@Wf/@ wid the LHC

New TeV scale ===  Cosmological
physics = signatures

mainly from dark matter

- baryogenesis
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2010: First collisions at the LHC

Direct exploration of the TeV scale has started

main physics goal:

What is the mechanism of Electroweak Symmetry breaking ?
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Standard
Model
gauge
sector
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- one century to develop it

Matter
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flavour
sector

- tested with impressive precision

\

+ NiMijN;j

neutrino mass
sector
(if Majorana)

- accounts for all data in experimental particle physics

The Higgs is the only remaining unobserved piece

and a portal to new physics hidden sectors
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The (adhoc) Higgs Mechanism

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

V(g)/v* =%
0.02 ¢

0.01 |

00 150 200 250

-0.01 |

-0.02 |

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.

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.
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° What is unitarizing the W W, scattering amplitude?

W W

wt wt

e  What is cancelling the divergent diagrams? (i.e what is keeping the Higgs light?)
: Hierarchy problem

----

2
= 0 N\H « /\ A, the maximum mass scale

that the theory describes

strong sensitivity on UV unknown physics
need new degrees of freedom & new symmetries to cancel the divergences

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

— theoretical need for new physics at the TeV scale
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Why is the Higgs boson light?

its mass parameter receives radiative corrections

h f“‘“\%

( /
\ / f/""“ S j
; g . ¢
—_ S@'m_ = — & ,,.m.m/ h - + —_—— e -
\W/

(Qm%[/ = 4m%) ~ —(0.23 A)?

(assuming the same A for all terms)

3A?
w22

2
5mH —
A, the maximum mass scale that the theory describes

strong sensitivity on UV unknown physics

A =5 TeV -> cancellation between tree level and radiative contributions

required by already 2 orders of magnitude
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Supersymmetry can solve the "big" hierarchy and naturalness is preserved up to
very high scales if superparticle masses are at the weak scale

t E TN
7 e o
0 0 4 \ I 1
\ /
5 3h? , A?
Omy; m= log—




Tte waturaliss /m%n / the MSSVI

The problem with the MSSM: we did not see the Higgs at LEP

m?/u?

— 1 1 | ] ] 1 1 | 1 | | | | | | | | | 11 | |

0 0.2 0.4 0.6 0.8

status of msugra pre-LHC  [Giudice & Rattazzi, ‘06]



Addressing the hierarchy problem
with a hew symmetry

fermion vector
U s 975 Al = AL A=l
W massless: A, massless:
protected by protected by
chiral symmetry gauge invariance
SUsY

P25 H In b dimensions: H=As

scalar

H— H+0

H massless:
protected by a
global symmetry



W newr physicsS

Minimally extended

SURBFSRIREIriC (2 Higgs doublets)

Electroweak
symmetry breaking

Composite, Higgs as
pseudo-goldstone

Higgsl
'@RIESS. boson, H=As

technicolor-like,
5-dimensional

In all explicit examples, without unwarranted cancellations, new
phenomena are required at a scale A~[3-5] x Muiggs
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The strongly coupled "Higgs":
Composite Higgs or Higgsless (e.g. technicolor)

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

if replica of QCD at the TeV scale, Higgs= «QQ> condensate

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

->main objection: conflict with e lectroweak precision tests

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



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

Quantum numbers of the Goldstones fixed by the

symmetry breaking pattern in the strong sector:
G->H



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

New strong sector endowed with a global symmetry G spontaneously broken to H
— delivers a set of Nambu Goldstone bosons

‘((\.
S©
q\o‘oo\“ . 109 W - U e
QE: SUQ2)LFSUQRr ¥, su®©)y
S‘J (3)\
6 - 3 = 3PNGB7 70
L Ny
SN o g
\0\00\ -\0‘\)0‘(\(\ U (L\ iz
Composite 3 ,‘@c‘f\“ =25
Higgs: SO(6)'x U(1), > SO(5) x U(1)y
g9 OKN 2
16 e 11 = 5PNGB H, s
:50(5)/S0(4) -> SM Higgs 5 .
: : : associated
:50(6)/SO(D) -> SM + Singlet e

