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November 2009: First collisions at the Large Hadron Collider (LHC)   

➜ The LHC: A gigantic microscope

At the LHC, we collide protons at an unprecedented energy of 14 ×1012 electron-Volt. 

By studying the products of these collisions, we  hope to discover new particles and 
push our understanding of the laws of physics to the smallest distant scales 

The LHC: The Largest (27 km) & most powerful particle accelerator on earth



Going to higher energies 
➾ allows to study finer details

L = 400 km L = 800 km



relative size absolute size

The elementary blocks of matter

Matter is made of molecules ...

Molecules are made of atoms ...

Atoms are made of a nuclei and electrons ...

Nuclei are made of protons and neutrons ...

Protons and neutrons are made of quarks ...



Direct exploration of the Fermi scale  has started

What is the mechanism of Electroweak Symmetry breaking ?

main physics goal 
at the LHC:

i.e distances < 10-15 cm



what is the origin of the mass of 
elementary particles

search for the Higgs Boson

in other words:



!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

gauge 
sector

flavour 
sector

neutrino mass 
sector 
(if Majorana)

+  (λij  Ψi Ψj  h + h.c)  +  Ni Mij Nj + |Dμ  h|2 -V(h)a -  Fμν FaμνL    = 
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breaking sector
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Forces Matter Background



Light propagating in a medium is slowed down by its continuous 
interaction with the medium itself

Think of the Higgs field as being a continuum medium embedding the whole 
universe. Particles interacting with it will undergo a similar “slow-down” 

phenomenon. Rather than slowing down however the interaction with the higgs 
medium gives them inertia  ->  mass.

The number“v” is a universal property of the higgs field background. The 
quantity λ is  a characteristic of a particle moving in the higgs field. Particles 

which have a large λ  will have a large mass.

v

!
m ! !v

[M. Mangano]



Electroweak Unification

electromagnetism

weak force

neutral 
current

charged
current
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γ

γ Z
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 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:



Which Higgs ?

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 ?



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 ? 
 does it generate EW symmetry breaking and give mass to 
fermions too as in the Standard Model or is something else needed ? 
 what are its couplings to itself and other particles 
 Spin determination 
 CP properties

 If no : 
               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 m!! of ±2 GeV around 120 GeV are given.

Cut !! Reducible ! j Reducible j j EW !! j j Total
" (fb) " (fb) " (fb) " (fb) " (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 |! | < 2.37
excluding the transition region between barrel and endcap calorimeters, 1.37 < |! | < 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 |! | < 5 with pT > 40,20 GeV for the leading and sub-
leading jet, respectively. The tagging jets must be in opposite hemispheres, ! j1 ·! j2 < 0, where ! j1
and ! 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, !! 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 |! | < 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 W! backgrounds, their expected distribution is
approximated by showing an average of the number of events passing the analysis cuts in the m!! 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 !! background while reducing the W!
background by a factor 20 and the ZH! ""!! signal by a factor 2.

Vc In order to further suppress the W! 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 tt̄!! and bb̄!! 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 W! ! µ"! , the W! ! e"! 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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 top quark discovery

Solar, atmospheric & terrestrial neutrino oscillations

Direct CP violation in K mesons

CP violation in B mesons

Validation of quantum properties of Standard Model

Observation of accelerated expansion of the universe

Determination of the energy/matter content of the universe

 Most recent experimental successes in 
particle physics

Nevertheless: 
We’re lacking the understanding of 95 % of 

the energetic content of the universe



We don’t understand 96 % of the energy budget of the universe



Precision Cosmology

expansion 
rate

age of the 
universe

fraction of the total 
energy density in 
matter

fraction of the 
total energy 
density in “dark 
energy”

