predict dense core of DM (cusp) but 
central regions of dwarf galaxies : cored profile

Missing satellites problem : simulations predict how many galaxies should be
for different masses in particular how many satellite galaxies and how 
massive they are
- Milky Way is big galaxy with an expect 500 satellites while observe only
11 dwarf galaxies
- Could be that small halos exist but are not visible because they were not 
able to attract enough baryonic matter to create visible dwarf galaxy
- OR galaxies get stripped of their stars and gas by interacting with host 
galaxy



Self-interactions
Too big to fail : (related to missing satellites) some of predicted galaxies are so

massive that there’s no way they would not have visible stars
Massive galaxies are not observed

Boylan-Kolchin,	Bullock,	Kaplinghat,	1111.2048



Self-interacting DM
DM self interactions could help solve these problems :
DM interactions with SM are weak but large self-interactions  (when they

collect in core of galaxies, they scatter, heat up the core so their pressure 
extends it and reduce central density)

DM self interactions cannot be too large since Bullet cluster show DM is
collisionless ->  s/m < 1cm2/g ~2 barns/GeV
orders of magnitude above weak interactions ~1pb !!

Distinctive astro signature : separation between DM halo and stars in a galaxy
moving through region of large DM density (observed in Abell3827, 
Massey et al 1504.03388)

If DM interactions are strong would naturally lead to negligible relic density
Need mechanism where self-interactions are enhanced today as compared with

annihilation in early Universe
2 possibilities: - light mediators (Sommerfeld-type enhancement)

- freeze-out from 3->2 processes



SIDM	:	an	example
• Dirac fermion DM, mediator : gauge boson U(1)  (f) 

mass below GeV
• Self interactions   

• DM couples to SM through kinetic mixing                          
induces coupling to SM fermions 



SIDM	:	an	example
• Relic density : freeze-out   sv ~ p aX

2/mX
2

• W h2~.1 for weak scale DM
• Direct detection : small mediator mass enhances cross section 

compensates for small coupling
• f must decay with lifetime ~1sec otherwise dominates energy of Universe
• Lower limit on SM coupling 

Kaplingat,	Tulin,	Yu,	1310.7945



SIDM	:	another	case
• Freeze-out via processes 3->2, because phase-space suppression, relic 

abundance not too small
• Carlson, Machacek, Hall, Astrophys.J. 398 (1992) 
• Hochberg et al , 1402.5143; Bernal et al, 1510.08063

• Coupling required close to non-perturbative…



Strongly Interacting MP
Strong interactions of DM  with SM particles (SIMP)
If thermal freeze-out : can only be subdominant DM component
Otherwise : some non-thermal mechanism or asymmetric
Constraints: DM captured and accreted at core of Earth, annihilating SIMP 

source of heat -> measurements of heat flow set strong constraints unless
DM asymmetric

Here simplified model with vector or scalar mediator, e.g

Astrophysics constraints on Strong interaction with SM
At collider probe interaction with ordinary matter



Searches SIMP
Direct detection : large cross sections SIMP stopped in earth

atmosphere – no sensitivity in underground detectors, 
High altitude detectors search for SIMP above atmosphere (e.g. 

RSS-balloon based)
If cross section not too large -> stringent constraints from

undergound detectors 
Interactions of DM with baryons also constrained from CMB and 

large scale structure (Dvorkin et al, 1311.2937 ) affect 
dynamics of linear density perturbation in early universe: a 
baryon in halo of galaxy does not scatter from DM particles
during age of galaxy



SIMP	- Collider signature
SIMP produced in pairs – strong interations with ordinary matter can

behave like neutrons – deposit energy or stop in  hadronic calorimeter –
depends on inelastic scattering of SIMP with hadrons

Dark matter jets have zero tracks and less electromagnetic activity in 
Ecalorimeter than QCD jets - smaller charged energy fraction 

If all DM energy deposit in detector ( 2 back-to-back jets no MET) 

Daci et	al,	1503.05505

Assume	vector mediator
m=1GeV

LHC8	20fb-1



and	many more	DM	models…



Conclusion
• Strong evidence on dark matter

• List of possible dark matter candidates and models has
grown rapidly in last few years

• WIMP hypothesis is being probed by LHC (not only MET),
direct and indirect detection

• Still no clear picture although parameter space of
popular model is shrinking - next few years will be crucial

• Non-WIMP candidates also interesting possibility
• Dark matter might be much different than expected