:50(6)/50(4) -> 2 Higgs Doublet Model:

.
------------------------------------------------------------
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Space-time is a slice of AdSs

An almost CFT that becomes
SM fields live here strongly interacting at the TeV
/ scale & spontaneously breaks the
conformal invariance

[Maldacena ‘97]
[Arkani-Hamed, Porrati, Randall ‘Ol1]
[Rattazzi, Zaffaroni ‘O1]

Bulk IR

brane brane

Higgs profile

ds® = e_%yd:v“dac”nw il

e OaEbranes s ==t Bulk + IR brane N
SM sector Composite sector

Radius stabilisation using bulk scalar (Goldberger-Wise mechanism)



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

4 TeV

2.5 TeV

A

graviton resonance

gauge resonance: W',Z’

p
500-1500 GeV

&

top fermionic resonances
with exotics: (color=3, weak:Z,Y:?/é))

100-200 GeV

“Smoking Gun”
Higgs possible at first LHC run

&  Most natural DM candidate: The lightest Technibaryon can

be stable by TechniBaryon Number conservation (as baryons

in QCD).



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

The main goal of the LHC:

Understand why Mgy << Mpjanck

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




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

- quarks and leptons would be massless

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

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

-> no hydrogen atom

-> very different primordial nucleosynthesis

-> a profoundly different (and terribly boring) universe



do/dM,., [fb/GeV]

What questions the LHC experiments try to answer :

@ Does a Higgs boson exist ?

L N AL BN AL L ELELL AL ELRLALE S | S I L N I A I I = < Frr T E

300 ATLAS 188 F ATLAS 1 % osf 3
- Signal ] S 20F Signal = - - E

= — - = 18f — _ 4 = 07 Irreducible bkg
250 meduciblebkg 1 & F Imeduciblebkg  § & F o
E — ] s 15 94 3 = Reducible bkg
200 Reducible bkg ] S b Reduciblebkg 3 3 E
1 E E

] 10 3 -

] o = =

|

I

T . . T
125 130 140

50 50
M,, [GeV] M,, [GeV]

%008 ]

: S E

yes . %0.07 -Signal _g

[¥] is there only one ? %0'06 ATLAS [ ireducible bkg -

— 5 . © 0.05 —

W] what are its mass, width, quantum numbers ? ® os recuctienis

(W] what are its couplings to itself and other particles 0.03 E

[] Spin determination o /

m— - sz: ;
cp pr'oper"rles PIo 115 120 125 130 135 140 145 150

(W] does it generate EW symmetry breaking and give mass to My, [GeV]

fermions too as in the Standard Model or is something else needed ?

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

@ Searches for other new particles: Do they play any role in EW symmetry breaking?



So far, everything amazingly consistent with
the Standard Model
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Exploration of the TeV scale territory definitely underway

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: Dec. 2011)

Large ED (ADD) : monojet
Large ED (ADD) : diphoton

My (5=2)

Compact. scale 1/R (SPS8)

% RS with k/Mg, = 0.1 :yy, ee, uu combined, m Graviton mass
a RS with k/M,, = 0.1 : ZZ resonance, m,,,, Graviton mass f Ldt=(0.03-2.1) fo”
g RS with 9. /97020 Hr + Ep g KK gluon mass Is=7TeV
o Quantum black hole (QBH) : Miiets F(x) Mp, (6=6)
& QBH : High-mass o, , M
ADD BH (M, /M =3) : multijet, Zp_, Nigss Mp (8=6)
ADD BH (M, /Mp=3) : 8S dimuon, N, ;an Mp (6=6)
ADD BH (M., /M =3) : leptons + jets, ZpT__ M (5=6)
_ gqgqq contact interaction : Fx(mdijet) A
© qqll contact interaction : ee, uu combined, m, A (constructive int.)
_> ---------------------------------------------- SSMmee,Mu L=1.1-1.2 fb” (2011) [arXiv:1108.1582] 1.83Tev. Z' mass
SSM :m, e/u | L=1.01b" (2011) [arXiv:1108.1316] 215Tev. W' mass
P Scalar LQ pairs (8=1) : kin. vars. in eejj, evjj [L=t0m" @ot) iPreliminar] ss0Gev. 1" gen. LQ mass
- Scalar LQ pairs (B=1) : kin. vars. in uujj, uvjj |L=35pb" (2010) [arXiv:1104.4481] a22Gev 2™ gen. LQ mass
s 4" generation : coll. mass in Q Q,—~ WqWq Q, mass
g 4™ generation : d, d,— WiWt (2 lep SS) d, mass
",. et ..T..r.exp. 4thgen. ... tt+A A 1 Iep +jetS .".'..E.T,mlss. T mass (m(Ao) <140 GeV)
Techni- hadrons dilepton, m, ., p /o mass (m(pT/u)T) - m(n;) = 100 GeV)
Major. neutr. (LRSM, no mixing) : 2-lep + jets N mass (m(WR) =1TeV)
Major. neutr. (LRSM, no mixing) : 2-lep + jets W mass (230 <m(N) < 700 GeV)
[* (DY prod., BR(H*—uu)=1) :m o (iko-sign) H™ mass
E Excited quarks v -jet resonance, mYjet q* mass
S Excited quarks : dijet resonance, my,,, g* mass

