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2010: First collisions at the LHC   

Direct exploration of the TeV scale has started

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
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 The (adhoc) 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



"e naturalness scale of ! Standard Model 

Why is the Higgs boson light?

its mass parameter receives radiative corrections  

Λ , the maximum mass scale that the theory describes
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Dark Matter and the electroweak scale:
beyond the supersymmetric paradigm

Géraldine Servant
CERN, Physics Department, Theory Unit, CH-1211 Geneva 23, Switzerland

Despite the impressive successes of the Standard Model (SM) in describing
nearly all experimental data collected so far in particle physics, it is not
viewed as a fundamental theory but as an e!ective field theory valid on scales
less than at most a few TeV. The problem lies in the di"culty to understand
the relatively low values of the Higgs mass parameter |m2

H | ! (100 GeV)2

in a framework in which the SM is valid up to some ultra high scale, for
instance of the order of the Planck scale. This is because the Higgs boson
mass parameter receives radiative corrections (dominantly from the top loop,
the W , Z gauge bosons and from the Higgs itself) that are quadratically
divergent, and therefore proportional to #2 where # is the maximum mass
scale that the theory describes:

!m2
H =

3#2

8"2v2

!

2m2
W + m2

Z + m2
H " 4m2

t

"

! "(0.23 #)2 (1.1)

For large values of #, tree level and radiative contributions to the Higgs mass
parameter must cancel. For the SM to be valid up to 5 TeV a cancellation
by 2 orders of magnitude is already required and to reach the Planck scale
requires an adjustment finely tuned to 32 orders of magnitude. This is the
so-called hierarchy problem. Therefore, a theory with a light Higgs is not a
satisfactory e!ective description since it does not incorporate the dynamics
at work in the cancellation of quadratic divergences.

Over the last two decades, this hierarchy problem has been the main
driving force to think that the SM should be overthrown right around the
electroweak (EW) scale. Theories that solve this naturalness problem, i.e
in which the ratio between the EW scale and the Planck scale can be un-
derstood dynamically without recourse to fine-tunings, have been proposed,
starting with the early proposals of supersymmetry and technicolor through
to the more recent ideas of large and warped dimensions, and the little Higgs.

3

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

required by already  2 orders of magnitude

(assuming the same Λ for all terms )

strong sensitivity on UV unknown physics



"e Minimal Supersymmet%c Standard Model 

Why at the weak scale?

SUSY can solve the (“big”) hierarchy problem
thanks to its special renormalization properties

Power-dependence on SUSY-breaking masses
only mild logarithmic dependence on cutoff

Naturalness preserved up to very high scales
if superparticle masses are at the weak scale

[qualitative here,
more details below]

Supersymmetry can solve the “big” hierarchy and naturalness is preserved up to 
very high scales if superparticle masses are at the weak scale 
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Figure 7.1: A contour map of the Higgs potential, for a typical case with tan ! ! " cot " ! 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H0
d ! 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 7.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

and is traditionally chosen to be negative; it follows that "#/2 < " < 0 (provided mA0 > mZ). The
Feynman rules for couplings of the mass eigenstate Higgs scalars to the Standard Model quarks and
leptons and the electroweak vector bosons, as well as to the various sparticles, have been worked out
in detail in ref. [182, 183].

The masses of A0, H0 and H± can in principle be arbitrarily large since they all grow with b/ sin(2!).
In contrast, the mass of h0 is bounded above. From eq. (7.20), one finds at tree-level [184]:

mh0 < mZ | cos(2!)| (7.23)

This corresponds to a shallow direction in the scalar potential, along the direction (H0
u"vu,H0

d "vd) #
(cos "," sin "). The existence of this shallow direction can be traced to the fact that the quartic Higgs
couplings are given by the square of the electroweak gauge couplings, via the D-term. A contour map
of the potential, for a typical case with tan ! ! " cot " ! 10, is shown in figure 7.1. If the tree-level
inequality (7.23) were robust, the lightest Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of h0 is subject to quantum corrections
that are relatively drastic. The largest such contributions typically come from top and stop loops, as
shown‡ in fig. 7.2. In the simple limit of top squarks that have a small mixing in the gauge eigenstate
basis and with masses m!t1 , m!t2 much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (7.20):

!(m2
h0) =

3

4#2
cos2" y2

t m
2
t ln

"
m!t1m!t2/m

2
t

#
. (7.24)

This shows that mh0 can exceed the LEP bounds.

