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Dark Ma!er and " 

Electroweak scale: 

Are #ey related?



2010: First collisions at the LHC   

Direct exploration of the TeV scale has started

What is the mechanism of Electroweak Symmetry breaking ?

main physics goal:



$e Standard Model of Pa%icle Physics

- one century to develop it

- tested with impressive precision

The Higgs is the only remaining unobserved piece

and a portal to new physics hidden sectors

- accounts for all data in experimental particle physics
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 The Higgs Mechanism

The Higgs selects a vacuum state by developing a non zero background 
value. When it does so, it gives mass  to SM particles it couples to. 

EW symmetry breaking is described  by the condensation of a scalar field

We do not know what makes the Higgs condensate.
We ARRANGE the Higgs potential so that the Higgs condensates but this 
is just a parametrization that we are unable to explain dynamically.

the puzzle:



the Higgs or something else? ?

Electroweak symmetry breaking: 2 main questions
What is unitarizing the WLWL scattering amplitude?

What is cancelling the divergent diagrams?
: Hierarchy problem

→ theoretical need for new physics at the TeV scale

(i.e what is keeping the Higgs light?)

supersymmetry, gauge-Higgs unification, Higgs as a pseudo-goldstone boson...

need new degrees of freedom & new symmetries to cancel the divergences 

Λ , the maximum mass scale that 
the theory describes

strong sensitivity on UV unknown physics

⇒ δMH ∝ Λ 
2 2



 Addressing the hierarchy problem 
with a new symmetry

H → H + θ

H massless: 
protected by a 

global symmetry

scalar

Ψ→ eiθγ5 Ψ

fermion

Ψ massless: 
protected by 

chiral symmetry

Ψ <---> HSUSY

Aµ → Aµ + ∂θ

vector

Aμ  massless: 
protected by 

gauge invariance

In 5 dimensions: H=A5 



Which new physics?

Electroweak 
symmetry breaking

Minimally extended 
(2 Higgs doublets)Supersymmetric

Composite, Higgs as 
pseudo-goldstone 

boson, H=A5
Higgsless, 

technicolor-like, 
5-dimensional

In all explicit examples, without unwarranted cancellations, new 
phenomena are required at a scale Λ~[3-5] × MHiggs



and other variants ...

Composite Higgs ?

Little Higgs ?

Littlest Higgs ?

Intermediate Higgs ?

Slim Higgs ?

Fat Higgs ?

Gauge-Higgs ?

Holographic Higgs ?

Gaugephobic Higgs ?

Higgsless ?

UnHiggs ?

Portal Higgs ?

Simplest Higgs ?

Private Higgs ?

Lone Higgs ?

Phantom Higgs ?



The main goal of the LHC: 

Understand why MEW << MPlanck  

The Hierarchy Problem has been the 
guideline of theorists for over 30 years

We are at a turning point. Within the 
next few years, we will know what is lying 

behind the EW scale.



Imagine what our universe would look like if electroweak 
symmetry was not broken 

- quarks and leptons would be massless

- mass of proton and neutron (the strong force confines quarks into hadrons) would be a little changed

- proton becomes heavier than neutron (due to its electrostatic self energy) ! no more stable

-> no hydrogen atom

-> very different primordial nucleosynthesis

-> a profoundly different (and terribly boring) universe



● Does a Higgs boson exist ?

  If yes : 
 is there only one ? 
 what are its mass, width, quantum numbers ?  
 what are its couplings to itself and other particles 
 Spin determination 
 CP properties
 does it generate EW symmetry breaking and give mass to 
fermions too as in the Standard Model or is something else needed ?

 If not,   be ready for 
   • very tough searches at the (S)LHC (VLVL scattering, ...) or 
   • more spectacular phenomena such as  W’, Z’ (KK) resonances, technicolor, etc...

What questions the LHC experiments will try to answer : 
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Figure 7: Diphoton invariant mass spectrum in fb obtained with the Higgs boson plus one jet analysis
(see Section 5.2). The same procedure as in Fig. 6 in Section 5.1 is used to obtain the histograms in
Fig. 7. The same codes for signal and backgrounds are used as in Fig. 6.

Table 11: Expected cross-sections (in fb) of background for the Higgs boson plus one jet Analysis.
Results are given after the application of cuts Ia and IIa-IIc (see Section 5.2). In the last row the
expected cross-sections within a mass window of mγγ of ±2 GeV around 120 GeV are given.

Cut γγ Reducible γ j Reducible j j EW γγ j j Total
σ (fb) σ (fb) σ (fb) σ (fb) σ (fb)

Ia-IIa 9698 8498 937 99 19233
IIb 4786 4438 444 99 9768
IIc 501 824 89 71 1485

Mass Window 28 17 2.0 1.5 49

Higgs boson production mechanism after the application of cuts remains the gg→ H j process, closely
followed by the VBF mechanism. It is important to note that the gg→ H j process has been evaluated at
LO ignoring the large QCD NLO corrections.

5.3 Higgs boson plus two jets analysis

This Section considers an event selection comprising two photons in association with two high pT jets,
or tagging jets. In this analysis the tagging jets are defined as the two leading jets in the event. The V BF
Higgs boson process at LO produces two high pT and relatively forward jets in opposite hemispheres
(backward-forward). The pseudorapidity gap and invariant mass of these jets tend to be significantly
larger than those expected for background processes. The NLO description of the VBF process does not
significantly distort this picture.3

3About 10% of the VBF events display the feature that a radiated gluon coming from one of the quark lines happens to
become a tagging jet. In this class of events the pseudorapidity gap and the invariant mass of the tagging jets appears similar to
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5.1 Inclusive analysis

The inclusive analysis refers to the search for a resonance in events with two photons that pass certain
quality criteria. The analysis reported here follows closely the event selection of past studies [3, 4]. The
detector performance and optimization studies succinctly presented in Sections 3 and 4 are geared toward
maximizing the discovery potential of the inclusive analysis.

The following cuts are applied:

Ia At least two photon candidates (see Section 3.2) in the central detector region defined as |η | < 2.37
excluding the transition region between barrel and endcap calorimeters, 1.37 < |η | < 1.52 (crack in
the following). At this level it is required that the event passes the trigger selection (see Section 4).

Ib Transverse momentum cuts of 40,25 GeV on the leading and sub-leading photon candidates, re-
spectively.

The fiducial cuts in Ia are motivated by the quality of the off-line photon identification and the
fake photon rate (see Section 3.2). The values of the cuts on the transverse momentum of the photon
candidates (cut Ib) are not varied and are obtained from previous optimization studies [3].
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Figure 6: Diphoton invariant mass spectrum after the application of cuts of the inclusive analysis. Results
are presented in terms of the cross-sections in fb. The contribution from various signal and background
processes are presented in stacked histograms (see text).

Figure 6 shows the expected diphoton mass spectrum after the application of cuts Ia and Ib. The
hashed histogram in the bottom corresponds to the contributions from events with one and two fake
photons. The second hashed histogram corresponds to the irreducible backgrounds (see Section 2.2). The
background contributions are obtained with MC samples with a fast detector simulation normalized to
the cross-sections specified in Section 2.2. The fast detector simulation is corrected in order to reproduce
the aspects of the detector performance critical to the analysis, which are obtained with a full detector
simulation (see Sections 3 and 4). The expected contribution from a Higgs boson signal for mH =
120 GeV, obtained with a full detector simulation, is also shown in Fig. 6.
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A number of variables are chosen that are sensitive to the different kinematics displayed by the signal
and background processes [9]. The following is the optimized event selection after the application of cut
Ia:

IIIa Transverse momentum cuts of 50 and 25 GeV on the leading and sub-leading photon candidates,
respectively.

