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vital to the human spirit. The intangible desire to explore and challenge the boundaries 
of what we know and where we have been has provided benefits to our society for 
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Why	
  beyond	
  the	
  standard	
  model?	
  
•  Unification of all interactions – SM does not include gravity 
•  Neutrino masses  - in SM neutrinos are massless 

•  Evidence for neutrino oscillation -> neutrino masses, Σm < 0.23eV 
•  RH neutrino - Dirac or Majorana? 

•  Origin of SM parameters in SM 
•  Masses  described by Higgs mechanism but why these values? 
•  Value of gauge couplings, Higgs parameters 

•  Why 3 generation of fermions, flavour structure? 
•  Only one Higgs? (minimality) 
•  Hierarchy problem 

•  Why gravity so weak, weak scale vs Planck scale, corrections to Higgs 
mass 



Why	
  beyond	
  the	
  standard	
  model?	
   
•  Stability of vacuum 

•  Assuming SM valid up to Planck scale, mH implies vacuum unstable 
(metastable) : at some scale λ <0 (λΗ4) 

•  Strong CP problem 
•  No CP violation in QCD, e.g. electric dipole moment of neutron very 

small -> CP phase < 10-9 (fine-tuning)  
•  Possible explanation : global U(1) symmetry - axions 

•  Dark matter 
•  Dark energy 

•  Acceleration of expansion of Universe 

•  Baryon – antibaryon asymmetry 
•  Why nore matter than anti-matter in the Universe, electroweak 

baryogenesis? 
•  Baryon number violation, CP violation, departure from equilibrium 



Why	
  beyond	
  the	
  standard	
  model?	
  
•  Although large number of experimental results are in perfect 

agreement with SM predictions, still a few (some non-
compelling) unexplained phenomena 
•  Muon g-2 : a long standing discrepancy, BNL (3σ ) 
  
•  Radius of proton  

•  New measurement of radius of proton with muons – radius 4% 
smaller than with electrons 

•  B decays, new source of b-sµ+µ- transition?  
•  RK=B(B+->K+µ+µ-)/ B(B+->K+e+e-)	



•  Decay rate for B0->K0*µ+µ-  exceed SM prediction (LHCb) 
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We show that the recently reported anomalies in b ! sµ+µ� transitions, as well as the long-
standing gµ � 2 discrepancy, can be addressed simultaneously by a new massive abelian gauge
boson with loop-induced coupling to muons. Such a scenario typically leads to a stable dark matter
candidate with a thermal relic density close to the observed value. Dark matter in our model
couples dominantly to leptons, hence signals in direct detection experiments lie well below the
current sensitivity. The LHC, in combination with indirect detection searches, can test this scenario
through distinctive signatures with muon pairs and missing energy.

I. INTRODUCTION

The lack of an acceptable Dark Matter (DM) candi-
date within the Standard Model (SM) is a pressing phe-
nomenological motivation for the existence of new physics
(NP) beyond the SM. Dark Matter may very well be close
to the weak scale, emerging from theories addressing the
electroweak (EW) hierarchy problem of the SM. How-
ever, these theories generally predict a variety of new
phenomena and particles around the TeV scale, whose
existence still remains to be established experimentally.
Despite the lack of a NP discovery, a few measurements
are in mild tensions with SM predictions. In particular,
there is a growing array of anomalies involving muons [1–
4][57]. Moreover, DM searches at direct detection exper-
iments strongly limit its interactions with quarks (see
e.g. REF. [5]), suggesting that DM around the EW scale
might preferentially couple to leptons. In this paper, we
thus take a data-driven approach, entertaining the possi-
bility that the observed muon-related anomalies are the
first signals of leptophilic DM at the EW scale.