WMAP Cosmological Parameters

Model: lcdm+sz+lens

Data: wmap7

102!bh2 2.258+0.057
!0.056 1 ! ns 0.037± 0.014

1 ! ns 0.0079 < 1 ! ns < 0.0642 (95% CL) ABAO(z = 0.35) 0.463+0.021
!0.020

C220 5763+38
!40 dA(zeq) 14281+158

!161 Mpc

dA(z") 14116+160
!163 Mpc "2

R (2.43 ± 0.11) " 10!9

h 0.710 ± 0.025 H0 71.0 ± 2.5 km/s/Mpc

keq 0.00974+0.00041
!0.00040 !eq 137.5 ± 4.3

!" 302.44± 0.80 ns 0.963± 0.014

!b 0.0449± 0.0028 !bh2 0.02258+0.00057
!0.00056

!c 0.222 ± 0.026 !ch2 0.1109± 0.0056

!! 0.734 ± 0.029 !m 0.266± 0.029

!mh2 0.1334+0.0056
!0.0055 rhor(zdec) 285.5± 3.0 Mpc

rs(zd) 153.2 ± 1.7 Mpc rs(zd)/Dv(z = 0.2) 0.1922+0.0072
!0.0073

rs(zd)/Dv(z = 0.35) 0.1153+0.0038
!0.0039 rs(z") 146.6+1.5

!1.6 Mpc

R 1.719 ± 0.019 "8 0.801± 0.030

ASZ 0.97+0.68
!0.97 t0 13.75± 0.13 Gyr

# 0.088 ± 0.015 $" 0.010388± 0.000027

$" 0.5952± 0.0016 # t" 379164+5187
!5243 yr

zdec 1088.2± 1.2 zd 1020.3± 1.4

zeq 3196+134
!133 zreion 10.5 ± 1.2

z" 1090.79+0.94
!0.92





Nucleosynthesis

Formation of structures

protons and neutrons





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

85% dark unknown matter

}

}
nB-nB
nB+nB-

-baryon asymmetry:             ~ 10-10

→ observational  need for new physics

 2 major observations unexplained by # Standard Model

→ what does this have to do with the electroweak scale?

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



attendue d’après 
le nombre d’étoiles

distribution des vitesses
observée

galaxy rotation curves

M(r) ∝ v2 r
GN



gravitational lensing

observateur
 terrestre

lentille
 gravitationnelle



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

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

... 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



Matter power spectrum

Power spectrum for CDMPower spectrum for CDMPower spectrum for CDM

matter-radiation equality



Neutrinos 

Collisionless dampingCollisionlessCollisionless dampingdamping

CDM

HDM

hot dark 
matter

cold dark 
matter



Why can’t dark matter be explained by the Standard Model?
qu
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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 ! type
Baryons 4 - 5 % froid

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

Particle ! type
Baryons 4 - 5 % cold

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

1
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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



Dark matter candidates: two main possibilities

The “WIMP miracle”

very light & only gravitationally 
coupled (or with equivalently 

suppressed couplings) -> stable 
on cosmological scales

sizable (but not strong)  couplings to 
the SM  -> symmetry needed to 

guarantee stability

⇒ <σanni v>= 0.1 pb

σ ~ α2/m2   

 ⇒ m ~ 100 GeV

Thermal relic: Ω h2 ∝ 1/< σanni v> 

an alternative: superWIMPs (where most often the 
above calculation is still relevant since SuperWIMPs 

are produced from the WIMP decay)

Very general, does not depend on early universe 
cosmology, only requires the reheat temperature to be 

≥ m/25 (= weak requirement)

Production mechanism is 
model-dependent,

 depends on early-universe 
cosmology

Dependence on reheat temperature

ex: meV scalar with 1/MPl 
couplings (radion)

ex: gravitino, KK graviton

XX ! ff

XX ff

XX ff



The “WIMP miracle”

⇒ <σanni v> = 0.1 pb

σ ~ α2/m2   

 ⇒ m ~ 100 GeV

Thermal relic: Ω h2 ∝ 1/<σanni v>

XX ! ff

XX ff

XX ff



Fraction of the universe’s energy density 
stored in a stable massive thermal relic:

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

Dark Ma%er and # Fermi scale

ΩDM≈ 0.2 pb
σanni

a compelling coincidence (the “WIMP miracle”)



 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



Producing Dark Matter at LHC =  “Missing Energy” events

what is seen 
in the detector

hadronic
 jets

leptons

Interaction

7 TeV 7 TeV

p p

q

q

q

q
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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
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energy from 
dark matter



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



WIMP direct detection

Because they interact so weakly, Wimps drifting through the Milky Way 
pass through the earth without much harm. 