IIIb Presence of at least two hadronic jets in |η | < 5 with pT > 40,20 GeV for the leading and sub-
leading jet, respectively. The tagging jets must be in opposite hemispheres, η j1 ·η j2 < 0, where η j1
and η j2 correspond to the pseudorapidity of the leading and sub-leading jets, respectively. Finally,
it is required that the pseudorapidity gap between the tagging jets be large, ∆η j j > 3.6.

IIIc Photons are required to have pseudorapidity between those of the tagging jets.

IIId Invariant mass of the tagging jets, m j j > 500 GeV.

IIIe Veto on events with a third jet with pT > 20 GeV and |η | < 3.2
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Figure 8: Diphoton invariant mass spectrum obtained with the Higgs boson plus two jet analysis (see
Section 5.3).

Figure 8 displays the resulting diphoton invariant mass spectrum after the application of cuts Ia and
IIIa-IIIe.

Tables 12 and 13 display the expected cross-sections for a Higgs boson signal with mH = 120 GeV
and background events in the mass range ±2 GeV around 120 GeV after the application of cuts Ia and
IIIa-IIIe. Table 12 shows that the dominant Higgs boson production mechanism surviving the events
selection is the VBF mechanism. Unfortunately, the QCD NLO corrections to the main backgrounds
included in Table 13 are not known and therefore these results suffer from large theoretical uncertainties.

The event selections presented in this and the previous Sections have a certain degree of overlap.
This is particularly relevant for the VBF Higgs boson production mechanism. In Section 7 the signal
significance of a combined analysis is presented that takes into account the event overlap.

that displayed by a typical QCD background process. This effect is well reproduced by the HERWIG generator.
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Figure 9: Expected distribution of the invariant mass of the two photons for the signals and main back-
grounds after applying the analysis cuts for events having one lepton reconstructed in the final state.
Due to a lack of MC statistics for the diphoton and the Wγ backgrounds, their expected distribution is
approximated by showing an average of the number of events passing the analysis cuts in the mγγ mass
range shown.

Va As in Section 5.4, a cut on the transverse momentum of the most energetic photon above 60 GeV
and a cut on the second more energetic photon pT of 30 GeV are applied to suppress the diphoton
background. Events where one of the two photons is reconstructed in the crack region are then
removed.

Vb The selection is then based mostly on the requirement of high missing transverse momentum. A
cut of Emiss

T > 80 GeV suppresses almost completely the γγ background while reducing the Wγ
background by a factor 20 and the ZH→ ννγγ signal by a factor 2.

Vc In order to further suppress the Wγ background, where the electron is often reconstructed as a
converted photon, events where either of the photons appears to have converted are rejected.

Vd At this point, because of potentially significant background from QCD events, difficult to evaluate,
a cut requiring that the scalar sum of the pT of the jets in the event be larger than 150 GeV is
imposed. It suppresses the contribution from the tt̄γγ and bb̄γγ backgrounds, as well as of the tt̄H
signal.

Table 15 summarizes the expected cross-sections after the different cuts applied for this analysis for
signal and backgrounds. The expected mass distributions of diphotons from the associated W/Z plus
Higgs boson and from the backgrounds are shown in Fig. 10, after the application of all cuts. To account
for the Wγ → µνγ , the Wγ → eνγ background has been multiplied by two in the figure although some
double counting is introduced. The uncertainty in the background level, due to Monte Carlo statistics
only, is estimated to be 15%. The reconstructed mass resolution is 1.31 GeV. This result is expected to
be sensitive to uncertainties in the simulation and reconstruction of Emiss

T tails.
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 ● Searches for other new particles: Do they play any role in EW symmetry breaking?



Searching for complementary probes of the EW symmetry 
breaking mechanism in cosmological observables

New TeV scale 
physics

Cosmological
signatures

- baryogenesis 
mainly from

(see also recent interest 
in higgs inflation)

LHC will most likely not provide the final answer

- dark matter (this talk)



 2 major observations unexplained by " Standard Model

15% baryonic matter (1% in stars, 14% in gas)

85% dark unknown matter

}

}
nB-nB
nB+nB-

-
baryon asymmetry:             ~ 10-10

the (quasi) absence of antimatter in the universe

 the Dark Matter of the Universe
Some invisible transparent matter (that does not interact with photons)  which 

presence is deduced through its gravitational effects

that may have something to do with new physics at the electroweak scale



The existence of (Cold) Dark Matter has been established by  a host of 
different methods; it is needed on all scales

... etc

-> Fraction of the universe’s energy 
density stored in dark matter : 

 ΩDM≈ 0.22

The picture from astrophysical and cosmological 
observations is getting more and more focussed

Gravitational lensing
The “Bullet cluster”: lensing map 
versus X-ray image

Galaxy rotation curves

Cosmic Microwave Background

DM properties are well-constrained (gravitationally interacting, long-lived, not hot, 
not baryonic) but  its identity remains a mystery



Matter power spectrum

Power spectrum for CDMPower spectrum for CDMPower spectrum for CDM

matter-radiation equality

not baryonic



Neutrinos 

Collisionless dampingCollisionlessCollisionless dampingdamping

CDM

HDM

hot dark 
matter

cold dark 
matter

not hot



Why can’t dark matter be explained by the Standard Model?
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Matter Forces
charged/unstable

baryonic

massless

contribution to the energy  
budget of the universe

radius of circle is 
proportional to the mass

Particule Ω type
Baryons 4 - 5 % froid

Neutrinos < 2 % chaud
Matière noire 20 - 26 % froid

Particle Ω type
Baryons 4 - 5 % cold

Neutrinos < 2 % hot
Dark matter 20 - 26 % cold

1



Dark Matter candidates

Two possibilities:

very light & only gravitationally 
coupled (or with equivalently 

suppressed couplings) -> stable 
on cosmological scales

sizably interacting (but not strongly)  
with the SM  -> symmetry needed to 

guarantee stability

Long-lived
 (stable on cosmological scales) stable by a symmetry

  τDM  > τuniverse ~ 1018  s
-> WIMP



The WIMP relic abundance follows from the generic 
thermal freeze-out mechanism in the expanding universe 

⇒ <σanni v> ≈ 1 pb

σ ~ α2/m2   

 ⇒ m ~ 100 GeV

Thermal relic: Ω h2 ∝ 1/<σanni v>

XX ↔ ff

XX ff

XX ff

Thermal Relics!

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

‘Freeze-out’ occurs when annihilation rate:!

becomes comparable to the expansion rate!

                where g ~ # relativistic species  !

i.e. ‘freeze-out’ occurs at T ~ mN /45, with: !

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!
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Thermal Relics!

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

‘Freeze-out’ occurs when annihilation rate:!

becomes comparable to the expansion rate!

                where g ~ # relativistic species  !

i.e. ‘freeze-out’ occurs at T ~ mN /45, with: !

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!

freese-out :

~

ΩDM≈
O(1) pb
σanni

→ a particle with a typical EW-scale cross section 
σanni ≈ 1 pb leads to the correct dark matter abundance. 