The list of anomalies involving muons starts with the
long-standing puzzle of the anomalous magnetic moment
of the muon, aµ ⌘ (gµ�2)/2. The BNL measurement [1]
exceeds the SM prediction by about 3 standard devia-
tions [6],

�aµ ⌘ aexpµ � aSMµ = (287± 80)⇥ 10�11 . (1)

More recently, the LHCb experiment reported on a series
of anomalies in (semi-) leptonic B meson decays, which
together point to a possible new source of b ! sµ+µ�

transitions at short distances. The perhaps most tan-
talizing deviation occurs in the ratio RK = B(B+ !
K+µ+µ�)/B(B+ ! K+e+e�), which was observed
about 2.6� below the theoretically clean SM prediction,
RSM

K � 1 ⇠ 10�4 [4],

Rexp
K = 0.745+0.090

�0.074(stat)± 0.036(syst). (2)

Furthermore, the measured decay rate for B0 !
K0⇤µ+µ� was found to exceed the SM prediction in a
particular region of phase space [2], a result supported

by the latest LHCb data [3]. The observed decay rate for
B0

s ! µ+µ� is slightly below, but compatible with the
SM prediction [7]. While none of these LHCb anomalies
by themselves are significant enough to claim a discov-
ery, it is intriguing that they point to a common Lorentz
structure when interpreted as a signal of NP [8–12]. A si-
multaneous explanation of �aµ, however, requires more
sophisticated model building. In this paper, we propose
a simple toy model, which addresses both the gµ � 2 and
the various LHCb anomalies.

Most NP interpretations of the b ! sµ+µ� anoma-
lies postulate the existence of a new state in the range
of ⇤ ⇠ 1 � 10 TeV with tree-level couplings to muons
and quarks, for instance a Z 0 gauge boson [8, 13–15]
or a scalar leptoquark [16–18]. The same interactions
typically contribute to gµ � 2 at the one-loop level, but
yield too small a contribution to explain the discrepancy
in Eq. (1), due to the suppression by the high scale,
aµ / m2

µ/⇤
2 [9]. A way out is to generate the coupling of

Z 0 to muon pairs only radiatively, so that contributions
to b ! sµ+µ� transitions and gµ�2 are both induced at
the one-loop level by NP around the EW scale. As we ar-
gue in this work, this requires a richer NP sector with an
electrically neutral state, which is stable if the tree-level
Z 0µ+µ� coupling is forbidden by a (spontaneously bro-
ken) symmetry. Hence, addressing the aforementioned
muon-related anomalies generally yields a DM candidate,
which, by construction, is mostly leptophilic. The same
NP interactions dominate DM annihilation in the early
universe. We will demonstrate that a minimal model
with the above properties typically leads to a stable DM
candidate with a thermal relic density of the order of the
observed value.

The remainder of the paper is organized as follows. We
introduce our phenomenological model in SEC. II and
identify the parameter space to simultaneously accom-
modate the gµ�2 and b ! sµ+µ� anomalies in SEC. III.
We then discuss the implications of collider constraints in
SEC. IV. The resulting DM phenomenology is analysed
in SEC. V and SEC. VI. We conclude and give an outlook
on future experimental tests of our model in SEC. VII.
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At	
  which	
  scale?	
  

•  Planck	
  scale	
  for	
  sure	
  1019GeV	
  	
  	
  
•  GUT	
  scale	
  	
  1015GeV	
  	
  
•  Intermediate	
  scale	
  :	
  see-­‐saw	
  mechanism	
  	
  1012GeV	
  
•  TeV	
  scale	
  (	
  at	
  least	
  we	
  can	
  explore	
  this	
  )	
  	
  

Hierarchy problem and dark matter are two of most 
compelling motivation  for TeV scale new physics 



Hierarchy	
  problem	
  
•  Higgs potential in SM  

•  Minimum :  
 
•  In the SM,  after symmetry breaking mass of W/Z relate to 

Higgs vev, MW=gv/2    :   v~246 GeV  
•  Higgs mass  : mh

2=v2λ/2 
•  Loop level : SM  renormalizable -> finite results are expected 

for all higher order corrections, even when virtual momentum 
goes to infinity (or at least until scale of new physics) 

•  For sure new physics at Planck scale ( gravity)  
•  Cut-off  Λ -> MP 

	
  

Higgs potential
Vacuum ⇒ minimum of V:   Φ(µ2 + λΦ2) = 0

If µ2 > 0 (massive particle) ⇒ Φmin = 0

(nothing special happens...)