Just a few Wimps are expected to collide elastically  upon terrestrial 
nuclei, partially transferring to them their kinetic energy. 

Direct detection consists in observing the recoiled nuclei.



WIMP indirect detection
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FIG. 1: The total di!erential photon distribution from anni-
hilations of an inert Higgs dark matter particle (solid line).
Shown separately are the contributions from H0H0

→ bb̄
(dashed line), !+!! (dash-dotted line) and Z" (dotted line).
This is for the benchmark model I in Table I.

detection, boost factors of such magnitudes are not nec-
essary. For H0 masses closer to the W threshold the !!
annihilation rates become even higher and in addition
Z! production becomes important. In fact, these signals
would potentially be visible even without any boost at all
(especially if the background is low, as might be the case
if the EGRET signal is an galactic o!-center source as
indicated in [22]). Also shown in Fig. 2 is the data from
the currently operating air Cherenkov telescope HESS
[23]. One may notice that future air Cherenkov tele-
scopes with lower energy thresholds will cover all of the
interesting region for this dark matter candidate.

Finally, we have made a systematic parameter scan
for mh = 500 GeV, calculating the cross section into
gamma lines. The previously mentioned constraints al-
low us to scan the full parameter space for dark matter
masses below the W threshold of 80 GeV. The depen-
dence on mH± and "2 is small, and we set these equal to
mH0 +120 GeV (to fulfill precision tests) and 0.1, respec-
tively. Importantly, one notes that the right relic density
is obtained with a significant amount of early Universe
coannihilations with the inert A0 particle. The resulting
annihilation rates into !! and Z! are shown in Fig. 3.
The lower and upper mH0 mass bounds come from the
accelerator constraints and the e!ect on the relic density
by the opening of the W+W! annihilation channel, re-
spectively. For comparison, we show in the same figure

TABLE I: IDM benchmark models. (In units of GeV.)

Model mh mH0 mA0 mH± µ2 #2×1 GeV

I 500 70 76 190 120 0.1

II 500 50 58.5 170 120 0.1

III 200 70 80 120 125 0.1

IV 120 70 80 120 95 0.1
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FIG. 2: Predicted gamma-ray spectra from the inert Higgs
benchmark models I and II as seen by GLAST (solid lines).
The predicted gamma flux is from a "# = 10!3 sr region
around the direction of the galactic center assuming an NFW
halo profile (with boost factors as indicated in the figure) and
convolved with a 7 % Gaussian energy resolution. The boxes
show EGRET data (which set an upper limit for the contin-
uum signal) and the thick line HESS data in the same sky di-
rection. The GLAST sensitivity (dotted line) is here defined
as 10 detected events within an e!ective exposure of 1 m2yr
within a relative energy range of ±7 %.

the corresponding annihilation rates for the neutralino
(#) within the minimal supersymmetric standard model.
The stronger line signal and smaller spread in the pre-
dicted IDM flux are caused by the allowed unsuppressed
coupling to W pairs that appear in contributing Feynman
loop diagrams.

Summary and Conclusions.— In this Letter, we have
investigated the gamma-ray spectrum from the annihi-
lation of the inert Higgs dark matter candidate H0. In
particular, we have focused on its striking gamma lines
which arise at the one-loop level and produce an excep-
tionally clear dark matter signal.

The gamma line signals are particularly strong for this
scalar dark matter model mainly for two reasons: (1) The
dark matter mass is just below the kinematic threshold
for W production in the zero velocity limit. (2) The
dark matter candidate almost decouples from fermions
(i.e., couples only via standard model Higgs exchange),
while still having ordinary gauge couplings to the gauge
bosons. In fact, these two properties could define a more

TABLE II: IDM benchmark model results.

Model v$v"0
tot Branching ratios [%]: #CDMh2

[cm3s!1] "" Z" bb̄ cc̄ !+!!