The “WIMP miracle”



Dark Matter Candidates Ω~1

thermal relic

superWIMP

condensate

gravitationnally 
produced or at preheating
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In Theory Space

Supersymmetry

Extra Dimensions
Technicolor &

Kaluza-Klein photon

Kaluza-Klein 
graviton

 Kaluza-Klein 
neutrino

branon

neutralino

gravitino

axino

sneutrino

technifermion

sterile
neutrino 

SU(2)-ntuplet
heavy fermion 

axion (almost) Standard 
Model

Peccei-Quinn

majoron

Composite Higgs

GUT
wimpzillas

WIMP thermal relic

superWIMP

condensate
gravitational production 
   or at preheating



Supersymmetric Dark Matter

18 H. Murayama

one can draw a Feynman diagram like one in Fig. 5. If the couplings are O(1),
and superparticles around TeV, one finds the proton lifetime as short as τp ∼
m4

s̃/m5
p ∼ 10−12 sec; a little too short!

s̃

u

d

u

u

ū

e+

Fig. 5. A possible Feynman diagram with supersymmetric particles that can lead to a too-rapid proton

decay p → e+π0.

Because of this embarrassment, we normally introduce a Z2 symmetry called

“R-parity” defined by

Rp = (−1)3B+L+2s = (−1)matterR2π (3.3)

where s is the spin. What it does is to flip the sign of all matter fields (quarks
and leptons) and perform 2π rotation of space at the same time. In effect, it
assigns even parity to all particles in the standard model, and odd parity to their

superpartners. Here is a quick check. For the quarks, B = 1/3, L = 0, and
s = 1/2, and we find Rp = +1, while for squarks the difference lies in s = 0
and hence Rp = −1. This symmetry forbids both of the bad vertices in Fig. 5.
Once the R-parity is imposed,8 there are no baryon- and lepton-number vi-

olating interaction you can write down in a renormalizable Lagrangian with the

standard model particle content. This way, the R-parity makes sure that pro-
ton is long lived. Then the lightest supersymmetric particle (LSP), with odd

R-parity, cannot decay because there are no other states with the same R-parity
with smaller mass it can decay into by definition. In most models it also turns out

to be electrically neutral. Then one can talk about the possibility that the LSP is

the dark matter of the universe.

3.2. Composite Higgs

Another way the hierarchy problem may be solved is by making the Higgs boson

to actually have a finite size. Then the correction in Eq. (2.9) does not require

tremendous fine-tuning as long as the physical size of the Higgs boson is about

8An obvious objection is that imposing R-parity appears ad hoc. Fortunately there are several
ways for it to emerge from a more fundamental theory. Because the R-parity is anomaly-free [15],
it may come out from string theory. Or Rp can arise as a subgroup of the SO(10) grand unified
gauge group because the matter belongs to the spinor representation and Higgs to vector, and hence

2π rotation in the gauge group leads precisely to (−1)matter . It may also be an accidental symmetry

due to other symmetries of the theory [16, 17] so that it is slightly broken and dark matter may

eventually decay.

stable by R-parity:
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where s is the spin. What it does is to flip the sign of all matter fields (quarks
and leptons) and perform 2π rotation of space at the same time. In effect, it
assigns even parity to all particles in the standard model, and odd parity to their

superpartners. Here is a quick check. For the quarks, B = 1/3, L = 0, and
s = 1/2, and we find Rp = +1, while for squarks the difference lies in s = 0
and hence Rp = −1. This symmetry forbids both of the bad vertices in Fig. 5.
Once the R-parity is imposed,8 there are no baryon- and lepton-number vi-

olating interaction you can write down in a renormalizable Lagrangian with the

standard model particle content. This way, the R-parity makes sure that pro-
ton is long lived. Then the lightest supersymmetric particle (LSP), with odd

R-parity, cannot decay because there are no other states with the same R-parity
with smaller mass it can decay into by definition. In most models it also turns out

to be electrically neutral. Then one can talk about the possibility that the LSP is

the dark matter of the universe.

3.2. Composite Higgs

Another way the hierarchy problem may be solved is by making the Higgs boson

to actually have a finite size. Then the correction in Eq. (2.9) does not require

tremendous fine-tuning as long as the physical size of the Higgs boson is about

8An obvious objection is that imposing R-parity appears ad hoc. Fortunately there are several
ways for it to emerge from a more fundamental theory. Because the R-parity is anomaly-free [15],
it may come out from string theory. Or Rp can arise as a subgroup of the SO(10) grand unified
gauge group because the matter belongs to the spinor representation and Higgs to vector, and hence

2π rotation in the gauge group leads precisely to (−1)matter . It may also be an accidental symmetry

due to other symmetries of the theory [16, 17] so that it is slightly broken and dark matter may

eventually decay.

Primarily introduced to prevent fast proton decay in supersymmetry:

under which SM particles are even and superpartners are odd

-> The Lightest Supersymmetric Particle (odd) is thus stable



New symmetries at the TeV scale and Dark Matter

New TeV scale 
physics needed

to cut-off quadratically 
divergent quantum corrections to 

the Higgs mass

tension with precision tests of the 
SM in EW & flavor sector (post-

LEP “little hierarchy pb”)

introduce new discrete 
symmetry P

R-parity in SUSY, KK parity in extra dim, T 
parity in Little Higgs ...

Lightest P-odd particle is stable

DM candidate



 mass spectrum, 
interactions

Work (t  prope%ies of new degrees of  freedom

The stability of a new particle is a common feature of many models

relic 
abundance

 detection
signatures & rates

 dark matter candidates

 Standard Model 
Particles

 New Particles

 STABLE



SUSY
[70 ies to now]

Model building beyond the Standard Model: “historical” overview
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[99  to now]

[98-99]

  the attitude: 
Naturalness is what 

matters, dark matter is a 
secondary issue

Give up naturalness, focus on 
dark matter and EW 

precision tests. Optional: also 
require unification

R-parity→ LSP 

UED

Little Higgs
[2001  to now]

[2002-2004]

KK-parity→ LKP 

T-parity→ LTP 
[2003]

[2002]

“Minimal” SM 
extensions

[2004 to now]

assume discrete 
symmetry, 

typically a Z2 

  Lower your ambition (no 
attempt to explain the MEW/
MPl hierarchy); rather put a ~ 

TeV cutoff



 in last few years (post LEP-2)--> questioning of naturalness as a 
motivation for new physics @ the Weak scale

dark matter model building since ~2008: data driven 

+ various “hints” (?...): DAMA, INTEGRAL, PAMELA, ATIC ...

focus on dark matter only and do not rely on models 
that solve the hierarchy problem

“minimal approach”:

Dark matter theory

dark matter model building until ~2004: mainly theory driven 
largely motivated by hierarchy pb: 

SUSY+R-parity, 
Universal Extra Dimensions + KK parity

Little Higgs models+ T-parity



$e naturalness scale of " Standard Model 

Why is the Higgs boson light?

its mass parameter receives radiative corrections  

Λ , the maximum mass scale that the theory describes

1

Dark Matter and the electroweak scale:
beyond the supersymmetric paradigm

Géraldine Servant
CERN, Physics Department, Theory Unit, CH-1211 Geneva 23, Switzerland

Despite the impressive successes of the Standard Model (SM) in describing
nearly all experimental data collected so far in particle physics, it is not
viewed as a fundamental theory but as an effective field theory valid on scales
less than at most a few TeV. The problem lies in the difficulty to understand
the relatively low values of the Higgs mass parameter |m2

H | ∼ (100 GeV)2

in a framework in which the SM is valid up to some ultra high scale, for
instance of the order of the Planck scale. This is because the Higgs boson
mass parameter receives radiative corrections (dominantly from the top loop,
the W , Z gauge bosons and from the Higgs itself) that are quadratically
divergent, and therefore proportional to Λ2 where Λ is the maximum mass
scale that the theory describes:

δm2
H =

3Λ2

8π2v2

(

2m2
W + m2

Z + m2
H − 4m2

t

)

∼ −(0.23 Λ)2 (1.1)

For large values of Λ, tree level and radiative contributions to the Higgs mass
parameter must cancel. For the SM to be valid up to 5 TeV a cancellation
by 2 orders of magnitude is already required and to reach the Planck scale
requires an adjustment finely tuned to 32 orders of magnitude. This is the
so-called hierarchy problem. Therefore, a theory with a light Higgs is not a
satisfactory effective description since it does not incorporate the dynamics
at work in the cancellation of quadratic divergences.