If µ2 < 0 ⇒ Φmin = ±v = ±(-µ2/λ)½

These two minima in one dimension correspond 
to a continuum of minimum values in SU(2).
The point Φ = 0 is now instable.
Choosing the minimum (e.g. at +v) gives the 
vacuum a preferred direction in isospin space

⇒ spontaneous symmetry breaking.

Perform perturbation around the minimum:
5
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Hierarchy	
  problem	
  
•  If scale of new physics is Mpl, then problem with SM beyond tree 
•  Self interaction  
 

•  Quadratic divergence : corrections to potential 

•  µphys related to Higgs mass -> O(100) GeV, Λ ~Mpl 

•  Bare value of µ2 must almost cancel λΛ2   à fine-tuning 
•  Affects Higgs mass  
•  Clearly less severe fine-tuning if new physics below Planck scale ,  

fine-tuning acceptable if new scale one order of magnitude above 
weak scale (subjective) 

 

	
  
	
  

Hierarchy problem 
 
Higgs mass (~100GeV) is not stable against 

radiative corrections 
One solution: introduce new particles 
If supersymmetry is exact each SM fermion 

contribution is cancelled by that of two 
scalar partners (λS= λF

2) 
 
Supersymmetry is broken (SUSY partners 

of SM particles not observed) 
      Quadratic divergences still cancelled if 

only soft susy breaking terms 
Corrections to Higgs mass ~MSoft

2 , the 
SUSY scale. 

 

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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4

extension of the Standard Model.
The chiral and gauge supermultiplets in Tables 1.1 and 1.2 make up the particle content of the

Minimal Supersymmetric Standard Model (MSSM). The most obvious and interesting feature of this
theory is that none of the superpartners of the Standard Model particles has been discovered as of
this writing. If supersymmetry were unbroken, then there would have to be selectrons ẽL and ẽR with
masses exactly equal to me = 0.511... MeV. A similar statement applies to each of the other sleptons
and squarks, and there would also have to be a massless gluino and photino. These particles would have
been extraordinarily easy to detect long ago. Clearly, therefore, supersymmetry is a broken symmetry
in the vacuum state chosen by Nature.

An important clue as to the nature of supersymmetry breaking can be obtained by returning
to the motivation provided by the hierarchy problem. Supersymmetry forced us to introduce two
complex scalar fields for each Standard Model Dirac fermion, which is just what is needed to enable a
cancellation of the quadratically divergent (Λ2

UV) pieces of eqs. (1.2) and (1.3). This sort of cancellation
also requires that the associated dimensionless couplings should be related (for example λS = |λf |2).
The necessary relationships between couplings indeed occur in unbroken supersymmetry, as we will
see in section 3. In fact, unbroken supersymmetry guarantees that the quadratic divergences in scalar
squared masses must vanish to all orders in perturbation theory.‡ Now, if broken supersymmetry is still
to provide a solution to the hierarchy problem even in the presence of supersymmetry breaking, then
the relationships between dimensionless couplings that hold in an unbroken supersymmetric theory
must be maintained. Otherwise, there would be quadratically divergent radiative corrections to the
Higgs scalar masses of the form

∆m2
H =

1

8π2
(λS − |λf |2)Λ2

UV + . . . . (1.11)

We are therefore led to consider “soft” supersymmetry breaking. This means that the effective La-
grangian of the MSSM can be written in the form

L = LSUSY + Lsoft, (1.12)

where LSUSY contains all of the gauge and Yukawa interactions and preserves supersymmetry invari-
ance, and Lsoft violates supersymmetry but contains only mass terms and coupling parameters with
positive mass dimension. Without further justification, soft supersymmetry breaking might seem like
a rather arbitrary requirement. Fortunately, we will see in section 7 that theoretical models for super-
symmetry breaking do indeed yield effective Lagrangians with just such terms for Lsoft. If the largest
mass scale associated with the soft terms is denoted msoft, then the additional non-supersymmetric
corrections to the Higgs scalar squared mass must vanish in the msoft → 0 limit, so by dimensional
analysis they cannot be proportional to Λ2

