
CERN Physics department, Theory Unit

Géraldine SERVANT

Cosmology and ! Pa"icle 

Accelerator Connection



2010: First collisions at the LHC   ?

Direct exploration of the Fermi scale starts.

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

gauge 
sector
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sector
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mass sector 
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+  (λij  Ψi Ψj  h + h.c)  +  Ni Mij Nj + |Dμ  h|2 -V(h)a -  Fμν FaμνL    = 
Model

Standard

electroweak 
symmetry 

breaking sector
SU(3)CxSU(2)LxU(1)Y



50 100 150 200 250 300
Φ !GeV"

"0.02

"0.01

0.01

0.02

V!Φ"#v4 ⤵ 
T →

 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



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



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 neutrons (QCD confines quarks into color singlet hadrons) 
would be a little changed

-proton becomes heavier than neutron! no more stable

-> no hydrogen atom

-> very different primordial nucleosynthesis

-> a profundly different (and terribly boring) universe



 top 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

Nevertheless: 
We’re lacking the understanding of 95 % 
of the energetic content of the universe



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 TeV scale?

the (quasi) absence of antimatter in the universe

 the Dark Matter of the Universe



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



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



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. 

Which particle? How to test this hypothesis?

Dark Ma&er and ! Fermi scale

ΩDM≈ 0.2 pb
σanni

a compelling coincidence 
(the “WIMP miracle”)



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



Dark Matter Candidates

}(not wimps)



 in last few years --> 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 Ine"  D'blet Model (IDM)

A two-Higgs extension of the SM with an unbroken Z2 symmetry
H1 →  H1      and  H2 → - H2   (and all SM fields are even) 

; Hambye, Tytgat 07 ..... Lopez Honorez-Nezri-Oliver-Tytgat 06; Gerard-Herquet’07
 Deshpande-Ma’78; Barbieri-Hall-Rychkov 06

Annihilation:

a typical example of 
the “minimal approach”:

Elastic scattering:

 σ~ O(10-9) pb,  within sensitivity of future experiments



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
g~ g~

q~

χ~0
2
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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 . . .

16

1528

Standard 
Model 

background

Missing 
energy from 
dark matter



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%.



Example of a common signature: 

from pair-production of top partners that decay into DM

SUSY:

Little Higgs 

Universal extra dimensions 

Randall-Sundrum GUTs

t̃→ χ0 t

T → AH t

t(1) → B(1) t

t(1)
′
→ ν(1)′ ν(1)′ t

Dirac 
fermions

Majorana 
fermion

scalar

Gauge 
bosons

t t + large ET
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Figure 1: Leading order QCD cross section for top partner pair production at the LHC, as a function
of its mass. The solid line corresponds to a spin- 1

2
particle, the dashed line to a spin-0 state. The

two dashed horizontal lines indicate the cross sections for the SM background processes tt̄ and tt̄Z
with tree-level matrix elements. The left panel shows the results before T decay, and the right panel
includes the decay branching fractions to the semi-leptonic final state bj1j2 b̄!−ν̄ + E/T , before any
kinematical acceptance.

The rest of the paper is organized as follows. In Sec. II, we study the signal observability

by carefully examining the kinematics and optimizing the background suppression. In Sec. III,

we discuss the feasibility of spin and mass determination. We summarize and conclude in

Sec. IV.

2. Signal Observability

In this section, we present a viable method for discovering new physics in the tt̄ + E/T final

state as in Eq. (1.2). We assume for the purpose of the following discussion that the top

partner T is a color triplet under SU(3)C and a doublet under SU(2)L.

2.1 Production Rates at the LHC

The leading production mechanism for the top partners is via QCD interactions

qq̄, gg → T T̄ . (2.1)

In Fig. 1(a), we present the total leading order T T̄ production cross section at the LHC as

a function of the mass of the T . The solid line corresponds to a spin-1
2 particle; the dashed

line corresponds to a spin-0 state. αs is calculated at two loops, with the renormalization and

factorization scales set equal to
√

s/2, and using the CTEQ 4M parton distribution functions

[21]. We see from the figure a factor of 8 − 10 difference between the scalar and the fermion

production cross sections. A factor of 4 comes from simple spin-state counting, and the

remainder is due to threshold effects.