Axigluons : m ;.

Color octet scalar : my;,,
Vector-like quark : CC, my,
Vector-like quark : NC, m,,

Axigluon mass
Scalar resonance mass
Q mass (coupling kqq =v/mg)

Q mass (coupling k,q =v/mg)
1

M (GRW cut-off) ATLAS

Preliminary

10 1 10

*Only a selection of the available results leading to mass limits shown

102

Mass scale [TeV]



Searches for SUSY at CMS

1 fb-' summary

CMS Preliminary
Ranges of exclusion limits for gluinos and squarks, varying m(x")

1 Ll 1

T1: §—qqx’ |ey 1.1 fb', gluino

]
TL: g—q” [E, + jets, 1.1 0", g/fiNC
TL: g—qqi’ [MT2, 1.1 b !, gluiflol
T2: 443" |ap 1.1 fb 1, squark _
]

T2: g—q\" | By + jets, 1.1fb ',

Tlbbbb: §—bby’ |E,+b, 1.1 fb', gluino

Tlbbbb: g—bby" [MT2, 1.1 fb!, gluino

Tlinu: §—qq%™ [1¥1%, 0.98 fb~!, gluino _

T1iLh: 5—qqvs X" [1F17, 0.98 fb~!, gluino

T522: §—qq%5 Z+FE; 0.98 fb ', gluino

T5zz: §—q¢i’ |)ZB, 2.1 fb ', gluino I

T52z: - a0 | Ep + jets, 1.1 0", gliNCRN
T522: § 0% |ap 1.1 0", gluino [N

TLtttt: g—ttx (1717, 1.1 fb™!, gluino. .
0 200 400 600
Mass scales (GeV/c® )

800 10

For limits on m(g).m(§) > >m(g) (and vice versa). g ! =g"-0-QCD

_mi(g) +m({'] )

m(Y*)m(xy) =220
m(") is varied from 0 GeV/c? (dark blue) to m(§)—200 GeV/c* (light blue).



not yet any sign of new physics, despite extensive effort

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons
Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance

m Many extensions of the SM have been
developed over the past decades

B Supersymmetry

Extra Dimensions \\‘\
u - N

m Technicolor(s)
m Little .nggs \\\
m No Higgs 9\
m GUT

. XX
s Hidden Valley \\\’é\\‘e N
m Leptoquarks ‘\/QQ‘%(’\\Q\\
a Compositeness < 7\ \ N
P RN

m 4" generation (t', b')

Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets

Microscopic blackholes
Dijet resonance

m LRSM, heavy neutrino
m efc...

etc...