UV. More generally, these models maintain the cancellation
of quadratically divergent terms in the radiative corrections of all scalar masses, to all orders in per-
turbation theory. The corrections also cannot go like ∆m2

H ∼ msoftΛUV, because in general the loop
momentum integrals always diverge either quadratically or logarithmically, not linearly, as ΛUV → ∞.
So they must be of the form

∆m2
H = m2

soft

[
λ

16π2
ln(ΛUV/msoft) + . . .

]
. (1.13)

Here λ is schematic for various dimensionless couplings, and the ellipses stand both for terms that
are independent of ΛUV and for higher loop corrections (which depend on ΛUV through powers of
logarithms).

‡A simple way to understand this is to recall that unbroken supersymmetry requires the degeneracy of scalar and
fermion masses. Radiative corrections to fermion masses are known to diverge at most logarithmically in any renormal-
izable field theory, so the same must be true for scalar masses in unbroken supersymmetry.

10

Contents11

1 Introduction 112

2 The nMSSM 313

3 Model and parameter scan 514

4 LHC and DM phenomenology 715

4.1 Region 1, m�0

1

< 5 GeV 916

4.1.1 Current constraints 917

4.1.2 LHC Run-2 and direct detection experiments prospects 1218

4.2 Region 2, 45 GeV < m�0

1

< 55 GeV 1619

4.3 Region 3, m�0

1

⇠ 65 GeV 2020

4.3.1 Region 3A and 3B: Bino or Higgsino/Singlino LSP with low m1/2 2021

4.3.2 Region 3C: Higgsino/Singlino LSP with high m1/2 2222

5 Conclusions 2323

V = �µ2�†�+
�

4

⇣
�†�

⌘2
(0.1)

@2V

@�†�
= 0 ! µ2 =

�v2

4
(0.2)

m2
h =

v2�

2
(0.3)

�(�†�)2 (0.4)

�

Z
d4k

1

k2 �m2
H

! ⇤2 (0.5)

m2
h = µ2

phys/2 µ2
phys = µ2 + �⇤2 (0.6)

� ! �+
vp
2

(0.7)

– 1 –

Contents11

1 Introduction 112

2 The nMSSM 313

3 Model and parameter scan 514

4 LHC and DM phenomenology 715

4.1 Region 1, m�0

1

< 5 GeV 916

4.1.1 Current constraints 917

4.1.2 LHC Run-2 and direct detection experiments prospects 1218

4.2 Region 2, 45 GeV < m�0

1

< 55 GeV 1619

4.3 Region 3, m�0

1

⇠ 65 GeV 2020

4.3.1 Region 3A and 3B: Bino or Higgsino/Singlino LSP with low m1/2 2021

4.3.2 Region 3C: Higgsino/Singlino LSP with high m1/2 2222

5 Conclusions 2323

V = �µ2�†�+
�

4

⇣
�†�

⌘2
(0.1)

@2V

@�†�
= 0 ! µ2 =

�v2

4
(0.2)

m2
h =

v2�

2
(0.3)

�(�†�)2 (0.4)

�

Z
d4k

1

k2 �m2
H

! ⇤2 (0.5)

m2
h = µ2

phys/2 µ2
phys = µ2 + �⇤2 (0.6)

� ! �+
vp
2

(0.7)

– 1 –

Contents11

1 Introduction 212

2 The nMSSM 313

3 Model and parameter scan 514

4 LHC and DM phenomenology 715

4.1 Region 1, m�0

1

< 5 GeV 916

4.1.1 Current constraints 917

4.1.2 LHC Run-2 and direct detection experiments prospects 1218

4.2 Region 2, 45 GeV < m�0

1

< 55 GeV 1619

4.3 Region 3, m�0

1

⇠ 65 GeV 2020

4.3.1 Region 3A and 3B: Bino or Higgsino/Singlino LSP with low m1/2 2021

4.3.2 Region 3C: Higgsino/Singlino LSP with high m1/2 2222

5 Conclusions 2323

V = �µ2�†�+
�

4

⇣
�†�

⌘2
(0.1)