Over the last two decades, this hierarchy problem has been the main
driving force to think that the SM should be overthrown right around the
electroweak (EW) scale. Theories that solve this naturalness problem, i.e
in which the ratio between the EW scale and the Planck scale can be un-
derstood dynamically without recourse to fine-tunings, have been proposed,
starting with the early proposals of supersymmetry and technicolor through
to the more recent ideas of large and warped dimensions, and the little Higgs.

3

Λ=5 TeV -> cancellation between tree level and radiative contributions 
required by already  2 orders of magnitude

(assuming the same Λ for all terms )

strong sensitivity on UV unknown physics



$e Minimal Supersymmet)c Standard Model 

Why at the weak scale?

SUSY can solve the (“big”) hierarchy problem
thanks to its special renormalization properties

Power-dependence on SUSY-breaking masses
only mild logarithmic dependence on cutoff

Naturalness preserved up to very high scales
if superparticle masses are at the weak scale

[qualitative here,
more details below]

Supersymmetry can solve the “big” hierarchy and naturalness is preserved up to 
very high scales if superparticle masses are at the weak scale 
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Figure 7.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cot α ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.

∆(m2
h0) =

h0

t

+
h0

t̃

+ h0

t̃

Figure 7.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

and is traditionally chosen to be negative; it follows that −π/2 < α < 0 (provided mA0 > mZ). The
Feynman rules for couplings of the mass eigenstate Higgs scalars to the Standard Model quarks and
leptons and the electroweak vector bosons, as well as to the various sparticles, have been worked out
in detail in ref. [182, 183].

The masses of A0, H0 and H± can in principle be arbitrarily large since they all grow with b/ sin(2β).
In contrast, the mass of h0 is bounded above. From eq. (7.20), one finds at tree-level [184]:

mh0 < mZ | cos(2β)| (7.23)

This corresponds to a shallow direction in the scalar potential, along the direction (H0
u−vu,H0

d −vd) ∝
(cos α,− sin α). The existence of this shallow direction can be traced to the fact that the quartic Higgs
couplings are given by the square of the electroweak gauge couplings, via the D-term. A contour map
of the potential, for a typical case with tan β ≈ − cot α ≈ 10, is shown in figure 7.1. If the tree-level
inequality (7.23) were robust, the lightest Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of h0 is subject to quantum corrections
that are relatively drastic. The largest such contributions typically come from top and stop loops, as
shown‡ in fig. 7.2. In the simple limit of top squarks that have a small mixing in the gauge eigenstate
basis and with masses mt̃1

, mt̃2
much greater than the top quark mass mt, one finds a large positive

one-loop radiative correction to eq. (7.20):

∆(m2
h0) =

3

4π2
cos2α y2

t m
2
t ln

(
mt̃1

mt̃2
/m2

t

)
. (7.24)

This shows that mh0 can exceed the LEP bounds.

‡In general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against
tree-level tadpoles, and so both can be omitted, if the VEVs vu and vd are taken at the minimum of the loop-corrected
effective potential (see previous footnote).
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(radiative) EW symmetry breaking in the MSSM

The Higgs sector consists of two SU(2)L doublets

(associated to the top Yukawa coupling)

soft SUSY breaking 
parameters

V = (|µ|2 + m2
Hu

)|H0
u|2 + (|µ|2 + m2

Hd
)|H0

d |2 − (bH0
uH0

d + c.c) +
1
8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2

terms in r.h.s much larger than 

non trivial cancellation among them needed unless 
masses of SUSY particles are low. However:

The minimization of the higgs potential leads to:

M2
Z

2
= −µ2 +

m2
Hd
−m2

Hu
tan2 β

tan2 β − 1
tanβ ≡ 〈H0

u〉/〈H0
d〉with

The LEP bound on the Higgs mass , mh ≥ 115 GeV forces the stop mass to be large

M2
Z



$e naturalness problem of " MSSM 

The biggest problem for the MSSM: we did not see the Higgs



0 50 100 150 200 250 300
H

u
  [GeV]

0

20

40

60

H
d
  
[G

e
V

]

Figure 7.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cot α ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.

∆(m2
h0) =

h0

t

+
h0

t̃

+ h0

t̃

Figure 7.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

and is traditionally chosen to be negative; it follows that −π/2 < α < 0 (provided mA0 > mZ). The
Feynman rules for couplings of the mass eigenstate Higgs scalars to the Standard Model quarks and
leptons and the electroweak vector bosons, as well as to the various sparticles, have been worked out
in detail in ref. [182, 183].
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inequality (7.23) were robust, the lightest Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of h0 is subject to quantum corrections
that are relatively drastic. The largest such contributions typically come from top and stop loops, as
shown‡ in fig. 7.2. In the simple limit of top squarks that have a small mixing in the gauge eigenstate
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much greater than the top quark mass mt, one finds a large positive

one-loop radiative correction to eq. (7.20):
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‡In general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against
tree-level tadpoles, and so both can be omitted, if the VEVs vu and vd are taken at the minimum of the loop-corrected
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m2
h ≈M2

Z cos2 2β +
3GF m4

t√
2π2

[
log

m2
t̃

m2
t

+
A2

t

m2
t̃

(
1− A2

t

12m2
t̃

)]

 LEP limit (mh ≥ 115 GeV) ➾            ≥ 1 TeVmt̃

M2
Z

2
= −µ2 +

m2
Hd
−m2

Hu
tan2 β

tan2 β − 1

whereas the loop correction to the 
Higgs soft breaking mass is:

∆m2
Hu

=
−3y2

t

4π2
m2

t̃ log
Λ
mt̃

 ➾  tuning ≡
|∆m2

Hu
|

M2
Z

≈ 3y2
t

4π2M2
Z

m2
t̃ log

Λ
mt̃

≈ 50 for mt̃ = 900
Λ = 100

GeV
TeV

to make h heavy enough, increasing fine-tuning and superpartners  increasingly 
harder to see



[Giudice & Rattazzi, ‘06]

State of mSUGRA

mh >114 GeV



The little hierarchy problem

Fix tanβ = 3 and A0 = 0; the overall SUSY mass scale is fixed by

m2
h

tree level→ M2
Z ≈ 0.2m2

0 + 0.7M2
3 − 2µ2 = (91GeV)2 × 35(

M3

650GeV
)2 + · · ·

Plot this in the plane of the adimensional free parameters (M1/2,m0)/µ:
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Beyond " weakly c(pled elementary 
supersymmet)c Higgs boson para+gm:

The strongly coupled “Higgs”: 
Composite Higgs  or Higgsless (e.g. technicolor)

Assumption: there is a new strongly interacting sector at the 
Tev scale responsible for EW symmetry breaking.

if replica of QCD at the TeV scale, Higgs= <Q’Q’>
_

condensate

-> no light scalar playing the role of the higgs: Higgsless

->main objection: conflict with EW precision tests

->a solution: a composite light higgs arising as a pseudo-
goldstone boson



The Higgs as a kind of pion
from a new strong sector?