(for illustration only)



Higgs hunting

SM Higgs excluded in the 129-525 GeV mass range @ 99% CL
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Hints for the Higgs

124 GeV

no
o

[ CMS,Ns =7 TeV 68% CL band
[ L=46-481
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Cosmological implications of Standard Model
nggs mass meqsuremenf Espinosa-Giudice-Riotto’07

140

(assuming a desert between the EW
scale and the scale of inflation)

¥ recent update:Elias-Miro et al, 1112.30232
100 &

T T T T T T T T
167 168 169 170 171 172 173 174 175 176 |

--> No bound on the
reheat temperature

if My ~ 125 GeV

relevant for leptogenesis

M, = (173.240.9) GeV
0 =0.1184

Reheating temperature Ty, in GeV

1 1 1 1
115 120 125
Higgs mass m,_in GeV



LHC will most likely not provide the final answer

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

New TeV scale ===  Cosmological
physics = signatures

mainly from dark matter

- baryogenesis

(see also recent interest
in higgs inflation)



2 major Y WW é the Standard Model

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

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

o the (quasi) absence of antimatter in the universe

baryon asymmetry: N8N8 ~ 10-10
ne+ng




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

Matter

quarks

leptons

VelVulVr
I II II

I

3 families of matter

contribution fo the energy
budget of the universe

Particle Q) type
Baryons 4-5% | cold
Neutrinos <2 % hot
Dark matter | 20 - 26 % | cold

Forces

i

ot

force mediators

Generation

1l Il

Spin ¥z
Fermions

charged/unstable
baryonic

massless

radius of circle is
proportional fo the mass

W
- h
g
Spin 1 Spin0

Gauge Bosons  Higgs Boson



Dark Matter candidates

Two main possibilities:

very light & only gravitationally
coupled (or with equivalently
suppressed couplings) -> stable
on cosmological scales

Long-lived
(stable on cosmological scales)

TDM > Tuniverse ~ 1018 s

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

stable by a symmetry

-> WIMP



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

n+ 3Hn = —(ov)(n® — n2)

S ‘ freese-out :
g — f 2
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10 : : The "WIMP miracle”
10 °:( 1
- ooy O1) P

0] anni

— a particle with a typical EW-scale cross section

0ami ® 1 pb leads to the correct dark matter abundance.
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Dark Matter Candidates with Qpm ~1

- thermal relic

superWIMP

condensate

gravitationnally
produced or at preheating

0 — |
WIMP |
e einin ol e ~ photon KK (s=1) T o,
-10- peutrine ey
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good to keep in mind if no sign of wimp
detection within the next decade ...

In Theory Space
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What is the WM\F/%\ Wiy TNy /%w Saiias

first-order second-order?

VgV Vg =

0.01 0.02

0.0075 |
0.005 |
0.0025 |

: : : ‘ : GeV = i
50 100 T3e. 200 250 Aoo 7 (GeV) 0.01
-0.0025 |
—0.005 | et

LHC will provide insight as it will shed light on the Higgs sector

0.01 ;

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...)



Why do we care?

1) Nature and properties of the EW phase transition reflect
information on the dynamics behind EW symmetry breaking
(e.g weakly or strongly interacting).

2) Crucial for reliable computations of electroweak baryogenesis

Besides, out -of-equilibrium dynamics during the EW phase
transition may be relevant for non-thermal dark matter production
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1) nucleation and expansion of
bubbles of broken phase

2) CP violation at phase interface
responsible for mechanism
of charge separation

broken phase

< CD > o+ O 3) In §ymmeTr|c phase,<¢>=0.,
very active sphalerons convert chiral
Baryon number asymmetry into baryon asymmetry
is frozen Chirality Flux TR
in front of the wall \

Electroweak baryogenesis mechanism relies on
a first-order phase transition



In the SM, a 1Irst-order phase transition can occur due
to thermally generated cubic Higgs interactions:

A
V(g,T) ~ 5(—M% +cT?)¢° + 1554

BT O et Z m?
Sum over all bosons which couple to the Higgs
In the SM: Z z WZZ => not enough
? Y

for mh>72 GeV, no 1st order phase transition

In the MSSM: new bosonic degrees of freedom with large
coupling to the Higgs

Main effect due to the stop



The (fine-tuned) MSSM EW baryogenesis window:
A Stop-split supersymmetry spectrum

- Y
| from EDM bounds - /
s —_@’/ =
XO
———_, from Higgs mass bound
ETfeVNas T
e
0.1 TeV ST :
for sufficient CP

for strong 1st order

phase transition violahioff—=X Im('LLMQ)