@2V

@�†�
= 0 ! µ2 =

�v2

4
(0.2)

m2
h =

v2�

2
(0.3)

�(�†�)2 (0.4)

�

Z
d4k

1

k2 �m2
H

! �⇤2 (0.5)

m2
h = µ2

phys/2 µ2
phys = µ2 + �⇤2 (0.6)

� ! �+
vp
2

(0.7)

– 1 –



SoluPon	
  to	
  hierarchy	
  problem	
  

•  Eliminate quadratic dependence on high scale present in 
theories with fundamental scalars 
•  Eliminate elementary scalars : ‘technicolour’ - disfavoured 
•  Include elementary scalars but control quadratic 

divergences 
•  Symmetries can remove dangerous divergences  

•  QED, unbroken gauge theory keeps photon massless 
•  Chiral symmetry keeps electron massless 
•  Supersymmetry protects Higgs mass 

•  Bring ‘Planck mass’  to lower scales (extra dimension) 
•  Introduce new physics at some ‘low’ scale, e.g. 10TeV  

	
  



Dark	
  maRer	
  



Dark	
  maRer	
  :	
  the	
  beginning	
  



In 1970 : Vera Rubin , US astronomer, measures the rotation 
velocity of spiral galaxies 

Velocities tend to a constant at large distances –presence of non-
luminous matter can explain this 

Ever since that time evidence for dark matter at different scales 
(galaxies, clusters, cosmology) has been accumulating  
–   The	
  amount	
  of	
  mass	
  needed	
  is	
  more	
  than	
  luminous	
  mass	
  

•  The	
  galacPc	
  scale	
  
•  Scale	
  of	
  galaxy	
  clusters	
  

•  Dark matter is required to amplify the small fluctuations in Cosmic Microwave 
background to form the large scale structure in the universe today  - 
Cosmological scales 

What constitutes dark matter : is it a new weakly interacting 
particle? (BSM) 



RotaPon	
  curves	
  of	
  galaxies	
  

•  Newton: inside a solid sphere of constant density the 
gravitational force varies linearly with distance r from the 
center 

•  For a sphere of constant density M~ r3  -> v~r 
•  Outside sphere (r> rluminous), M constant ->  velocity decreases 

•  Observations show that velocity does not decrease 
	
  

	
  
	
  



RotaPon	
  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	
  maRer	
  
•  Comparison	
  of	
  X-­‐ray	
  images	
  of	
  luminous	
  maRer	
  with	
  

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

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

•  Two	
  small	
  clumps	
  of	
  luminous	
  maRer	
  slowed	
  down	
  by	
  the	
  
collision	
  	
  (interacPons	
  )	
  

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





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

Background	
  radiaPon	
  originaPng	
  from	
  
propagaPon	
  of	
  photons	
  in	
  early	
  universe	
  
(once	
  they	
  decoupled	
  from	
  maRer)	
  
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	
  fluctuaPon	
  
when	
  universe	
  was	
  1/1000	
  of	
  present	
  
scale	
  

	
  
Study	
  of	
  CMB	
  anisotropies	
  provide	
  accurate	
  

tesPng	
  of	
  cosmological	
  models,	
  puts	
  
stringent	
  constraints	
  on	
  cosmological	
  
parameters	
  



The Universe  by PLANCK (ESA) 



Density	
  fluctuaPons	
  

•  Small	
  anisotropy	
  observed	
  in	
  sky	
  
	
  
•  All	
  informaPon	
  contained	
  in	
  CMB	
  

maps	
  can	
  be	
  compressed	
  in	
  power	
  
spectrum	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
•  To	
  extract	
  informaPon	
  from	
  CMB	
  

anisotropy	
  maps.	
  Start	
  from	
  
cosmological	
  model	
  with	
  small	
  
number	
  of	
  parameters	
  and	
  find	
  best	
  
fit	
  	
  	
  