Quantum numbers of the Goldstones fixed by the 
symmetry breaking pattern in the strong sector: 

G-> H



SU(2)L × SU(2)R SU(2)V

SU(3)c
QCD:

global symm. 

on u,d
stro

ng int.
U(1)Q

⊃

6           -          3    =  3 PNGB π±,π0

global symm. on 

techniquarks

SO(6)× U(1)x SO(5)× U(1)Y

SU(Nc)
Composite 
Higgs:

⊃ SU(2)×
U(1)Y

16           -         11    =  5 PNGB     H, S

SO(5)/SO(4) -> SM
SO(6)/SO(5) -> SM + S
SO(6)/SO(4) -> 2 HDM

associated 
LHC tests

Higgs scalars as pseudo-Nambu-Goldstone bosons of new 
dynamics above the weak scale



strong
sector

G→H⊃SO(4)⌇︴
	 
⌇︴

━━━━

W a
µ , Bµ

Ψ
Lint = AµJµ + Ψ̄O + h.c.

New strong sector endowed with a global 
symmetry G spontaneously broken to H 

→ delivers a set of Nambu Goldstone bosons

Elementary Fields Strong Sector

gρ , mρ

yL , yR

g , g′

G/H

Figure 1: Pictorial representation of our scenario.

composite inert Higgs. The last section is devoted to conclusions.

2 Two Composite Higgs Doublets as PNGBs

2.1 General Structure

The basic structure of our composite-Higgs scenario is as follows. As depicted in figure 1, there exists a

new sector, that we denote as “strong”, or “strongly-interacting” sector, which is endowed with a global

group G of symmetry, spontaneously broken to H ⊂ G. As such, the strong sector delivers a set of massless

Nambu-Goldstone bosons (NGB). The only constraints on the choice of the G/H coset that characterizes

the strong sector are of phenomenological nature and they are rather mild, a priori. The main requirement,

needed to avoid generic large contributions to the T -parameter, is that the unbroken group must contain

a “custodial” SO(4) ∼= SU(2) × SU(2) symmetry, H ⊃ SO(4), and at least one Higgs 4-plet (i.e., a 4 of

SO(4)) must be present. Compatibly with these basic requirements, several cosets exist. The smallest ones,

chosen so that H is a maximal subgroup of G, are present in table 1. Other cosets, with non-maximal

G H NG NGBs rep.[H] = rep.[SU(2)× SU(2)]
SO(5) SO(4) 4 4 = (2,2)
SO(6) SO(5) 5 5 = (1,1) + (2,2)
SO(6) SO(4) × SO(2) 8 4+2 + 4̄−2 = 2× (2,2)
SO(7) SO(6) 6 6 = 2× (1,1) + (2,2)
SO(7) G2 7 7 = (1,3) + (2,2)
SO(7) SO(5) × SO(2) 10 100 = (3,1) + (1,3) + (2,2)
SO(7) [SO(3)]3 12 (2,2,3) = 3× (2,2)
Sp(6) Sp(4) × SU(2) 8 (4,2) = 2× (2,2), (2,2) + 2× (2,1)
SU(5) SU(4) × U(1) 8 4−5 + 4̄+5 = 2× (2,2)
SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1,1)

Table 1: Cosets G/H from simple Lie groups, with H maximal subgroup of G. For each coset, its dimension NG and the
NGBs representation under H and SO(4) ! SU(2)L × SU(2)R are reported. For Sp(6)/SU(2) × Sp(4), two embeddings are
possible, we will be interested only in the first one, which leads to two Higgs 4-plets.

subgroups, can be obtained from table 1 in a stepwise fashion G → H → H ′ etc.. The coset SO(6)/SO(4),

for instance, arises from the breaking SO(6) → SO(5) → SO(4). Besides two (2,2) Higgs 4-plets, this coset

4

[Mrazek et al, 1105.5403]

-> Agashe, Contino, Pomarol’05 

custodial SO(4)≅ SU(2)×SU(2)  to avoid large corrections
to the T parameter



Space-time is a slice of AdS5

Higgs profile

➫

BulkUV
brane

IR
brane

SM fields live here

SM sector Composite sector

UV brane Bulk + IR brane

ds2 = e−2kydxµdxνηµν − dy2

4D 
graviton

Radius stabilisation using bulk scalar (Goldberger-Wise mechanism)

 Extra-Dimensional point of view: Warped Geometry

[Maldacena ‘97]
[Arkani-Hamed, Porrati, Randall ‘01]

[Rattazzi, Zaffaroni ‘01]

An almost CFT that becomes 
strongly interacting at the TeV 

scale & spontaneously breaks the 
conformal invariance



 Like in QCD, spectrum of resonances (Kaluza-Klein states)

`

Spectrum

500-1500 GeV

2.5 TeV

Higgs

gauge resonance: W’,Z’

top fermionic resonances
   with exotics: (color=3, weak=2,Y=7/6) 

4 TeV graviton resonance

From AdS/CFT, predictions can be made: 

100-200 GeV

“Smoking Gun” 
possible at first LHC run

the higher the spin, 
the higher the mass

 Most natural DM candidate:  The lightest Technibaryon can 
be stable by TechniBaryon Number conservation (as baryons 
in QCD).



In addition to new degrees o freedom which could 
play the role of dark Matter, these models  may 
exhibit a different cosmology at the weak scale.

For instance, it is not clear we can assume a 
radiation-dominated universe up to very high 

temperatures as is commonly assumed.



What , " nature of " electroweak phase transition ?
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LHC will provide insight as it will shed light on the Higgs sector

Question intensively studied within the Minimal Supersymmetric Standard 
Model (MSSM). However, not so beyond the MSSM (gauge-higgs unification in 

extra dimensions, composite Higgs, Little Higgs, Higgsless...) 



Nature and properties of the EW phase transition reflect 
information on the dynamics behind EW symmetry breaking 

(e.g weakly or strongly interacting). 

 Out -of-equilibrium dynamics during the EW phase transition 
may be relevant for theories of baryogeneis and dark matter 

production

 Which experimental tests of a strong 1st order phase 
transition?



ΩGW ∼ κ2ΩGW ∼ 1
(β/H)2

κ2

Smoking gun signature Randall-Servant’06

Konstandin,Nardini,Quiros’10

Detection of a GW stochastic background peaked in the milliHertz:
 a signature of near conformal dynamics et the TeV scale

violent process if vb ~O(1)
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at a Hadron Collider at an e+ e-  Linear Collider

Typically lar. deviations to " Higgs self-c(plings

where

deviations between a factor 0.7 and 2

The dotted lines delimit 
the region for a strong 1rst 

order phase transition
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Testing " WIMP para+gm



Producing Dark Matter at LHC =  “Missing Energy” events

what is seen 
in the detector
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Figure 1: The EmissT and effective mass distributions for the background processes and for an example
SUSY benchmark point (SU3) in the one-lepton mode for an integrated luminosity of 1 fb−1. The black
circles show the SUSY signal. The hatched histogram show the sum of all Standard Model backgrounds;
also shown in different colours are the various components of the background.

