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2010: First collisions at the LHC

Direct exploration of the Fermi scale has started.

main physics goal:

What is the mechanism of Electroweak Symmetry breaking ?
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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 ?



What questions the LHC experiments should try to answer :

Does a Higgs boson exist ?

If yes :

¥] is there only one ?

¥] what are its mass, width, quantum numbers ?

¥] does it generate electroweak 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

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...



Event rate at hadron (pp) colliders
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searching for the Higgs is like searching for a specific corn
grain in a very large corn field ...




SM higgs production at the LHC

Higgs—strahlung Vector boson fusion
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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



Most recent experimental successes

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

Nevertheless ...



... We're lacking the understanding of 96 7%
of the energy budget of the universe

74% Dark Energy

4% Atoms



Precision Cosmology

WMAP Cosmological Parameters
Model: lcdm+-sz+lens

Data: wmap7
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Atoms

Dark
4.6% Energy
712%
Dark
Matter
23%
TODAY
Neutrinos Dark
10 % Matter
63%
Photons
15%
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)
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Three major experimental facts are still lacking a
theoretical explanation :

X The mass of elementary particles (gauge bosons, quarks & leptons)
* dark matter (stable, non-baryonic, non-relativistic, neutral particle)

X the matter - antimatter asymmetry (The three Sakharov condi’rions)



2 major olbsutin WW ﬁ the Standard Model

e the Dark Matter of the Universe

Some invisible transparent matter (that does not interact with photons)
which presence is deduced through its gravitational effects

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

85% dark unknown matter

e the (quasi) absence of antimatter in the universe

baryon asymmetry: N8N8 10-10
Ne+Ng

— observational need for new physics

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




distribution des vitesses
observée

attendue d'aprés
le nombre d'étoiles

M(<r) = Vér
EN

At large distances from the center, beyond the edge of the
galaxy, the velocity would be expected to all as 1/sqrt(r) if most of
the matter is contained in the optical disk while it was observed to

remain constant, implying the existence of an extended dark halo



lentille
gravitationnelle

Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) « STScl-PRC00-08

observateur
terrestre




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

Gravitational lensing

Galaxy Cluster Abell 2218 HST « WFPC2

NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) *« STScl-PRC00-08

Cosmic Microwave Background
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The picture from astrophysica
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

and cosmological




Density fluctuations

Matter power spectrum

not baryonic
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Neutrinos

hot dark cold dark
matter matter

not hot
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Why can't dark matter be explained by the Standard Model?

Matter Forces
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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



The “WIMP miracle”
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Dark Matter Candidates Q~1

0
WIMP - thermal relic
e photon KK (s=1)
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In Theory Space

reccei-Quinn

Supersymmetry
most) |
prgjoron Standard Model aino
3/‘&\/1‘5/‘/70
sterile | sreutrino
heé(fr/‘no
e,

Extra Dimensions

Technicolor &
GComnosite Higgs

- WIMP thermal relic

. superWIMP

condensate
gravitational production
N or at preheating




Dﬁé‘ Matter M/ Z% Lermi 5@%

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")



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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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 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 (post LEP-2)--> 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:

----------
----
“““

- ‘N
'0

scalar

s ferm'on
raaad = I x/o t

Little Higgs T ‘* AH t—

= bosons_.

Universal extra dimensions t(l)_E ——pUy

Randall Sundrum GUTs t(l) ﬁy(l) _(1) t

T 7 QCD top iii'd'diii:'{i&iii \ \D
3 irac™

100
10k . fermlons
L Uz

o
—_—

0.01

0.001E

Fermionic T production 7

B | | Scalar T prloduct\i\(\)\ri\“\l\\\ ] _
600 800 1000 1200 1400
m_. (GeV)




Event rate

[ﬂ35
| . CwlPbl PP —EE, qa. Tt 5% V. 108, 750
IOO evts In I Pb-l_) ['E'E LI ﬂ
0 | e
| ﬂ 5%
L ﬂ ﬂ VS = 14 TeV
100 evts in | fb! =" v W
evts In |
-2: ﬂ m [GeV]

10

100 150 200 250 300 350 400 450 500

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%)



WIMP flux on Earth: ~ 10° cm'?s™ (for a 100 GeV WIMP) & - (‘jﬁﬁéi&ﬁgl’5;
even 1'hough WIMPs are weakly im‘er'ac‘rin?, this flux is large enough so :: A
that a potentially measurable fraction will elastically scatter off nuclei
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Experimental results