Density	
  fluctuaPons	
  

•  Small	
  anisotropy	
  observed	
  in	
  sky	
  
	
  
•  All	
  informaPon	
  contained	
  in	
  CMB	
  

maps	
  can	
  be	
  compressed	
  in	
  power	
  
spectrum	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
•  To	
  extract	
  informaPon	
  from	
  CMB	
  

anisotropy	
  maps.	
  Start	
  from	
  
cosmological	
  model	
  with	
  small	
  
number	
  of	
  parameters	
  and	
  find	
  best	
  
fit	
  	
  	
   PLANCK	
  2013	
  



Cosmological	
  model	
  

•  Cosmological model parameters ΛCDM 

•  Universe   is flat when no cosmological constant and energy 
density is critical density        

•  Ωi = ρi/ρc  ΩM = ρM/ρc  ΩΛ=Λ/3Η2	



•  ΩM = ΩB +Ωcdm+Ων
	



                                                
 
 

Hubble parameter 

Density perturbations  
(how the universe deviates  
from homogeneity) 

Ionization optical depth : 
Related to probability that  
a given photon scatters once  

τ,H	
  



	
  
•  Large	
  dark	
  energy	
  component	
  (assume	
  to	
  be	
  cosmological	
  

constant)	
  
•  Precise	
  evaluaPon	
  of	
  dark	
  maRer	
  component	
  
•  Baryon	
  density	
  in	
  agreement	
  with	
  BBN	
  (.019-­‐.024)	
  
	
  

PLANCK,	
  A&A	
  2013	
  
arXiv:1303.5076	
  



	
  
•  In	
  supernovae:	
  relaPon	
  between	
  

observed	
  flux	
  and	
  intrinsic	
  
luminosity	
  of	
  an	
  object	
  which	
  
depends	
  on	
  the	
  distance	
  

	
  
•  z:	
  redshii	
  	
  
re(z)	
  depend	
  on	
  the	
  cosmological	
  	
  

parameters	
  	
  Ωm	
  ,	
  ΩΛ 
 

ObservaPons	
  of	
  supernovae	
  at	
  large	
  
redshii	
  constrain	
  a	
  combinaPon	
  of	
  	
  
Ωm	
  ,	
  ΩΛnearly	
  orthogonal	
  to	
  the	
  one	
  
of	
  WMAP	
  

	
  
•  Measurement	
  of	
  maRer	
  density	
  is	
  

also	
  obtained	
  by	
  measurements	
  of	
  
clusters	
  of	
  galaxies	
  e.g	
  Sloan	
  Digital	
  
Sky	
  Survey	
  (SDSS)	
  

	
  
	
  



Dark	
  maRer	
  
•  At	
  different	
  scales	
  evidence	
  for	
  dark	
  maRer	
  
•  Baryons	
  form	
  a	
  small	
  component	
  of	
  maRer	
  as	
  shown	
  
from	
  CMB	
  and	
  BBN	
  

•  CMB	
  gives	
  precise	
  esPmate	
  of	
  amount	
  of	
  dark	
  maRer	
  
•  Galaxy	
  formaPon	
  provide	
  further	
  evidence	
  that	
  dark	
  
maRer	
  exists	
  

	
  



Universe	
  is	
  made	
  of	
  27%	
  cold	
  dark	
  
maRer.	
  Can	
  it	
  be	
  a	
  new	
  parPcle?	
  