4. estimation of that same double leptonic t t̄ background from a control sample derived by a cut on a
new variable HT2 (section 2.3.4);

5. estimation of tt̄ background by Monte Carlo redecay methods (section 2.3.5);

6. estimation of W and tt̄ background using a combined fit to control samples (section 2.3.6).

2.3.1 Creating a control sample by reversing theMT cut

The transverse mass MT is constructed from the identified lepton and the missing transverse energy. In
the narrow-width limitMT is constrained to be less thanmW for the semileptonic tt̄ and theW± processes.
Figure 2 shows that MT is only weakly dependent on EmissT . This variable is therefore suitable for the
estimation of the background distribution itself. Events with small MT (< 100 GeV) are selected as the
control sample, in which the t t̄ (∼ 84%) andW± (∼ 16%) processes are enhanced over the SUSY and
the other background processes. The large MT (> 100 GeV) region is referred to as the signal region.
Since, for the control sample, the other selection criteria are identical to those for events in the signal
region, the same kinematic distributions including EmissT can be obtained. The number of events for the
various processes in signal region and control sample is summarized in the Table 1.

Table 1: Number of background events and estimated numbers for t t̄,W± and QCD processes without
SUSY signal, normalized to 1 fb−1.

Signal Region Control Sample
tt̄(!!qq̄) 51 (25%) 1505 (77%)
tt̄(!!!!) 140 (70%) 132 (7%)
W±(!!) 10 (5%) 305 (16%)
SUSY(SU3) 450 317

The normalization factor is obtained from the event numbers of the signal region and the control
sample (100 < E

miss
T < 200 GeV), in which the SUSY signal contribution is expected to be relatively

4

SUPERSYMMETRY – DATA-DRIVEN DETERMINATIONS OF W , Z AND TOP BACKGROUNDS . . .
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Typical SUSY decay chain

Lots of jets

Lots of missing energy
Lots of leptons

easily mimicked by Kaluza-Klein decay chain:
3

electroweak interactions are a few percent. We find that
the corrections to the masses are such that mgn

> mQn
>

mqn
> mWn

∼ mZn
> mLn

> m!n
> mγn

. The light-
est KK particle γ1, is a mixture of the first KK mode
B1 of the U(1)Y gauge boson B and the first KK mode
W 0

1 of the SU(2)W W 3 gauge boson. (The possibility of
the first level KK graviton being the LKP is irrelevant
for collider phenomenology, since the decay lifetime of γ1

to G1 would be of cosmological scales.) We will usually
denote this state by γ1. However, note that the corre-
sponding “Weinberg” angle θ1 is much smaller than the
Weinberg angle θW of the Standard Model [10], so that
the γ1 LKP is mostly B1 and Z1 is mostly W 0

1 . The mass
splittings among the level 1 KK modes are large enough
for the prompt decay of a heavier level 1 KK mode to a
lighter level 1 KK mode. But since the spectrum is still
quite degenerate, the ordinary SM particles emitted from
these decays will be soft, posing a challenge for collider
searches.

The terms localized at the orbifold fixed points also
violate the KK number by even units. However, assum-
ing that no explicit KK-parity violating effects are put
in by hand, KK parity remains an exact symmetry. The
boundary terms allow higher (n > 1) KK modes to decay
to lower KK modes, and even level states can be singly
produced (with smaller cross sections because the bound-
ary couplings are volume suppressed). Thus KK number
violating boundary terms are important for higher KK
mode searches as we will discuss in Section IV.

III. FIRST KK LEVEL

Once the radiative corrections are included, the KK
mass degeneracy at each level is lifted and the KK modes
decay promptly. The collider phenomenology of the first
KK level is therefore very similar to a supersymmetric
scenario in which the superpartners are relatively close
in mass - all squeezed within a mass window of 100-200
GeV (depending on the exact value of R). Each level
1 KK particle has an exact analogue in supersymmetry:
B1 ↔ bino, g1 ↔ gluino, Q1(q1) ↔ left-handed (right-
handed) squark, etc. The decay cascades of the level 1
KK modes will terminate in the γ1 LKP (Fig. 3). Just
like the neutralino LSP is stable in R-parity conserving
supersymmetry, the γ1 LKP in MUEDs is stable due to
KK parity conservation and its production at colliders
results in generic missing energy signals.

It is known that supersymmetry with a stable neu-
tralino LSP is difficult to discover at hadron colliders
if the superpartner spectrum is degenerate. Hence the
discovery of level 1 KK modes in MUEDs at first sight
appears problematic as well – the decay products result-
ing from transitions between level 1 KK states may be
too soft for reliable experimental observation at hadron
colliders. This issue is the subject of this Section.

Before we address the possible level 1 discovery chan-
nels in some detail, we need to determine the allowed

FIG. 3: Qualitative sketch of the level 1 KK spectroscopy de-
picting the dominant (solid) and rare (dotted) transitions and
the resulting decay product.

decays at level 1 and estimate their branching fractions.
For any given set of input parameters (3) the mass spec-
trum and couplings of the KK modes in MUEDs are
exactly calculable [10]. Hence one obtains very robust
predictions for the main branching ratios of interest for
phenomenology.

KK gluon.— The heaviest KK particle at level 1 is the
KK gluon g1. Its two-body decays to KK quarks Q1 and
q1 are always open and have similar branching fractions:
B(g1 → Q1Q0) $ B(g1 → q1q0) $ 0.5.

KK quarks.— The case of SU(2)-singlet quarks (q1)
is very simple – they can only decay to the hyper-
charge gauge boson B1, hence their branchings to Z1

are suppressed by the level 1 Weinberg angle θ1 % θW :
B(q1 → Z1q0) $ sin2 θ1 ∼ 10−2 − 10−3 while B(q1 →
γ1q0) $ cos2 θ1 ∼ 1. Thus q1 production yields jets
plus missing energy, the exception being t1 → W+

1 b0 and
t1 → H+

1 b0 (the latter will be in fact the dominant source
of H+

1 production at hadron colliders).
SU(2)-doublet quarks (Q1) can decay to W±

1 , Z1 or
γ1. In the limit sin θ1 % 1 SU(2)W -symmetry implies

B(Q1 → W±
1 Q′

0) $ 2B(Q1 → Z1Q0) (4)

and furthermore for massless Q0 we have

B(Q1 → Z1Q0)

B(Q1 → γ1Q0)
$

g2
2 T 2

3Q (m2
Q1

− m2
Z1

)

g2
1 Y 2

Q (m2
Q1

− m2
γ1

)
, (5)

where g2 (g1) is the SU(2)W (U(1)Y ) gauge coupling, and
T3 and Y stand for weak isospin and hypercharge, corre-
spondingly. We see that the Q1 decays to SU(2) gauge
bosons, although suppressed by phase space, are numeri-
cally enhanced by the ratio of the couplings and quantum
numbers. With typical values for the mass corrections
from Fig. 2, eqs. (4) and (5) yield B(Q1 → W±

1 Q′
0) ∼

65%, B(Q1 → Z1Q0) ∼ 33% and B(Q1 → γ1Q0) ∼ 2%.