I 1.6 × 10!28 36 33 26 2 3 0.10

II 8.2 × 10!29 29 0.6 60 4 7 0.10

III 8.7 × 10!27 2 2 81 5 9 0.12

IV 1.9 × 10!26 0.04 0.1 85 5 10 0.11

gamma-ray spectra
 (Inert doublet model)
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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,
!-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 "" ! !!, 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 di!erent size plastic scintillator tiles and

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

suppress self-veto e!ects caused by secondary particles emanating from the calorimeter
showers of high energy !-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 e!ective area integrates over many orbits, which is a complex calculation.

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

Anti-matter
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smoking gun: gamma-ray line from 
direct anni into γγ or γZ



● photons travel undeflected and point directly to source
● photons travel almost unattenuated and don’t require a diffusion model
● detected from the ground (ACTs) and from above (FERMI)

 Seeing the light from Dark Matter



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



Ma%er Anti-ma%er asymmetry:

The universe we live in is made of matter (fortunately for us)

Where has the antimatter gone?



At the scale of the solar system: no concentration of antimatter otherwise its 
interaction with the solar wind would produce important source of γ’s visible radiation

At the galactic scale: There is antimatter in the form of antiprotons in cosmic rays with 
ratio                            which can be explained with processes such as     

p + p ! 3p + p

np/np ! 10
!4

p + p ! !
0
... ! ""

At the scale of galaxy clusters: we have not detected radiation coming from 
annihilation of matter and antimatter due to                                              .                               

Ma%er Anti-ma%er asymmetry: Observational evidence

The asymmetry between matter and antimatter is 
characterized in terms of the baryon to photon ratio ! !

nB " nB

n!

The number of photons is not constant over the universe evolution. At early times, it is better to compare the 
baryon density to the entropy density since the nB/s ratio takes a constant value as long as B is conserved and no 

entropy production takes place. Today, the conversion factor is 

nB ! n
B

s
=

!

7.04



Ma%er Anti-ma%er asymmetry:

characterized in terms of 
the baryon to photon ratio

! !

nB " nB

n!
~ 6. 10-10 

 10 000 000 001
Matter

 The  great annihilation

 10 000 000 000
Anti-matter

1
(us)



How do we measure η ?

1) Big Bang Nucleosynthesis predictions depend on the ratio nB /nγ  

probe acoustic oscillations of the baryon/photon fluid

2) Measurements of CMB anisotropies

Counting baryons is difficult because only some fraction of them formed stars and 
luminous objecs. However, there are two indirect probes:

Many more photons than baryons delays BBN
 by enhancing the reaction D γ →pn

The amount of anisotropies depend on nB /nγ 



The abundance of light elements (deuterium, helium, lithium) strongly 
depends on the amount of  protons and neutrons in the primordial universe.

at t<1 s



Primordial nucleosynthesis



Primordial abundances versus η Dependence of the CMB Doppler peaks on η 

η = 10
!10

!{ 6.28 ± 0.35

5.92 ± 0.56
! = 10!10

! (6.14 ± 0.25)

!bh
2

= 0.0223
+0.0007
!0.0009

(CMB temperature fluctuations)

baryons: only a few percents of the total energy density of the universe



How much baryons would there be in a symmetric universe?

nucleon and anti-nucleon densities are maintained by annihilation processes

n + n !" ! + ! !" " + " + ...

TF ! 20 MeV

which become ineffective when 

! ! nN/m2

! ! H

leading to a freeze-out temperature

nN

s

! 7 " 10
!20



Sakharov’s conditions for baryogenesis (1967)

1) Baryon number violation 

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

3) Loss of thermal equilibrium

!("B > 0) > !("B < 0)

(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

Need to go out of equilibrium

-> Long-lived particles decays out of equilibrium

-> first-order phase transitions

Need for



Why can’t we achieve baryogenesis in the Standard Model?

B is violated

C and CP are  violated

Electroweak phase transition is a smooth cross over

Also, CP violation is too small (suppressed by the small quark masses, 
remember there is no CP violation if quark masses vanish)

but which out-of-equilibrium condition?

no heavy particle which could decay out-of-equilibrium

no strong first-order phase transition



Conclusion:

The Standard model of Particle Physics is incomplete: 
It cannot explain the dark Matter nor the matter-antimatter 

asymmetry of the universe

New Physics is needed!