	
  



RELIC DENSITY OF 
WIMPS 



Relic	
  density	
  of	
  WIMPs	
  

•  Assume	
  a	
  new	
  stable	
  (very	
  long-­‐lived)	
  neutral	
  
weakly-­‐interacPng	
  parPcle	
  

•  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	
  reacPon	
  
proceeds	
  with	
  equal	
  rate	
  



Boltzmann	
  equaPon	
  
•  Describes interactions of wimp with photons and other 

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

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

Depletion of χ due to 
annihilation 

Creation of χ from 
inverse process 



•  If	
  Τ>m, Wimps	
  abundant,	
  H	
  negligible,	
  χ relativistic and in 
thermal equilibrium with other particles like photons - 	
  rapidly	
  
annihilaPng	
  in	
  SM	
  parPcles	
  (vice-­‐versa)	
  
•  n	
  ~	
  neq	
  ~	
  T3	
  

•  As	
  Universe	
  expands	
  T	
  drops	
  below	
  m,	
  neq	
  drops	
  
exponenPally,	
  producPon	
  rate	
  is	
  suppressed	
  (parPcles	
  in	
  
plasma	
  do	
  not	
  have	
  sufficient	
  thermal	
  energy	
  to	
  produce	
  χχ) 
particles χ start to decouple – can only annihilate dn/dt=σv n2 

•  Eventually rate	
  of	
  annihilaPon	
  drops	
  below	
  expansion	
  rate	
  	
  
Γ<	
  H	
  –	
  not	
  enough	
  χ	
  for	
  annihilaPon	
  -­‐	
  >	
  fall	
  out	
  of	
  equilibrium	
  
and	
  freeze-­‐out	
  (producPon	
  of	
  wimps	
  ceases)	
  	
  	
  	
  dn/dt=-­‐3Hn	
  

•  This	
  happens	
  at	
  	
  TFO~m/20	
  



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	
  maRer:	
  a	
  WIMP?	
  
 

In standard scenario, relic abundance 
 
 
 
Depends only on effective annihilation cross section – calculable in specific 

particle physics model 
A WIMP has ‘typical’ annihilation cross section for Ωh2 ~0.1 (WMAP) 
	
  
With	
  WMAP	
  cosmology	
  has	
  entered	
  precision	
  era,	
  can	
  quanPfy	
  amount	
  of	
  

dark	
  maRer.	
  	
  PLANCK	
  satellite	
  launched	
  in	
  2010	
  	
  will	
  go	
  one	
  step	
  further.	
  
This	
  strongly	
  constrain	
  some	
  of	
  the	
  proposed	
  soluPons	
  for	
  cold	
  dark	
  maRer	
  

	
  
Has	
  moPvated	
  many	
  direct/indirect	
  searches	
  for	
  dark	
  maRer	
  	
  
 
 
 
 

 
	
  



WIMPS	
  WIMP(‘miracle’(
•  This(value(of(the(cross(secGon(is(typical(of(weak(interacGon(

process(!(weakly(interacGng(parGcle(will(give(naturally(the(
correct(amount(of(dark(maHer(to(explain(the(measured(relic(
density(

•  With g~0.2 (weak : g~0.6)  m~100GeV  σv= 1.6 X10-9 GeV-2  
•  σv= 1.6 10-9 GeV-2 X(.389 GeV2 mb) (10-27 cm2/mb) 3X1010cm/s   =                                    

=  2 10-26cm3/s  ! Ω ~.1 

(
(



Constraints on WIMPs 
•  Must	
   reproduce	
   the	
   measured	
   relic	
   density	
   assuming	
  

standard	
  cosmological	
  model	
  
•  Limits	
  from	
  astroparPcle	
  searches	
  

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

•  Indirect	
   detecPon	
   (FermiLAT,	
   HESS,	
   Magic,	
   AMS	
   …)	
   in	
  
parPcular	
  with	
  photons,	
  positrons,	
  anPprotons	
  etc..	
  