100 evts in 1 fb-1 

100 evts in 1 pb-1 

Event rate

L ~ 1033cm-2s-1 ~ 10 fb-1 year-1

σ ~ O(10) pb          ~ 105 wimps/year

Detecting large missing energy events will not be enough to prove that 
we have produced dark matter (with lifetime > H-1~1017 s)



LHC: not sufficient to provide all answers

Solving the Dark Matter problem requires 

 LHC sees missing energy events and measures mass for new particles

but what is the underlying theory? 
Spins are difficult to measure (need for e+ e-  Linear Collider)

1) detecting dark matter in the galaxy (from its annihilation products)

2) studying its properties in the laboratory

3) being able to make the connection between the two

 Need complementarity of particle astrophysics (direct/indirect experiments)
 to identify the nature of the Dark Matter particle



 Direct Detection

for example, “EDELWEISS”:

Laura Baudis, University of Zurich, SUSY10, August 26, 2010
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even though WIMPs are weakly interacting, this flux is large enough so that a 
potentially measurable fraction will elastically scatter off nuclei

WIMP flux on Earth: ~ 105 cm-2s-1 (for a 100 GeV WIMP)

X

X



WIMP indirect detection

6

Figure 1. A diagrammatic flow of how gamma rays are produced by annihilation
of dark matter and elements of the analysis chain used by the GLAST collaboration
to detect them. The double question mark in the simulation chain indicates high
uncertainty in the models of dark matter density and the new particle theories
discussed in the paper. The single question mark over the cosmic ray propagation and
interaction models indicates lesser, although significant, uncertainty in those models
that generate backgrounds to the potential dark matter gamma ray signal. In this
paper GALPROP (section 3.2) is used to estimate those backgrounds. In the next step,
γ-ray detection is simulated using standard detector simulation packages (GEANT 4).
Finally,these simulated LAT events are treated by various analysis software programs
(event reconstruction and statistical analysis) to generate the results presented in this
work. The same procedure is applied to the smoking gun signal of χχ → γγ, except
that in this case hadronization does not have to be taken into account.

transverse information about the energy deposition pattern §. The calorimeter’s depth

and segmentation enable the high-energy reach of the LAT and contribute significantly

to background rejection. The ACD is the LAT’s first line of defense against the charged

cosmic ray background. It consists of 89 different size plastic scintillator tiles and

9 ribbons with wave-length shifting fiber readout. The segmentation is necessary to

suppress self-veto effects caused by secondary particles emanating from the calorimeter
showers of high energy γ-rays [18].

2.1. LAT Exposure

For this paper, simulations of LAT all-sky “exposures” of 2 months, 1 year, 5 years

and 10 years are used in the analyses. LAT exposure is defined as the amount of cm2

s the LAT effective area integrates over many orbits, which is a complex calculation.

§ With the tracker the LAT presents 10 radiation lengths for normal incidence.

Anti-matter



WIMP indirect detection

number of annihilation events between two wimps from the local halo

N ~  n2 σ v . V. T

n ≈ 3 10-3  cm-3    if m≈100 GeV

 σ v ~ 1 pb . 10-3 ~ 10-12 GeV

 ->  N /year ~  1014 cm-3 (GeV.cm)-3 . V  (1 s ~ 1024 GeV-1 and GeV.cm~ 
1014)

 ->  N /year/km3 ~  10-13

--> look at regions where n is enhanced 
and probe large regions of the sky



Searches focus on regions of the sky where DM clumps: 
Galactic Center, dwarf galaxies...
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 Indirect Detection
4. Les expériences

Détection indirecte de neutrinos

AMANDA

ANTARES

4. Les expériences

Détection indirecte d’antiprotons : exemple d’AMS

Search for neutrinos in the South Pole
In the Mediterranean

Search for antiprotons in space

IceCube

Antarès

AMS



Fermi

Hess

Search for dark matter photons on  Earth

and in space

 Indirect Detection



 Seeing the light from Dark Matter
γ’s from DM annihilations consist of 2 components

● Continuum

 from hadronisation, decays 
of SM particles & final state 

radiation

 secondary γ’s  primary γ’s

almost featureless but with sharp 
cutoff at Wimp mass

loop-level annihilation 
into γ+X

-> mono energetic lines superimposed 
onto continuum at 

-> striking spectral feature, 
SMOKING GUN signature of 

Dark Matter

  lines are usually small (loop-suppressed) 
compared to continuum☹

☺
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● Lines

Bergstrom, Ullio, Buckley ’98

f$/F (E$/EF)

WIMPs which annihilate into 
pairs of leptons produce a 
relatively hard spectrum of 
gammas from FSR.  (e’s and 
!’s are even somewhat 
harder than "’s).

Annihilation into quarks 
ultimately produces #0s 
which decay into pairs of $s.

Heavy particles (W, Z, h, t, b) 
produce a mixture, ending up 
looking much like hadronic 
final states.
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Figure 7: Comparison of the electron (left) and proton (center) fractions and photon
(right) fluxes produced by possible DM annihilation channels, for M = 1 TeV.

is sometimes considered as favored, but we do not attach a statistical meaning to this
sentence.

Marginalizations over nuisance parameters and other statistical operations are per-
formed as described in Appendix B of [37]. We will show plots of the χ2 as a function of
the DM mass: an interval at n standard deviations corresponds (in Gaussian approxima-
tion) to χ2 < χ2

min + n2, irrespectively of the number of data points. We will not report
the value of χ2/dof as it is a poor statistical indicator; furthermore the number of dof
is not a well-defined quantity when (as in the present case) data-points with accuracies
much smaller than astrophysical uncertainties are effectively irrelevant.

5 PAMELA positron data

We start our data analysis considering only the PAMELA e+/(e+ + e−) observations (16
data points) [3].

Taking into account the DM distribution and positron propagation effects in the
Galaxy, the energy spectra of the positron fraction originating from different DM an-
nihilation channels is plotted in the left panel of Fig. 7 for the DM mass M = 1 TeV.
As expected, the most energetic positrons come from the pure leptonic channels and the
softest spectra are produced in quark annihilation channels.

Fitting data as described in the previous section, Fig. 8 shows how well the possible
DM annihilations into two SM particles can fit the PAMELA positron excess. Fig. 9
shows the boost factor Be (with respect to the cross section suggested by cosmology,
σv = 3 10−26 cm3/sec) and Be · σv that best fits the PAMELA excess. We see that DM
annihilations into e, µ, τ,W can reasonably well reproduce the data for any DM mass,

14

M = 1 TeV

Cirelli, Kadastik, 
Raidall, Strumia ’09

e

!

q

"

W, Z, t, b, h

Monday, November 9, 2009
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Figure 1. A diagrammatic flow of how gamma rays are produced by annihilation
of dark matter and elements of the analysis chain used by the GLAST collaboration
to detect them. The double question mark in the simulation chain indicates high
uncertainty in the models of dark matter density and the new particle theories
discussed in the paper. The single question mark over the cosmic ray propagation and
interaction models indicates lesser, although significant, uncertainty in those models
that generate backgrounds to the potential dark matter gamma ray signal. In this
paper GALPROP (section 3.2) is used to estimate those backgrounds. In the next step,
γ-ray detection is simulated using standard detector simulation packages (GEANT 4).
Finally,these simulated LAT events are treated by various analysis software programs
(event reconstruction and statistical analysis) to generate the results presented in this
work. The same procedure is applied to the smoking gun signal of χχ → γγ, except
that in this case hadronization does not have to be taken into account.

transverse information about the energy deposition pattern §. The calorimeter’s depth

and segmentation enable the high-energy reach of the LAT and contribute significantly

to background rejection. The ACD is the LAT’s first line of defense against the charged

cosmic ray background. It consists of 89 different size plastic scintillator tiles and

9 ribbons with wave-length shifting fiber readout. The segmentation is necessary to

suppress self-veto effects caused by secondary particles emanating from the calorimeter
showers of high energy γ-rays [18].