– 3 –



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



1 pb : the typical cross section 

1 pb : typical scattering cross section of wimps with nuclei 
(-> relevant for direct detection experiments like CDMS)

X X

qq

1 pb : typical annihilation cross section of wimps at 
freeze out for giving the correct abundance today 

X

X q

q

1 pb : typical cross section for wimp production at LHC 
(from ~ 500 GeV gluino pair production)

X

X

q

q

[σn ~ (mn2/μ2)/A2 ) σ0 ~ 10-7 pb]



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.



An incoming wimp with velocity v interacts upon a nucleus at rest to which a 
momentum q is transferred. The energy deposited in the detector by this collision is:

typical velocity:  v ~ 300 km.s-1 ~ 10-3c

|q|2 = 2µ2v2(1− cos θ)
momentum 
transfer

scattering angle in 
center of mass frame

reduced 
mass

Erecoil =
|q|2

2Mnucleus

typical recoil energy: 

Erecoil ∼Mnucleusv
2 ~ 1 - 100 keV

Energy of recoiled nuclei



Event rate

ρ≈ 0.3 GeVcm-3

                                ≈ 3000 Wimps.m-3 if m≈100 GeV

< 1 event/100kg/day if  wimp-nucleon cross section is 10-7 pb

: cross section at zero momentum transfer; contains model-dependent factorsσ0

vmax ~ 650 km/s (galactic escape velocity)
vmin =

√
ErecoilMnucleus/2µ2

distribution of 
wimp velocities

nuclear 
form factor

dR

dErecoil
=

σ0 ρ

2 Mwimp µ2
F 2 (|q|)

∫ vmax

vmin

f(v)
v

dv

(σn /σ0 ~ (mn2/μ2)/A2 )

dark matter density 
in galactic halo:



Experimental results

Laura Baudis, University of Zurich, GGI Dark Matter Conference, February 9, 2009
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σ0SI ~ A2 , benefits from 
coherent scattering

σ0SD ~ J(J+1)
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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



WIMP indirect detection

3

x = Eγ/mH0
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γ
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FIG. 1: The total differential photon distribution from anni-
hilations of an inert Higgs dark matter particle (solid line).
Shown separately are the contributions from H0H0

→ bb̄
(dashed line), τ+τ− (dash-dotted line) and Zγ (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 γγ
annihilation rates become even higher and in addition
Zγ 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 off-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 λ2 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 γγ and Zγ are shown in Fig. 3.
The lower and upper mH0 mass bounds come from the
accelerator constraints and the effect 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 λ2×1 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 ∆Ω = 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 effective exposure of 1 m2yr
within a relative energy range of ±7 %.

the corresponding annihilation rates for the neutralino
(χ) 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 vσv→0
tot Branching ratios [%]: ΩCDMh2

[cm3s−1] γγ Zγ bb̄ cc̄ τ+τ−

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,
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
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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.
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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.

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



Figure 7. The projected exclusion limits at the 95% confidence level from five years
of observation with the Fermi gamma ray space telescope (formerly known as GLAST)
on the WIMP annihilation cross section as a function of its mass, for the case of an
NFW halo profile. The region above the dotted line is already excluded by EGRET [68].
The dashed and solid lines show the projections for Fermi for an assumed isotropic
diffuse background and in the limiting case in which the astrophysical background has
the same angular distribution as the dark matter signal, respectively. Also shown are
points representing a random scan of supersymmetric models. Figure from Ref. [67].

rays with energies over the range of 100 MeV to 300 GeV.
In Fig. 7, the sensitivity of Fermi to dark matter annihilations in the

Galactic Center region is shown for the case of an NFW halo profile and
a WIMP annihilating to W+W−. For this halo profile, WIMPs with an
annihilation cross sections of < σXX |v| >∼ 3 × 10−26 cm3/s are near the
threshold for detection by Fermi. For WIMPs with approximately this cross
section, halo profiles more cuspy than NFW are thus likely to be observable
by Fermi, whereas less dense profiles are unlikely to lead to an identifiable
signal.