Spin-independent cross section
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Future prospects
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X W/z/q

WIMP Dark
Matter Particles
Ecym~100GeV

+ a few p/p, d/d
Anti-matter




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



Indirect Detection

Search for neutrinos in the South Pole

In the Mediterranean
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Indirect Detection

and in space




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




@ Continuum

Matter Particles
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Seeing the light from Dark Matter

e What if the nature of DM is such that production of "direct” photons can be large?

e The position and strength of lines can provide a wealth of information about DM:

— YY line measures mass of DM

X E:{T
X X — relative strengths between lines provides

M2 ) info on WIMP couplings

Efy — MDM (1

— observation of YH would indicate WIMP is

not scalar or Majorana fermion
Jackson et al. ‘09

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

[the "WIMP forest”, Bertone et al. '09]



Photon flux produced by DM annihilations

and collected from a region of angular size AQ

ad:— 1 r@p%
dE ~ 47 AM3,, 2 o)y

includes all possible
annihilation final statés

microphysics l

Astrophysical uncertainties on
the DM density profile

for DM decay: MW halo model|r; in kpc ps in GeV/ecm® J (10—5)
<0fU> 1 NFW [20] 20 0.26 15010
X 5 > Einasto [21] 20 0.06 7.6 -10°
AMZ s TMpas Adiabatic[22] 47107
. for observation of the galactic center

Pl region with angular acceptance AQ=107



dd 2 Searches focus on regions of the sky where DM
dE clumps: Galactic Center, dwarf galaxies...

Astrophysical uncertainties on the
DM density profile
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What about Higgs production today in
Dark Matter annihilations or Dark Matter decays?

DM



Indirect probes of the Higgs in space

Discovery of a gamma-ray line produced by WIMP annihilations in space and
whose energy reflects the mass of the Higgs (and the WIMP)

could even allow the first direct observation of a Higgs production process

if the WIMP hypothesis is correct: likely to be
connected to the physics of EW symmetry breaking
and may have enhanced couplings to massive states
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Bringmann, Bergstrom & Edsjo '0O8
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xi; Y X3

annihilations
intoyy &y Z:

2]

“Standard”Continuum suppressed by Majorana nature of WIMP (light
fermion states chirally suppressed)

yever, as recently reexamined: large enhancements
from internal bremsstrahlung
(@) (b) (c)
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(Tlo Jnert. Doablot Madol (TDM )

Deshpande-Ma’78; Barbieri-Hall-Rychkov O06; Lopez Honorez-Nezri-Oliver-Tytgat 06; Gerard-Herquet’O7

A two-Higgs extension of the SM with an unbroken Z, symmetry
Hi = Hi and H2 = - H2 (and all SM fields are even)

-

; Hambye, Tytgat 07 .....

V = p2|Hi |2+ p2|Ho|? + M| Hi|* + Xo|Ha|* + 3| Ha 2| Hz|? + M| H] Ho|? + = [(HIHQ)'Z + h.c.}

2

Scalar WIMP with Mpm ~ Mw

W+ (Z) 0 h

o-... < Hy W (2) Ho., }{W (2) e H,, b e nnen <
o e . o h 5 : b

i : H™(Ap) e L Ho P . - f Ao(H*) 7
Ho W (2) H - (2 Ho W (2)  H R Ho no Ho T h
92 g° ALg AL 2 ALAL ALYf g*
Y T . . g e e S
annihilations intoyy &y Z > [ IDM: NFW, AQ~10"°, o =7%
5 <5 5 B =
mainly through loops of W : | : e
EGRET:AQ=2x10"
Gustaffsson et al. ’07 C\llm =02 ]
g =7 70 GeV, boost ~100
virtual W nearly on-shell = -
threshold enhancement S g b =
o\ e HESSAQ:1O J
Q ™ \
— 0 - .e'(\g\
) [ Lo i
Q I S '(:,\,P‘S
— 210 L T e e | | o e
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Lines from 6D Universal Extra Dimensions (the "Chiral square”)

WIMP=scalar By (“spinless photon") with M~200-500 GeV

Burdman, Dobrescu, Ponton’05
Dobrescu, Hooper, Kong, Mahbubani ’07

\_\E‘I—QLBH -> 'YV where V= Y, Z and B4D

o =~ _
- - Bg70) - _ -
N S~ N =~
/
¢ ")
14
£ ")
B
Vv o
A
) (

Bertone, Jackson, Shaughnessy,

Vallinotto, Tait. ’09
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Annihilations into y H?