Which physics beyond 

(e Standard Model ?



ordinary matter is made of fermions which are tied to 
each other by bosons



Interactions between particles 

Elementary particles interact with each other by 
exchanging gauge bosons

!

e
!

e
!

e
!

e
!



One single type of matter
One single fundamental interaction

strong interaction

weak interaction

electromagnetic interaction

Theories of grand unification
in

te
ns

it
y 

of
 f

or
ce

s



Supersymmetry

Fermions

Bosons particles of force

particles of matter

fermions repel each other

 bosons can pile up



(

(

Atom
electrons + nucleus

Nucleus
quarks (Super)String

(Hair)
(observable universe) (Earth)

String Theory

10!10m 10!17m 10!35m



Extra Dimensions
String theories are (well) defined only in spacetime with 10 or 11 dimensions

These extra dimensions are assumed to be curled up



2010: A new era starts 
for particle physicists



Back to Mick’s question: “How do we know?”



The Milky Way: One galaxy
among hundreds of billions of  
galaxies in our universe



Our universe: some hundreds of billions of galaxies

A distribution which 
reflects the effect 

of gravity

stars ⊂ galaxies ⊂ galaxy groups ⊂ galaxy clusters ⊂ superclusters

the largest known 
structures



The main characteristic of our universe: homogeneous & 
isotropic at large scales (>100 Mpc)

The observable universe: ~ 3000 Mpc  (1 Mpc ≃ 

3.26×106 light-years ≃ 3×1024cm)

at scales < 100 Mpc: very inhomogeneous structure 
(galaxies, clusters, super-clusters)

catalog of 200 000 galaxies -> measure 
of the matter content of the universe) 



Matter has condensed into filaments, super-clusters , and  clusters of galaxies.
Numerical simulations of the evolution of the primordial evolution of matter enable to  determine the 
history of some 20 millions of galaxies

The material of the universe is not distributed at random but there is a structure on the very largest scales



Property 1: Universe is homogeneous and isotropic:

It looks the same  whatever the position of the observer is 
or whatever the direction being observed is

no preferred position, 
no center

cosmic microwave background 
anisotropies : 

!T

T
! 0.001%



property 2: the universe is expanding

v= H × r

The velocity of recession of a galaxy is proportional 
to its distance from us

spectral lines from distant 
galaxies are shifted towards 
the red end of the spectrum

1929: Edwin Hubble

Hubble 
constant

 Doppler Effect
1+v/c
1-v/c√λ’=λ The amount of shift depends on the apparent 

brightness and hence on the distance



The universe was denser and hotter in the past

Expansion dilutes the number of particles and “stretches”  the wavelength of photons, i.e. 
decreases their frequency-> redshift



Big Bang theory

Gμν   =   8 π G   Tμν

The Robertson-Walker metric, 
characterized by the  “scale 

factor” a(t)

the energy-
momentum tensor

H = a
a

.expansion 
rate

Einstein 
Equation :

space-time is curved by the presence of matter/energy



√    8πG ρ
3

H =
Friedmann 
Equation:

expansion 
rate

total energy 
density

   What is the value of ρ ?
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The 2.7 K Cosmic Microwave Background

The peak position 
depends on  Ωtot

the relative height 
between the first two 
peaks depends on Ωb



Why the same temperature everywhere?

At last scattering the particle horizon was 
only ~ 100 Mpc, subtending an angle of 
about 1 degree. Why then are the large 

number of causally disconnected regions 
on the sky at the same temperature?

rH =
! t

0

c dt

R(t)

!T

T
! 0.001%

particle horizon

[H. Murayama]



To allow causal contact  over the whole of the region 
observed at last scattering  requires a universe that 

expanded “faster than light” near t=0

 => phase of accelerated expansion known as the 
inflationary universe



From inflation to structure formation

The universe is larger than our observable horizon! Regions that we see now as widely separated in oppposite directions in 
the sky were much closer together before inflation and could have been in direct contact, solving the horizon problem.



Back to dark Energy



How are we led to the conclusion that there is some  “dark energy”?

