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2010: First collisions at the LHC ?

Direct exploration of the Fermi scale starts.

main physics goal:

‘ What is the mechanism of Electroweak Symmetry breaking ? |




(Tl Standend Mudel. /ﬂf Lurticle Pém

/L=< FAFW + (N ¥i¥j hehe) + NiMgN; % [Dy |2 -V(h)
andard
A neutrino electroweak
gauge flavour
B ok R i mass sector symmetry
(if Majorana) breaking sector
SU(3)exSU(2)xU(1)y

- one century to develop it
- fested with impressive precision
- accounts for all data in experimental particle physics

The Higgs is the only remaining unobserved piece
and a portal o new physics hidden sectors



Higgs Mechanism

EW symmetry breaking is described by the

condensation of a scalar field
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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.

Re(4) |

the puzzle: _
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.



o What is unitarizing the W W, scattering amplitude?
W W

wt wt

e What is cancellin_g the divergen’r diagrams? (i.e what is keeping the Higgs light?)

: Hierarchy problem
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2 2
= OMp o A A , the maximum mass scale
that the theory describes

strong sensitivity on UV unknown physics

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

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

— theoretical need for new physics at the TeV scale




W sewr physics<

Minimally extended

Supersymmetric (2 Higgs doublets)

Electroweak
symmetry breaking

Composite, Higgs as
pseudo-goldstone

Higgsless,
99 boson, H=As

technicolor-like,
B-dimensional

In all explicit examples, without unwarranted cancellations, new
phenomena are required at a scale A~[3-5] x Muiggs




Composite Higgs ?
Little Higgs ?
Littlest Higgs ?
Intermediate Higgs ?
Slim Higgs ?
Fat Higgs ?
Which Higgs ? S
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



Most recent experimental successes

top discovery
Solar, atmospheric & terrestrial neutrino oscillations
Direct CP violation in K mesons
2 CP violation in B mesons
Validation of quantum properties of Standard Model
2 Observation of accelerated expansion of the universe

Determination of the energy/matter content of the universe

Nevertheless:

We're lacking the understanding of 95 % »
5% ordinary

of the energetic content of the universe
matter




2 agor obsernations WW ﬁ the Standard Model

«the Dark Matter of the Universe
- e . —
Ny % } 15% baryonic matter (1% in stars, 14% in gas)

85% dark unknown matter

« the (quasi) absence of antimatter in the universe

baryon asymmetry: N8-N8 ~ 1010
ng+Ng

— observational need for new physics

— what does this have to do with the TeV scale?




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

. 4 . Galaxy rotation curves
The "Bullet cluster”: lensing = e

Gravitational lensing map versus X-ray image : NGC 6503
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-> Fraction of the universe's energy
| density stored in dark matter :
Qpm= 0.22
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The picture from as’rrophysncal and cosmological
observations is getting more and more focussed

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



Matter power spectrum

Density fluctuations
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Dark matfer candidates: fwo main possibilities

very light & only XSizable (but not strong) couplings
gravitationally coupled (or to the SM  -> symmetry needed
with equivalently suppressed To guarantee stability
couplings) -> stable on Thermal relic: Q h? « 1/< Ognni V>

cosmological scales

Production mechanism is

model-dependent, rf v = <Oanni V>= 0.1 pb
depends on early-universe 2 S U \ : 7,
gt e . he WIMP miracle
O ~ 0?/m?

ex: meV scalar with 1/Mp, o A
couplings (radion)

= m ~ 100 GeV

x=m/T (time =)

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

be > m/25 (= weak requirement)
an alternative: superWIMPs (where most often the

above calculation is still relevant since SuperWIMPs
are produced from the WIMP decay) - gravitino, KK graviton

Dependence on reheat temperature



Diank Maller aad tbe. Forvsi scall

Fraction of the universe's energy density 0.2 pb
stored in a stable massive thermal relic: Qpm=

— a particle with a typical Fermi-scale cross section
Oanni ® 1 pb leads to the correct dark matter abundance.

a compelling coincidence
(the "WIMP miracle")

Which particle? How to test this hypothesis?