Scalar DM @

e.g. "Chiral Square" (6D UED model), Inert Doublet Model ...

Non-relativistic scattering of 2 scalars => The initial state angular momentum is zero

OK if 2 vectors in the final state but vector+scalar final state requires

initial

state orbital angular momentum = higher order in v*

Majorana fermio

h DM g e.g. neutralino in SUSY

Must also annihilate at higher order in v¢ (initial state S=0)

Vector DM @

e.g. KK photon in 5D UED, heavy photon in Little Higgs models

OK in Erinciple but if it annihilates via s-channel scalar exchange: still
ve -suppressed; if t-channel (box diagrams), this is typically
suppressed by couplings and masses (e.g. in UED or Little Higgs)

=== Dirac Fermion DM @

e.g. Agashe-Servant ‘04; Belanger-Pukhov-Servant ‘07



Jackson, Servant, Shaughnessy,Tait, Taoso,’09

Dirac Dark Matter annihilation into y H

~ O(1) couplings



1 [ Jackson, Servant, Shaughnessy,Tait, Taoso,’09
A ary Slmple effec‘nve Theor‘y Agashe-Servant ‘O4; Belanger-Pukhov-Servant ‘07

There is a new spontaneously broken U(1)'.
The WIMP is a Dirac fermion, v, singlet under the SM, charged under U(1)

The only SM particle with a large coupling to the Z' is the top quark

1 =
L= Lsy ~ B, F" + M3, 2, 2" gLty PR 2™t + %F/’WF{,“’
A

Dt = 9,—i(ghPr+g7Pr)Z"
(ight) SM fields RH top T P
There is no SM state the WIMP can // e e
decay info: v is stable. //
: s 2t Bulk
This model is inspired by the L1 = P

Randall-Sundrum setup
(warped extra dimension):

Higgs profile

, ds® = e MYzt dxvn,, — dy?
TeV KK modes (such as Z) = -
have enhanced couplings
+o RH top quar-k " UVbrane Bulk + IR brane |
SM sector Composite sector

More generally, in models of partial fermion compositeness, natural o expect that
only the top couples sizably to a new strongly interacting sector.



Proton stability & Stable GUT partner in Warped GUTs

Agashe-Servant'04
DM is RH neutrino from 16 of SO(10)

/

L
= multiplet has B=1/3
R
/
I
| s number of
CR color indice.
t V}% J bulk fermion with (-+) BC -> light! /

stable under Zg PP 627”’[3 3 ]

Has enhanced couplings to TeV KK modes (such as Z') and top quark

UV SO(10) IR
| e
femions varking | "okt




Mass spectrum of KK fermions

Depends on:

v type of boundary conditions on TeV and Planck branes

v c-parameter (=5D bulk mass)
(=localization of zero-mode wave function)

For certain type of boundary conditions on fermions, there
can be a hierarchy between the mass of KK fermion and the
mass of KK gauge bosons

=> Not a single KK scale



c<-1/2:

et |
m 083 (c-1/2) (c+1/2)e™ 1 PM

-12<c<-1/4:

m 0.83 (c+I/2My, |

c= 5D fermion mass in
Planck units

c>-1/4:
m 0.65(c+1)My

Agashe-Servant
hep-ph/0403143,
hep-ph/0411254

Right-handed top quark has ¢ # -1/2 = (-+) KK modes in its multiplet have mass
of a few hundreds of GeV: Accessible at LHC!



Relic density calculation :
(assuming no v v asymmetry)

dominant
channels
v t v > VWWWWWA- 2
Z!
N
Y t Y < VWVWWWWWWWWW\~ 2
suppressed
channels
v f v w ~h
2,7 2,7
v f v w* Z,2




Direct detection constraints

n: kinetic mixing

My (GeV)

A% > > v vV > > Y,
Z
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% N
0.1 : T T T
~ EW precision tests
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M= 300, 400, 600, 800 GeV , g,%= g,/=1/2 M= 300, 400, 600, 1000 GeV , g,%= gli=1

L 3 . L4
a0
100 "“ ;
= a?
ssWL
*"