1) Postulate a cosmological model

2) Calculate observables

3) compare with observations: Supernovae,  galaxies (distribution of matter 
density fluctuations/power spectrum), galaxy clusters (mass, redshift, 
structure), gravitational lensing (measurement of deflection angles is 

affected by the presence of dark energy)

-> No possible “fit” of the cosmological model if ρΛ =0.

- Friedmann-Lemaitre-Robertson-Walker metric (Friedmann) equation

- energy content ρ = ρM + ρR + ρΛ + ...

-> The “fit” gives  the value of the “cosmological constant” : 
ρΛ = (10-4 eV)4



18 Frieman, Turner & Huterer

No Big Bang

Flat

0.0 0.5 1.0

0.0

0.5

1.0

1.5

2.0

!m

!
"

SNe

BAO

CM
B

0.0 0.1 0.2 0.3 0.4 0.5

-1.5

-1.0

-0.5

0.0

SNe

BAO

CM
B

!M

w

Figure 8: Left panel: Constraints upon !M and !! in the consensus model using
BAO, CMB, and SNe measurements. Right panel: Constraints upon !M and
constant w in the fiducial dark energy model using the same data sets. From
Kowalski et al. (2008).

shown in the second column of Table 1.
To both illustrate and gauge the sensitivity of the results to the choice of

cosmological parameters, we also consider a “fiducial dark energy model”, in which
spatial flatness (k = 0, !0 = 1) is imposed, and w is assumed to be a constant
that can di"er from !1. For this case the cosmological parameter constraints are
given in the third column of Table 1.

Although w is not assumed to be !1 in the fiducial model, the data prefer a
value that is consistent with this, w = !0.94 ± 0.1. Likewise, the data prefer
spatial flatness in the consensus model in which flatness is not imposed. For
the other parameters, the di"erences are small. Fig. 8 shows how di"erent data
sets individually and in combination constrain parameters in these two models;
although the mix of data used here di"ers from that in Table 1 (SNe are included
in Fig. 8), the resulting constraints are consistent.

Regarding Sandage’s two numbers, Table 1 reflects good agreement with but
a smaller uncertainty than the direct H0 measurement based upon the extra-
galactic distance scale, H0 = 72± 8 km/s/Mpc (Freedman et al. 2001). However,
the parameter values in Table 1 are predicated on the correctness of the CDM
paradigm for structure formation. The entries for q0 in Table 1 are derived from
the other parameters using Eq. (6). Direct determinations of q0 require either
ultra-precise distances to objects at low redshift or precise distances to objects
at moderate redshift. The former is still beyond reach, while for the latter the
H0/q0 expansion is not valid.

If we go beyond the restrictive assumptions of these two models, allowing both
curvature and w to be free parameters, then the parameter values shift slightly
and the errors increase, as expected. In this case, combining WMAP, SDSS,
2dFGRS, and SN Ia data, Spergel et al. (2007) find w = !1.08 ± 0.12 and

ΩΛ

Ωm
Ωb
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supernova redshift z

Evidence for Dark EnergyEvidence for Dark EnergyEvidence for Dark EnergySupernovae (SNe1a)

1) Use Standard candles
2) Measure luminosity and redshift

3) make an hypothesis on the cosmological model
4) compare observations and model

-> The “fit”leads to the value of the `cosmological constant’ ρΛ = (10-4 eV)4



value deduced from observations:
ρΛ = (10-4 eV)4 =10-16 eV4

expected (theoretical) value: ~ 10120 times the observed value
Λ= MPlanck  ->  ρΛ = 10112 eV4

Λ= TeV  ->  ρΛ = 1048 eV4

what an embarrassment ....
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vacuum quantum fluctuations
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Future plans



The coincidence problem (the “why now?” problem)



Questions ?



Some web sites

http://www.universeadventure.org/
http://map.gsfc.nasa.gov/universe/index.html
http://www.aip.org/history/cosmology/

http://www.universeadventure.org
http://www.universeadventure.org
http://map.gsfc.nasa.gov/universe/index.html
http://map.gsfc.nasa.gov/universe/index.html
http://www.aip.org/history/cosmology/
http://www.aip.org/history/cosmology/