•  hints in astroparticle searches 
•  DAMA/CoGenT, CDMS-SI, Fermi-LAT Galactic Center, PAMELA, AMS02 

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



Probing the nature of dark matter 

 
•  All determined by interactions of WIMPS with Standard Model 
•  Specified within given particle physics model 
•  Collider : need trigger or decay of other particles 



Direct	
  detecPon	
  

Eastic scattering of WIMPs off nuclei in a large 
detector 

Measure nuclear recoil energy, ER 

 

Best way to prove that WIMPs form DM 
 
Small transfer momentum – typically 100MeV 

ER=q2/2mN   q: transfer momentum 
ER=µ2 v2(1-cosθ)/mN 
µ =mχmN/(mχ +mN) : reduced mass 
100GeV WIMP, v=220km/s à  ER<27keV 

 
 



Direct	
  detecPon	
  

 
 
Two	
  types	
  of	
  scaRering	
  

Coherent	
  scaRering	
  on	
  A	
  nucleons	
  in	
  nucleus,	
  for	
  
spin	
  independent	
  interacPons	
  
Dominant	
  for	
  heavy	
  nuclei	
  

Spin	
  dependent	
  int	
  –	
  only	
  	
  one	
  unpaired	
  nucleon	
  
Dominant	
  for	
  light	
  nuclei 

 
 



Direct	
  detec)on	
  
 
•  Particle physics : effective Lagrangian for WIMP-nucleon 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 λp=λn 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

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
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Spin	
  independent	
  results	
  
Best	
  limit	
  :	
  LUX	
  ,	
  Akerib	
  et	
  al,	
  arXiv:1310.8214	
  
	
  



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	
  



Indirect	
  detecPon	
  

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

 
Searches for DM in 4 channels 

Antiprotons and Positrons from  
galactic halo/center 

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	
  DetecPon	
  	
  
At freeze-out -> 
 
 
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 

 
Can have strong increase 

 Sommerfeld enhancement (1/v term) 
 Near resonance annihilation  
 (strong enhancement at v->0 for 

        Gamma,Delta<1) 
 
 
 

 
	
  

Boezio et al, 0810.4995 



PropagaPon	
  



Results	
  -­‐	
  photons	
  

•  Excess gamma-ray  from 7oX7o region around the GC 
•  Compatible with DM of 30 GeV annihilating in bb  

–  Hooper, Goodenough, PLB697(2011)	
  



Results	
  
	
  -­‐	
  	
  Large excess in positron fraction (from 

PAMELA and  AMS)  
-  No excess in antiprotons (PAMELA) 
-  AMS compatible with background 

AMS,	
  PRL113.121101	
  

Figure 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

G.Gliesen	
  et	
  al,	
  1504.04276	
  



•  Can this be DM? 

•  Model-independent approach  
•  For any channel large cross sections are required, 10-23 -10-21cm3/s 
•  With better measured total lepton flux from AMS02 – not possible to 

obtain good fit for pure leptophilic DM 
•  Large cross sections in tension with IceCube, photons, antiprotons 
•  Pulsars could be explanation 

Positron	
  fracPon	
  excess	
  

HESS,	
  Dwarfs	
  

	
  Abramowski et al, 1410.2589	
  



•  Dark matter : no conclusive evidence from astroparticle, some 
constraints on particle physics  from photon detectors 

•  Direct detection searches continue with more sensitive detectors -> 
constraints on physics beyond standard model 

•  WIMPs are not the only possibility : testable hypothesis at colliders 
•  Model that satisfies upper limit on relic density -> consistent but no 

explanation for dark matter 
•  Model that propose solution to hierarchy problem + dark matter : very 

attractive and testable at LHC : these two problems might be unrelated 

Final	
  remarks	
  



The	
  end	
  



•  Fermi-LAT : gamma-ray excess from 
7oX7o region around the GC 
–  Hooper, Goodenough, PLB697(2011) 

•  Compatible with DM of 30 GeV 
annihilating in bb  

•  Simple model compatible with this 
and no other signal (only constraint 
from antiproton Cirelli et al 1407.2173) : 
–  Dirac fe rmion coupled to 

p s e u d o s c a l a r ( c o u p l i n g 
proportional to mass) 

–  Few constraints on pseudoscalar 
(even at LHC13)  

Gamma-­‐ray	
  excess	
  

C. Boehm et al  1401.6458 



 

 

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

•  Cross sections are very large 

Positron	
  frac2on	
  excess	
  
1.1	
  10-­‐23	
  cm3/s	
   1.1	
  10-­‐21	
  cm3/s	
  

	
  