New symmetries at the TeV scale and Dark Matter

—_——— —————————————————————— — — —— — — _———

to cut-off quadratically
divergent quantum corrections *
to the Higgs mass

New TeV scale
physics needed

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

mass spectrum,
Interactions

New Particles
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detection
signatures & rates




Model building beyond the Standard Model: “historical” overview

the attitude:

SUSy R-parity— LSP
> [70 ies to now]
5T Naturalness is what
S O
= 9 ADD matters, dark matter is a
>3 [98-99] :
@ ° secondary issue
RS
[99 to now]
- UED CK-parihy ke Lower your ambition (ho
§ é? [2001 t0 nOW] [2002] . a’r;;\mp; to exElc;i.n T?i
£ Little Higgs ~ Toarin-ime  Men/Mahierarchy) rather
il: [2002-2004] [R003] PUT a ~ TeV cutoff
= WARCL® " :
g Minimal® SM  assume d':‘:"e*e Give up naturalness, focus
9 8 : symmetry,
£ § extensions typically a Z; on dark matter and EW
3 -f’ [2004 to now] precision tests. OpTiOHGII
i 2 also require unification
S



Dark Matter Candidates

little hierarchy | Hierarchy pb |

M EW / M Pl
hierarchy
adressed

adressed(~

cutoff)

TeV  ignored

SPIN 0

- axion
- radion
- branon
- singlet scalar
- adjoint scalar
(=spinless photon)

}(not wimps)

SPIN 1/2

- Dirac neutrino
- SU(2) p-uplet
- neutralino

- axino

SPIN 1

- Heavy photon (KK
or B-partner in Little Higgs)

SPIN 3/2

- Gravitino

SPIN 2
- KK Graviton




Dark matter fheorx

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

in last few years --> questioning of naturalness as a
motivation for new physics @ the Weak scale

“minimal appreach™ focus on dark matter only and do not rely on
models that solve the hierarchy problem

+ various “hints" (7...): DAMA, INTEGRAL, PAMELA, ATIC

== dark matter model building since ~2008: data driven



a typical example of
the "minimal approach:

A two-Higgs extension of the SM with an unbroken Z, symmetry

Hi = Hi and Hz = - H2 (and all SM fields are even)
L v . 2 4 . . "y : < w AJ I ¢ ]
V = ui|Hi|? + p3|Ha|? + M |Ha|* + Xo| Ho|* + A3|H1|?|Ha|? + Aa|H] Ha|? 4 5 _(HIHQ)2 + h.c.
Annihilation:
W+ (Z) Hy h Hy_ f Ho
Ho. < H, W+ (2) Ho. W (2) Ho hoog, . h ,h<
H™ (Ao) Ho . X H(]’ F Ao(HY) -
Ho W~ (2) He - () Ho W-(2)  H Y n o Ho ‘h
g° g° ALg AL 22 ALAL ALYf
Elastic scattering:
H() A H(] HO
q q q q

o~ O(10) pb, within sensitivity of future experiments

(Tlo Jnert. Doudlot Modol (7D



Producing Dark Matter at LHC = "Missing Energy” events
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Typical SUSY decay chain

Lots of jets
Lots of leptons
Lots of missing energy




Production cross-section (pb)

Example of a common signaTur'e:
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Event rate

[ﬂ35
| . CwlPbl PP —EE, qa. Tt 5% V. 108, 750
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L ~ 1033cm2s!~ 10 fb! year!
o ~ O(10) pb —p ~ 10° wimps/year

Detecting large missing energy events will not be enough to prove
that we have produced dark matter (with lifetime > H'~10' s)



LHC: not sufficient to provide all answers

LHC sees missing energy events and measures mass for new particles

but what is the underlying theory?
Spins are difficult fo 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

T fo identify the nature of the Dark Matter particle J—




1 pb : the typical cross section

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

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

[On ~ (mn2/W2)/A%) go ~ 107 pb]

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




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 ’rerres’rmal
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:

Z
q DEEE )
Tl = ql“ = 2p“v*(1 — cosH)
QMHUCZGUS momentum reduced scattering angle in
fransfer mass center of mass frame

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

=l typical recoil energy:

2
E’recoz’l e Mnucleus v

~1-100 keV



nuclear distribution of
form factor wimp velocities

dR oo P 5 /”’maw f(v)
= F d
dErecoil 2 Mwimp ,u2 (’q‘) v v =

main

dark mTTTer' :e?sify PR 0.3 Gevcm-3
in galactic halo:
9 ~ 3000 Wimps.m3 if m~100 GeV

Vmax ~ 650 km/s (galactic escape velocity)
U \/Erecoianucleus/z,Uz

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

» < 1 event/100kg/day if wimp-nucleon cross section is 107 pb
(0w /00 ~ (Mn/p2)/ A%)
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WIMP-nucleon og

107 pb = 10"

108 pb=—=> 10"

Experimental results

Spin-independent cross section
. (hormalized to nucleons)
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Future prospects

CDMS Il Current
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WIMP indirect detection

number of annihilation events between two wimps from the local halo

N~ nfov.V.T
n= 3103 cm3 if mr100 GeV
ov~1pb.103 ~ 101 GeV

= 4 2 3 (1s~10%*GeV!and
-> N /year ~ 10"*cm™ (GeV.cm)™® . V GeV.cm~ 1014)

-> N /year/km3~ 1075

--> look at regions where n is enhanced
and probe large regions of the sky
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Huge experimental effort
towards the identification of Dark Matter
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Matter Antc-malfer zjmwwfﬂ Oocnativaad aw@c@

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

At the galactic scale: There is antimatter in the form of antiprotons in cosmic rays
with ratio ng/n, ~ 10~* which can be explained with processes such as

DEEp=—-3D: 4D

At the scale of galaxy clusters: we have not detected radiation coming from

annihilation of matter and antimatter dueto p+p — el 0%

TLB—TLE

The asymmetry between matter and antimatter is .
characterized in terms of the baryon to photon ratio 77 —

Tl

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 ng/s ratio takes a constant value as long
as B is conserved and no entropy production takes place. Today, the conversion factor is

npg —’TLE = T
S B




How do we measure n ?

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

1) Big Bang Nucleosynthesis predictions depend on the ratio ng /ny

Many more photons than baryons delays BBN
by enhancing the reaction D y —pn

» 3He y

DD —3Hen

I'D—4He n

Dp

2) Measurements of CMB anisotropies

probe acoustic oscillations of the baryon/photon fluid

The amount of anisotropies depend on ng /ny



Primordial abundances versus N
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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

e e R T o e | S el s [t
which become ineffective when
[ ~ny/msi~H

leading to a freeze-out temperature

S e e
S



Sakharov's conditions for baryogenesis (1967)

1) B violation

2) C and CP violation

3) Loss of thermal equilibrium
Eeels S s le S



Why can't we achieve baryogenesis in the SM?

B is violated

C and CP are violated

but which out-of-equilibrium condition?
no heavy particle which could decay out-of-equilibrium
no strong first-order phase transition

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)



Lep‘rogene&s Fukugita, Yanagida

nicely connected to the explanation of neutrino masses

Majorana neutrino masses violate L and presumably CP

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

H

2) L gets converted to B by the electroweak anomaly

Out of equilibrium condition: H>I'~ A% M1/(81T)

at T~ M1 this leads to A v? /M1 < (8T1) v2/Mp ~ meV

=

see-saw formula for my



The basic physics
L _ M,
¥ = L+ NiidNy+MNHL + —N7i 4
1 ‘\',-2.32‘.@.'\'.-_),3 -1 /\2.3 N. 2 ;I.{L \ y h.C.