1
0.01;
10—4,
107 | ‘ ‘ | 107 ‘ ‘ ‘ ‘ 107 | ‘ | ‘
50 100 200 500 1000 50 100 200 500 1000 50 /100 200 500
M, (GeV) M, (GeV) M, (GeV)

Mom ~ 150 GeV

as the Z' coupling to top and v increases, the prediction
for Mpm gets narrower -> Mpm ~ 150 GeV
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y signal from v annihilation

v MWW T . :
Note: no vy line as dictated by

Landau-Yang theorem
At (7’ being the sole portal from
the wimp sector to the SM)

Zl

............. h,Z Z

<|

continuum jumps due fo

ines not s ssed e ti :
Lines not suppressed compared to continuum opening of +t channel

-0
"y b M,=115GeV gt =gf=3 p=107°
_22f7Z

"y Z— Mz;=220 GeV

—24 ~continuum

50 100 150 200
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How many lines?

region where 2
lines are visible

(HY and ZY)

600 —
| M7 =220 GeV

'region where the
3 lines are visible

region with 1 line

«— |(HY and ZY lines

are merged)

Eregion with 2 lines

:(H/ZY C(ﬂd Z'Y) s e e e s e it i e e el St e
T S T 100 200 300 400 500
M,[GeV]

assuming energy resolut
of 10%



Line observability in the (Moum - My) plane

region where 2
lines are visible

600 — (HY and ZY)
. M, =500 GeV
A el 500 -
'region where the |
'3 lines are visible ! 400? | |region with 1 line
(Hy,zyand Zy) 5 | L < |(HY and Z lines
! N are merged)
< 300° AF/E>02 | \\ :
e oA
- R e e
e o e ey
____________________ e e e
region with 2 lines SEDPUND M A GeR
(H/zy and Zy)
I s i L o 100 200 300 400 500

M, [GeV -
e assuming energy resolut

of 10%



}{%j i Space!

v-ray lines from the Galactic Center AQ= 107 sr

v WA T
2 H L X z
AN
? I I X\X FAE I I \X A I I / I %
_4 - M,=149 GeV (g, '=th' =3) M,A162 GeV (gVZ'=th'=l):
107" £ S v/ N hzz
105 ~y Z'— M7z =220 Ge h— M;,=17Q GeV ] DM
107" = Spectra for parameters leading to
= | correct relic density and satisfying
i : direct detection constraints
5
> E
D) =
© .
[ =
o J
== =
=) -
o
S = :
: NFW profile
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y-ray lines from the Galactic Center AQ= 107 sr

Spectra for parameters leading to correct relic density and satisfying
direct detection constraints
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Mz = 400 GeV
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To recap:

DM almost decouples from light fermions while still
having large couplings to top

Mpy < M; since the strong coupling to top would otherwise
give a too low relic density (for O(1) couplings).

DM mass is below kinematic threshold for top production
in the zero velocity limit

Virtual top close to threshold can significantly enhance
loop processes producing monochromatic photons.



All SM fermions are uncharged under U(1)

in addition to v, add T (vector-like) charged under U(1)
with same gauge SM quantum numbers as tr

to realize coupling of top quark to Z' and h:
yHQstgr + pd'Tr + YOI [ tR
higgs of U(1)

the light mass eigen state identified with top
quark is an admixture of tand T



~___Yh line from decaying vector dark matter -

f\/\/\/\/\n‘\‘\’\'\w Arina, Hambye, Ibarra, Weniger 0912.4496
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0
s’rabili’rY broken by non-
renormalizable operators:

L 5 4 i Lo pY

13 D¢ DLH'H 5 Du'Dg F
d 1 Sl :
> R i

vh & yn lines :

late decay
af DA T

(p:hidden sector scalar)

2StI' S
)
X
p—
=

~J

dJ/dE [(cm

AH : stable because of accidental SO(3)

HESS e e (+y)

~" ¢ Prel. Fermi EGBG

- ® Prel. Fermi Ibl>10

~Tou=1710%s (A=2.9 10" GeV)

=S Y1
= ++ vh
*%1%% —— = l
L3 —4—

\ S S S S
0.1 |

| . . N R oy B e |
10 100 1000

Energy [GeV]