2.1. LAT Exposure

For this paper, simulations of LAT all-sky “exposures” of 2 months, 1 year, 5 years

and 10 years are used in the analyses. LAT exposure is defined as the amount of cm2

s the LAT effective area integrates over many orbits, which is a complex calculation.

§ With the tracker the LAT presents 10 radiation lengths for normal incidence.
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● The position and strength of lines can provide a wealth of information about DM:

→ γγ  line measures mass of DM

 → relative strengths between lines provides 
info on WIMP couplings

→ observation of γH would indicate WIMP is 
not scalar or Majorana fermion

→ if other particles in the dark sector, we 
could possibly observe a series of lines

[the “WIMP forest”, Bertone et al. ’09]

Eγ = MDM
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4M2
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Jackson et al. ’09

● detected from the ground (ACTs) 
and from above (FERMI)

 Seeing the light from 
Dark Matter



NFW profile
 adiabatically
contracted

 γ-ray lines from the Galactic Center ΔΩ= 10-5 sr

Spectra for parameters leading to 
correct relic density and satisfying direct 

detection constraints
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Huge experimental effort towards the identification of Dark Matter

Signature of
 Annihilation 

in space

Indirect  
Missing Energy 

signature in high 
energy accelerators

Collider experiments  
Elastic Scattering 

signature in 
underground labs

Direct  
Antimatter
Neutrinos

Gamma Rays

The Dark Matter Decade



Are " Dark Ma!er 
and baryon abundances related ?

beyond the standard WIMP paradigm ...

 ΩDM≈ 5-6 Ωbaryons 



Ma!er Anti-ma!er asymmetry of " universe:
characterized in terms of the 

baryon to photon ratio η ≡

nB − nB

nγ
~ 6. 10-10 

 10 000 000 001
Matter

 The  great annihilation between 
nucleons & anti-nucleons

 10 000 000 000
Anti-matter

1
(us)

n + n̄→ π + π → γ + γ + ...

Γ ∼ (mNT )3/2e−mN /T /m2
π ∼ H ∼ √g∗T

2/mPloccurs when

corresponding to a freeze-out temperature TF ~ 20 MeVΓ! H

Γ ∼ H

Γ! H

nN

s

≈ 7 × 10
−20

109 times smaller than observed, 
and there are no antibaryons

-> need to invoke an initial asymmetry

 In absence of 
an asymmetry:



Ωdm

Ωb
∼ 5 Does this indicate a common dynamics?

PPC 2011

 INTRODUCE AN ASYMMETRY IN DM NUMBER DENSITY

 USE DYNAMICS TO RELATE THIS ASYMMETRY IN DM TO THAT 

IN BARYONS

 LEADING TO

 THE VALUE OF       DEPENDS ON THE DETAILS OF THE DYNAMICS 

CONNECTING DM AND BARYONS...SEE LATER

ndm − ndm "= 0

ndm − ndm ∝ nb − nb

C

Ωdm

Ωb
∼ (ndm − ndm)mdm

(nb − nb)mb
∼ C

mdm

mb

If 

then 
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ndm − ndm "= 0

ndm − ndm ∝ nb − nb

C

Ωdm

Ωb
∼ (ndm − ndm)mdm

(nb − nb)mb
∼ C

mdm

mb

Similarly, Dark Matter may be asymmetric

QDM(n
DM

− nDM) = Qb(nb − n
b
)

two possibilities: 
1) asymmetries in baryons and in DM generated simultaneously

2) a pre-existing asymmetry (either in DM or in baryons) is 
transferred between the two sectors

conservation of 
global charge:

if efficient 
annihilations: 

Ωdm

Ωb
∼ Qb

Qdm

mdm

mb

typical expected 
mass ~ GeV



Sakharov’s conditions for baryogenesis (1967)

Γ(∆B > 0) > Γ(∆B < 0)

1) Baryon number violation 

2) C (charge conjugation) and CP (charge conjugation ×Parity) violation

3) Loss of thermal equilibrium

(we need a process which can turn antimatter into matter)

(we need to prefer matter over antimatter)

(we need an irreversible process since in thermal equilibrium, the 
particle density depends only on the mass of the particle  and on 

temperature --particles & antiparticles have the same mass , so no 
asymmetry can develop)

In thermal equilibrium, any reaction which destroys baryon number  will be exactly 
counterbalanced by the inverse reaction which creates it. Thus no asymmetry may 
develop, even if CP is violated. And any preexisting asymmetry will be erased by 

interactions



Baryogenesis without B nor L nor CPT

Possible if dark matter carries baryon number 

Farrar-Zaharijas hep-ph/0406281
Agashe-Servant hep-ph/0411254

In a universe where baryon  number is a good symmetry, Dark matter would store 
the overall negative baryonic charge which is missing in the visible quark  sector

Davoudiasl et al 1008.2399



Quniverse  =  0  =    Q   +   (-Q)}}

carried by 
baryons

carried by 
antimatter

X
DM

b

Assume an asymmetry between b and      is created via the 
out-of-equilibrium and CP-violating decay :

b

Charge conservation leads to

QDM(n
DM

− nDM) = Qb(nb − n
b
)

 Kitano & Low, hep-ph/0411133 

If efficient annihilation between         and      , and     and      DM bDM b

ρDM = mDMn
DM

≈ 6ρb → mDM ≈ 6
QDM

Qb

GeV

Farrar-Zaharijas hep-ph/0406281
Agashe-Servant hep-ph/0411254

Davoudiasl et al 1008.2399
(DM carries B number)

(X and DM carry Z2 charge)
West, hep-ph/0610370

}

:

Generalization:  DM & baryon 
sectors share a quantum 

number (not necessarily B)



X
DM

b
out-of equilibrium and CP violating decay of X 
sequesters the anti baryon number in the dark sector, 
thus leaving a baryon excess in the visible sector

Ωb ≈

1

6
ΩmA unified explanation for DM and baryogenesis 

QDM(n
DM

− nDM) = Qb(nb − n
b
)

If efficient annihilation between         and      , and     and      DM bDM b

ρDM = mDMn
DM

≈ 6ρb → mDM ≈ 6
QDM

Qb

GeV

asymmetry between b and b is created via the 
out-of-equilibrium and CP-violating decay :

GUT baryogenesis at the TeV scale !

turns out to be quite natural in warped GUT models...

Agashe-Servant-Tulin in progress

-



Z3  symmetry in the SM:   symmetry

SM not charged, GUT partners are... 

lightest   -charged particle (LZP) stable

Φ→ Φ e
2πi

[
B− (α−ᾱ)

3

]

Z3

number of color indices

Z3

Agashe-Servant’04

any non-colored particle that carries 
baryon number will be charged under Z3 

e.g  warped GUTs

conserved in any theory where baryon number is a good symmetry



Z2  versus  Z3  Dark Matter
Agashe et al, 1003.0899 

T
t

DM

Z2 Z3

DM
b

T
b

DM
DM

t
T

Many Dark Matter models rely on a Z2  symmetry. However, other symmetries can 
stabilize dark matter. Can the nature of the underlying symmetry be tested?
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What controls the Dark Matter abundance?
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1

a preview of this afternoon lecture:



Within the next 10 years, we will probe 
experimentally  the electroweak symmetry 

breaking sector as well as the WIMP 
paradigm and its variations

If no detection: interest will move to other 
candidates: axions, sterile neutrinos

Conclusion

[lectures by G. Raffelt & M. Shaposhnikov ]