The light stop scenario: testable at the LHC, although challenging.

bounds get relaxed when adding singlets or in BSSM '



add a non-renormalizable ®° term to the SM Higgs potential and allow a negative quartic coupling

2[°
A2

V(@) = pp|2]° — A2 A

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

2000

complete one-loop potential

Pw)/T, |
strong enough e n/ n
for EW baryogenesis 1500
if A iy 1.3 TeV % .
=
1000
<
750

500

250

T T Tl 5 B e DS (e

mp, (GeV)

| region where EW phase

transition is 1st order

Grojean-Servant-Wells 04
Delaunay-Grojean-Wells 08



k. : Randall-Servant’06
SmO '”9 9un S'QNGTUPQ Konstandin,Nardini,Quiros’10

Konstandin-Servant’ll

Stochastic background of
gravitational radiation

Bubble Bubble
nucleation percolation Ogw h?
107°
Fluid flows
“True” vacuum .
<«D>20 O , turbulence » -
o
| Magnetic
fields
10718 = ‘ ‘ ‘ ‘ ‘ . f(Hz)
10* 102 102 107 1 10 100
1 2
violent process if v, ~O(1) Qaw ~ (5/}[)2 K

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



Contours of

1/ sy 1

The dotted lines delimit
the region for a strong 1rst
order phase transition
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Producing Dark Matter at LHC = "Missing Energy” events

—>

P —
7 TeV 7 TeV

hadr$nic
g —— &P what is seen
e in the detector
e+
\Z< leptons
e Missing
R e e enengy itom o s
a0 ] " dark matter CIDSU:I3 i
O 102 = - =
o - -o- - SM BG -
oo S -o- / ® it .
Missing energy = o AW ]
Dark matter™>——_ - = 2 vz
. 10 o * singletop 3
candidate g ;
g) B |
L 15_ 4
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Event rate

10°? o )
yﬁ\U:,,:[Pb]i pPp —*EE. quﬁﬁﬁ_iEiT:W:ﬂE- 7l
100 evts in | pb-ls 10 R
10 el
1 S0 P V5§ = 14 TeV
o ﬂ 50 — NLO
: ] : - LD
100 evts in | fb! =>»wn
.2 ﬂ‘ m [Ge¥]

10

1000 150 200 250 300 350 400 450 500

L ~ 10%3cm2s!~ 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 > H1~10% 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 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

""" S — to identify the nature of the Dark Matter particle ™




The Dark Matter Decade
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... Indirect : " Direct i " Collider experiments
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Neutrinos  Annihilation signature in signature in high
Gamma Rays  in space underground labs energy accelerators
SuperCDMS — e swes 5 | ZEPLIN
_ Edelweiss | mwais - i { oCano M DRIFT RUSSIA
LUX ANADA % | (_ EURECA .,,.Hg%nulby Mme
Sudbur‘y ; ;. ) T BELARUS
Homestake Soudan: @ .~  Anais Can frgrel‘u _::HCR A .
MILAGRQ Tevatron Rosebud —="""= g M
@ v g‘Fﬂ:?{A ES ArDM ' Ahtares a c r_E”“ AJIKISTAN : ;‘ Kaﬁﬁbka
VERITAS ELIXIR mo Lol WARP CH Yangymé.“
F IR N o . ﬁBET ARGQ-YBJ
%AGICQ- LIBYA 3 N c.‘;:-:'":' PAKIS ‘-. Lt KIMS E
B SAUDI TACTIC Bax
: _MEXK"Q'  NEAISRITANIA Sy, o W RARS Josian N.’i'AC'I' IRMA ags s
o I | G : e e
Rl TEA LA BURRINA CHAD/ supaN 'T"':!".':'“‘r'[w_l:.lr GRAPg TRAILAND ) riEmsedi el U
i & F-\S:’?l ! F‘_‘.'."\I_\"El-' CAMBQD
AN VENEZUELH & ( ERI ETHIOPLE " A _
" ESiOMBIA| 1~ TR iy e SR e MALAYS A
SchiADoR) D?EM;FEFEF—" u JI“:‘J:.I" : " - . — :
i e UN DOUINE"S A [ meis
@ Neutrino Telescop BRAZIL W Y by : _ R
@ Gamma-ray Telescopes (ACTs) e jL“_MMM S i Upcoming Satellites
® Gamma-ray Telescopes:(non-ACTs) - A
@ Direct Detection Exps e @ EcS. MADASSZE
OC lid PARAGUA HESS : .
olliders -
i 5 gl GLAST PAMELA AMS-02
-, VRUGERE -'AFR":C“"' ; :
4 P"H‘
ZLM.&.&