If the dark matter density in the inner parsecs of the Milky Way is not
particularly high, or if the astrophysical backgrounds turn out to be par-
ticularly foreboding, the prospects for identifying dark matter annihilation
radiation from the Galactic Center may be quite unfavorable. In this case,
regions of the sky away from the Galactic Center may be more advanta-
geous for dark matter searches. In particular, dwarf spheroidal galaxies
within and near the Milky Way provide an opportunity to search for dark
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Huge experimental effort 
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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 → π
0
... → γγ

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 η ≡

nB − nB

nγ

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
=

η

7.04



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 



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

η = 10
−10

×{ 6.28 ± 0.35

5.92 ± 0.56
η = 10−10

× (6.14 ± 0.25)

Ωbh
2

= 0.0223
+0.0007
−0.0009

(CMB temperature fluctuations)

baryons: only a few percents of the total energy density of the universe
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How much baryons would there be in a symmetric universe?

nucleon and anti-nucleon densities are maintained by annihilation processes

n + n ←→ π + π ←→ γ + γ + ...

TF ∼ 20 MeV

which become ineffective when 

Γ ∼ nN/m2

π ∼ H

leading to a freeze-out temperature

nN

s

≈ 7 × 10
−20



Sakharov’s conditions for baryogenesis (1967)

1) B violation

2) C and CP violation

3) Loss of thermal equilibrium
Γ(∆B > 0) > Γ(∆B < 0)



Why can’t we achieve baryogenesis in the SM?

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



Leptogenesis

1) Generate L from the direct CP violation in RH neutrino decay

2) L gets converted to B by the electroweak anomaly 

Fukugita, Yanagida

nicely connected to the explanation of neutrino masses

 Majorana neutrino masses violate L and presumably CP 

Out of equilibrium condition: H>Γ~ λ2 M1/(8π)

at T~  M1  , this leads to   λ v2 /M1      <  (8π)  v2 /MPl   ~ meV

mν see-saw formula for



 The basic physics

One can redefine fields in such a way that the ineliminable CP-violating phase is in λ2,3

ε1 ≡

Γ(N1 → LH) − Γ(N1 → LH)

Γ(N1 → LH) + Γ(N1 → LH)
∼

1

4π

M1

M2,3

Imλ
2

2,3

and nB

nγ
≈

ε1η

gSM

efficiency
depends on how much decays are 

out-of-equilibrium and on
 washout of L by scatterings



LH ↔ LH LL ↔ HHWash-out    and    ΔL=2 scatterings   

relevant only if  M1 > 1014 GeV



broken phase 

<Φ>≠0
Baryon number

 is frozen

2)  CP violation at phase 
interface

 responsible for mechanism  
of charge separation 3)  In symmetric phase,<Φ>=0,

very active sphalerons convert 
chiral asymmetry into baryon 

asymmetryChirality Flux 
in front of the wall

Baryon asymmetry and ! Fermi scale

Electroweak baryogenesis mechanism relies on 
a first-order phase transition

1)  nucleation  and expansion 
of bubbles of broken phase

What is the nature of the electroweak phase transition?



EW baryo(nes) ) natural ...

dnB

dt
∼ nB

Γsph

T 3

nB =

∫ +∞

−∞

dnB

dt

dz

vz } nB ∝

Γsph

T 3vz

∫ 0

−∞

nL dz

Γsph ∼ 25 α
5
wT

4
∼ α

4
wT

4

If CP violating effects are large at 
weak energies, we obtain the right 

amount of baryon asymmetry

nB

s
∼

α
4
w

g∗
εCP ∼ 10

−10

εCP 10
−2>

∼



Rate of B violation in ! EW broken phase 

Γ= 2.8 × 105(
αW

4π
)4κC

−7

Arnold-McLerran’87
Khlebnikov-Shaposhnikov’88

Carson-McLerran’90
Carson-Li-McLerran-Wang’90
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Work 't ! nature of ! electroweak phase transition
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indispensable for reliable computations of the baryon asymmetry

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...) 