One can redefine fields in such a way that the ineliminable CP-vioIa’ring phase is in A2 3

H

I'(Ny - LH)-T(Nit > LH) 1 M

€1 = — ~ Im\2
= e e e e
— cefficiency
and npB €17 depends on how much decays are
= out-of-equilibrium and on

T~ gsm washout of L by scatterings



Wash-out /,// «+ [/ and [, ], «+ [/} AL=2 scatterings

YNs = VYegq (LH - ZH) YNt = Yeq (LL - HI-—I)

relevant only if Mi;> 10 GeV



1) nucleation and expansion
of bubbles of broken phase
B

' 2) CP violation at phase
interface
broken phase responsible for mechanism
< (|)> — O of charge separation 3) In symmetric phase,<®>=0,
= very active sphalerons convert
Bar}lon number ' chiral asymmetry into baryon
is frozen Chirality Flux asymmetry
in front of the wall
-
i Electroweak baryogenesis mechanism relies on

a first-order phase transition

What is the nature of the electroweak phase transition?
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L If CP violating effects are large at
weak energies, we obtain the right

amount of baryon asymmetry



Rate i-B vivletiow iotle EW@@@/%@

Es h e
=28 R(-E O e ( 3 ) i eahly
4 a7

Arnold-McLerran’87
Khlebnikov-Shaposhnikov’88
Carson-McLerran’90
Carson-Li-McLerran-Wang’90

Out-of-equilibrium condition:

=" sphaleron bound



Z out % WM% % eéa‘mﬁfM /44@ ransceon

first-order

V(g)/v*

0.01 |
0.0075 |
0.005 !
0.0025 !

—0.0025 |
—0.005 |

e e GeV
50 100W00 ¢ (GeV)

second-order?

V(p)v*

0.02 |

0.01 |

—-0.01 |

-0.02 |

/ /

00 150 200 250 00

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...)



add a nhon-renormalizable ®° term to the SM Higgs potential and allow a hegative quartic coupling
Bk
A2

V(®) = pp|®° — A @[* A

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

2000

complete one-loop potential

strong enough e <¢n>/Tn '
for EW baryogenesis 1500
if A < 1.3 TeV

1250

1000

N\ (GeV)

| region where EW phase
transition is 1st order

750

500 ¢

250

T T | 7 e et it

mp, (GeV)



Sps JW//%@& éfja o P Higrs -l —WJ

mi V5
2 =y —_I_ 6 ooy
o %H2+%H3+ %H4+... S, 5 5 A2
2 UQ
m 0
H :
Yo

Contours of

B/ psy—1

The dotted lines
delimit the region for
a strong 1rst order
phase fransition

@ém‘m éﬁ(fmd/ wcter O, 74/1/2






Something exciting about the milliHertz frequency
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Cosmic connec’rions of electroweak s Jmme’rr‘ y breaking:

A multi-form and integrated approach
Large
Cosmic Scale Big Bana
Microwave Structures Nucleosynthesis
Background

Antimatter
LEP \ ; searches
(e",p.D)

T Dark Matter ——

fevanren B / Neutrino
oL \ telescopes

Large =
d 1oy
| IC—loCihg%rtl \ \ Telescopes

dWIMP :
e'e .

(L Neutrino | uUndergroun
CLoln%lgr _LISA oscillations =~ defectors

An opportunity to enjoy interdisciplinarity




To conclude

600

500

250

400
300+
200+

100+

300"
200"
100

50

ot

- Number of papers with "dark matter”
- in the title (from spires) versus time

70 80 90 00
Papers with "baryogenesis” or "baryon

asymmetry” or “leptogenesis” in the title |

08

== ﬁﬂmﬂﬂmﬂﬂHHHﬂUH H H =

70 80 90 00 08
Papers with “"dark energy” in the title
! ! [ -
70 80 90 00 08



Annexes



mn >114 GeV

~2

m?/u?

State of MSUGRA

"<Qg>#0

<H,> > <H,>

<H,> —

0

0.2

[Giudice & Rattazzi, ‘0O6]



Space-time is a slice of AdSs
[Randall, Sundrum ‘99]

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



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

the TeV (IR) brane

‘ After canonical normalization of the Higgs:
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parameter in the 5D lagrangian

Mp; )
TeV

Planck
brane

kmR ~ log(

brane
y =0 i Tt
Exponential hierarchy from O(10) hierarchy in the 5D theory

One Fondamental scale : Ms ~ Mp; ~ k ~ As/k ~ 1~}

Radius stabilisation using bulk scalar (Goldberger-Wise mechanism)

b i T
k?“:—k—ln £

2 ~ 10
T™m Vo

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