! (ARGENTINA

6, Be'l""t;one, 24 Oct. 2007

IceCube (South Pole)
& —




._fﬂ‘;k' o

Qiﬂw‘_ S

WIMP indirect detection
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Y’s from DM annihilations consist of 2 c%

dlogN, /dlogE
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y-ray lines from the Galactic Center A Q=107 sr
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beyond the standard WIMP paradigm ...

Are Z%é DW[ Matter
ol bt clanlive il

74% Dark Energy
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Matter Anti-maltfer as /m«%‘/ Z% wnverse.
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Similarly, Dark Matter may be asymmetric

—— ~ 9 Does this indicate a common dynamics?

B dm — Mdm X Ny — Ny

then Qam it (b T, o Pdm
{11 (np — M) M mp

conservation of B ng)
global charge:

if efficient Qdm Qb T TypiCGI expec’red
annihilations: b Qim Mp mass ~ GeV

two possibilities:
1) asymmetries in baryons and in DM generated simultaneously
2) a pre-existing asymmetry (either in DM or in baryons) is
transferred between the two sectors



Collider constraints

Fox-Harnik-Kopp-Tsai ‘11

Use ATLAS and CMS searches in the mono-jet + missing E_T final state

q

q X

Set limits on couplings of DM to SM in Effective Field Theory Approach

i o 1 9x 9

O = q2g_Xi22 (qq) (xx) , O3 = X]\ZQ (TY;LVSQ) (XY v5x)
_ _9xYs _ Z’gx_gq ) (5

Oy 2 a2 (D) (") Oy = Z_ 1P (@v59) (X75X)

Convert these limits into bounds on cross sections relevant for direct and indirect detection

SM DM DMi DM DM SM
SM : : DM X SM

Nucleon Nucleon DM

For certain types of operators: competitive limits!



ATLAS 7 TeV constraints on annihilation cross section

Fox-Harnik-Kopp-Tsai ‘11

Annihilation into ggq
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Thermal relic cross sections ruled out for m_DM<~15 GeV for vector couplings !

m_DM<«~70 GeV for axial couplings !



Collider constraints on nucleon-WIMP scattering cross section

Fox-Harnik-Kopp-Tsai ‘11

ATLAS 7TeV, 1fb~! VeryHighPt

_ Solid : Observed 90% C.L./]
Dashed : Expected /
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WIMP—-nucleon cross section oy [cm

Spin—independent

107! 10° 10! 102 103
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Low mass LHC reach complementary to direct detection experiments!

no astrophysical uncertainties



Dark Matter and the CMB

Accurate measurements of the CMB have the potential fo probe
the physics of dark matter beyond its gravitational interactions

If DM is a thermal relic whose relic abundance is determined by its
annihilation rate in the early universe, it modifies the ionization history
of the universe and has a potentially measurable effect on the CMB

These constraints are independent of the DM distribution and
galactic astrophysics in constrast with other indirect constraints
and only depend on:

Qom , mom , 00 and standard physics of recombination
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Constraints from CMB measurements
on the DM annihilation cross section
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f is just the efficiency with which the WIMP rest
mass energy liberated by annihilation is injected into the IGM

Slatyer, Padmanabhan, Finkbeiner 09
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Cross Section o [pb]
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CMB versus Fermi constraints
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Large masses
allowed !

Cirelli-Panci-Servant-
Zaharijas ‘11

Opening the window for Asymmetric Dark Matter due to DM anti-DM oscillations



Conclusion

Dark Matter & Baryogenesis at the Electroweak scale:

both under testing !

Planck has its word to say on weak scale physics!
as it can provide interesting constraints
on models of WIMP annihilating dark matter