Effective field +eory a,roach
 add a non-renormalizable Φ6 term to the  SM Higgs  potential and allow a negative quartic coupling

 “strength” of the transition does not rely on the one-loop 
thermally generated negative self cubic Higgs coupling

Delaunay-Grojean-Wells ’08
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Figure 4: Plot of the ratio ξn = 〈φ(Tn)〉/Tn characterizing the strength of the phase transition
using the thermal mass approximation of [2] (left) and the complete one-loop potential
(right). The contours are for ξn = {1, 2, 3, 4} from top to bottom. f is the decay constant
of the strong sector the Higgs emerges from, and mh is the physical Higgs mass.

detailed in this article. We compare these results with the sensitivities of current gravity
wave detectors, and of proposed gravity wave detectors of the future.

3.2.1 Characterizing the spectrum

Previous studies [24, 25, 26] of the gravity wave spectrum culminate in showing that it can
be fully characterized by the knowledge of only two parameters derived ultimately from the
effective potential6. The first one is the rate of time-variation of the nucleation rate, named
β. Its inverse gives the duration of the phase transition, therefore defining the characteristic
frequency of the spectrum. The second important parameter, α, measures the ratio of the
latent heat to the energy density of the dominant kind, which is radiation at the epoch
considered: α ≡ ε/ρrad. They are both numerically computed from the effective action S3/T
at the nucleation temperature as follows. The time-dependence of the rate of nucleation is
mainly concentrated in the effective action and β is defined by β ≡ −dSE/dt

∣∣
tn

. Using the

6This conclusion is valid under the assumption of detonation. However, in practice the bubble expand in
a thermal bath and not in the vacuum and friction effects taking place in the plasma slow down the bubble
velocity. Therefore, it might be important to consider the deflagration regime as in Ref. [27]. When the
phase transition is weakly first order, we obtained under the approximations of [28] a wall velocity lower
than the speed of sound. However, in the interesting region where the phase transition gets stronger, we
approach the detonation regime and the approximations of [28] have to be refined to accurately compute the
wall velocity.
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region where EW phase 
transition is 1st order
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for EW baryogenesis 
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#) scena-o pre.cts lar( deviations to ! Higgs self-c'plings
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Expe-mental tests of ! Higgs self-c'pling

at a Hadron Collider

at an e+ e-  Linear Collider

... or at the gravitational wave detector LISA



Something exciting about the milliHertz frequency

complementary to collider informations

f = f∗
a∗

a0

= f∗

(
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)1/3
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LISA: Could be a new window 
on the Weak Scale
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Cosmic connections of  electroweak symmetry breaking:
A multi-form and  integrated approach
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An opportunity to enjoy interdisciplinarity 



Number of papers with “dark matter” 
in the title (from spires) versus time
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A blooming field

To conclude

Abundance of experimental activity 
related to dark matter searches

still much activity in model building

many viable alternatives to LSPs
LKPs, LZPs, LTPs, IDM ...

with a large variety of signatures



Annexes



[Giudice & Rattazzi, ‘06]

State of mSUGRA

mh >114 GeV



Space-time is a slice of AdS5

ds2
= e−2kyηµνdxµdxν

− dy2

y = 0
y = πR

The effective 4D energy scale varies with position along 5th dimension

4D 
graviton

Planck 
brane

IR brane M
2

Pl ∼

M3
5

k

 RS1 (has two branes)     versus   RS2 (only Planck brane)

[Randall, Sundrum ‘99]



Solution to the Planck/Weak scale hierarchy 
The Higgs (or any alternative EW breaking) is localized at y=πR, on 

the TeV (IR) brane

y = 0 y = πR

Planck 
brane

4D 
graviton

TeV 
brane

 EW

After canonical normalization of the Higgs:

kπR ∼ log(
MPl

TeV
)

Exponential hierarchy from O(10) hierarchy in the 5D theory

Radius stabilisation using bulk scalar (Goldberger-Wise mechanism)

veff = v0e
−kπR

parameter in the 5D lagrangian 

Warped hierarchies are radiatively stable as 
cutoff scales get warped down near the IR brane

One Fondamental scale : M5 ∼ MPl ∼ k ∼ Λ5/k ∼ r−1

kr =
4

π

k2

m2
ln

[

vh

vv

]

∼ 10