10



Dam%%



Fermi-LAT 1 year Gamma-Ray Skymap

E, =100 MeV-300 GeV
~ 80% of gamma-rays produced I:gl cosmic ra
interactions with interstellar gas and radiation field

to assess upper limit on contribution from DM, need
a very accurate bgd model



Gamma background:

e diffuse emission of our galaxy modeled using GALPROP
Strong, Moskalenko, Reimer ‘OO0

in agreement with Fermi-LAT data at mid-latitudes

. . . : : -bremsstrahlung
due to interactions of cosmic rays with galactic gas _, gecay

-inverse Compton

depends on location in the sky

strongest in galactic disk

® For the GC center analysis, the dominant background
will be from sources in the vicinity of the GC.

many different kinds of objects whose spectra and
distributions are not well understood

signal extraction from background in GC:challenging



SEARCH STRATEGIES

......................................................... [Credit: S. Murgia,

{ Galactic center: E Fermi Symposium ‘Nov 09]
Satellites: % B 0 s
Low background and good: “gonitision/diftuse backgroting: i Milky Way halo:
source id, but low statistics ¢ Large statistics but

.
----------------------------------------------------

*
llllllllllllllllllllllllllllllllllllll

All-sky map of gamma rays
from DM annihilation

arXiv:0908.0195 (based on
Via Lactea Il simulation)

-----------------------------------------------
* *

.
-----------------------------------------------

Anisotropies
g"‘SpectraI lines: | Extra-galactic:
iNo astrophysical: Large statistics,

: uncertainties, good: Galaxy clusters: but astrophysics,
: source id, but low: Low background galactic diffuse
1 statistics : but low statistics background

. .*
-----------------------------------

Pre-launch sensitivities published in Baltz et al., 2008, JCAP 0807:013 [astro-ph/0806.291 1]

WSGT 5 be,ST? , Dodelson, Hooper, Serpico’07; Serpico, Zaharijas’08
See discussions in Dodelson, Belikov, Hooper, Serpico’09; Serpico, Hooper’09 ....



Collider signatures of a top (and DM)-philic Z

i) —= Z' has suppressed couplings to light quarks
f f = s tt -> no observable ;7 resonances

t




Missing Energy (GeV)

In same-sign
dilepton channel

L = 100fb™", \'s=14TeV
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Summary

Are DM and EW symmetry breaking related ? If so, wimps may have
enhanced couplings to massive states, top, W/Z, H eftc.

DM-Top quark connection (RS and composite Higgs inspired)

Signals of a Higgs from vy rays

Observation of v H would indicate that the WIMP is not a scalar nor a
Majorana fermion but most likely a Dirac fermion or a vector

Worth checking whether Higgs is hiding in
gamma-ray telescope’s data
(Fermi, Magic, Hess, Cangaroo, Veritas...)

Complementary Collider signatures (e.g. four-top events)



The Dark Matter Decade
Huge experimental effort towards the identification of Dark Matter
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Why is the Higgs boson light?

its mass parameter receives radiative corrections

-~ Wi 2
) fhw\fb

( /
\, / H,-'""A S j
; / , ¢
- S + Y D“W + -
\\\‘sz

(Zm%/‘/ S 4m%) ~ —(0.23 A)?

(assuming the same A for all terms )

A2
2?2

i
A , the maximum mass scale that the theory describes

strong sensitivity on UV unknown physics

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



(T Mivinal. S%Wymm Standard Model
(AMSSAT

Supersymmetry can solve the "big" hierarchy and naturalness is preserved
up to very high scales if superparticle masses are at the weak scale




(radiative) EW symmetry breaking in the MSSM

(associated to the top Yukawa coupling)

The Higgs sector consists of two SU(2). doublets 2ol S auaniins

/ / / parameters

V = (|l +Hm YHP? + (|l +im ) I — (BHOHS + c.c) + < (g + g™ (1HO? — |HYJ?)?

%%

The minimization of the higgs potential leads to:
M? = my, — My tan’ G
| tan=G—1

terms in r.h.s much larger than M

with tang= (HY)/(H))

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

The LEP bound on the Higgs mass , mx > 115 GeV forces the stop mass to be large



T, Ame = /m%% /ﬁb/ te MSS

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



3G rm? F e .
2 DD t i

~ M 203 | | 1

m 7 cos“ 203 og % > ( 12m2)

/272 = ms
LEP limit (mn 2 115 GeV) = my 2 1 TeV
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to make h heavy enough, increasing fine-tuning and superpartners
increasingly harder to see
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