‡In general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against
tree-level tadpoles, and so both can be omitted, if the VEVs vu and vd are taken at the minimum of the loop-corrected
e!ective potential (see previous footnote).
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"e naturalness problem of ! MSSM 
The problem with the MSSM: we did not see the Higgs at LEP

[Giudice & Rattazzi, ‘06]

mh >114 GeV

status of msugra pre-LHC



 Addressing the hierarchy problem 
with a new symmetry

H � H + �

H massless: 
protected by a 

global symmetry

scalar

�� ei⇥�5 �

fermion

Ψ massless: 

protected by 
chiral symmetry

Ψ <---> HSUSY

Aµ � Aµ + ⇥�

vector

Aμ  massless: 

protected by 
gauge invariance

In 5 dimensions: H=A5 



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



Beyond ! weakly c'pled elementary 
supersymmet%c Higgs boson para)gm:

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= <Q’Q’>
_

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



SU(2)L � SU(2)R SU(2)V

SU(3)c
QCD:

global symm. 

on u,d
stro

ng int.
U(1)Q

⊃

6           -          3    =  3 PNGB �±,�0

global symm. on 

techniquarks

SO(6)� U(1)x SO(5)� U(1)Y

SU(Nc)
Composite 
Higgs:

⊃ SU(2)�
U(1)Y

16           -         11    =  5 PNGB     H, S

SO(5)/SO(4) -> SM Higgs
SO(6)/SO(5) -> SM + Singlet 
SO(6)/SO(4) -> 2 Higgs Doublet Model

associated 
LHC tests

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



Space-time is a slice of AdS5

Higgs profile

➫

BulkUV
brane

IR
brane

SM fields live here

SM sector Composite sector

UV brane Bulk + IR brane

ds2 = e�2kydxµdx⇥�µ⇥ � dy2

4D 
graviton

Radius stabilisation using bulk scalar (Goldberger-Wise mechanism)

 Extra-Dimensional point of view: Warped Geometry

[Maldacena ‘97]
[Arkani-Hamed, Porrati, Randall ‘01]

[Rattazzi, Zaffaroni ‘01]

An almost CFT that becomes 
strongly interacting at the TeV 

scale & spontaneously breaks the 
conformal invariance



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

`

Spectrum

500-1500 GeV

2.5 TeV

Higgs

gauge resonance: W’,Z’

top fermionic resonances
   with exotics: (color=3, weak=2,Y=7/6) 

4 TeV graviton resonance

From AdS/CFT, predictions can be made: 

100-200 GeV

“Smoking Gun” 
possible at first LHC run

the higher the spin, 
the higher the mass

n Most natural DM candidate:  The lightest Technibaryon can 
be stable by TechniBaryon Number conservation (as baryons 
in QCD).



The main goal of the LHC: 

Understand why MEW << MPlanck  

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

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



● Does a Higgs boson exist ?

  If yes : 
 is there only one ? 
 what are its mass, width, quantum numbers ?  
 what are its couplings to itself and other particles 
 Spin determination 
 CP properties
 does it generate EW symmetry breaking and give mass to 
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...

What questions the LHC experiments try to answer : 
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Figure 7: Diphoton invariant mass spectrum in fb obtained with the Higgs boson plus one jet analysis
(see Section 5.2). The same procedure as in Fig. 6 in Section 5.1 is used to obtain the histograms in
Fig. 7. The same codes for signal and backgrounds are used as in Fig. 6.

Table 11: Expected cross-sections (in fb) of background for the Higgs boson plus one jet Analysis.
Results are given after the application of cuts Ia and IIa-IIc (see Section 5.2). In the last row the
expected cross-sections within a mass window of m�� of ±2 GeV around 120 GeV are given.

Cut �� Reducible � j Reducible j j EW �� j j Total
⇥ (fb) ⇥ (fb) ⇥ (fb) ⇥ (fb) ⇥ (fb)

Ia-IIa 9698 8498 937 99 19233
IIb 4786 4438 444 99 9768
IIc 501 824 89 71 1485

Mass Window 28 17 2.0 1.5 49

Higgs boson production mechanism after the application of cuts remains the gg⇥ H j process, closely
followed by the VBF mechanism. It is important to note that the gg⇥ H j process has been evaluated at
LO ignoring the large QCD NLO corrections.

5.3 Higgs boson plus two jets analysis

This Section considers an event selection comprising two photons in association with two high pT jets,
or tagging jets. In this analysis the tagging jets are defined as the two leading jets in the event. The V BF
Higgs boson process at LO produces two high pT and relatively forward jets in opposite hemispheres
(backward-forward). The pseudorapidity gap and invariant mass of these jets tend to be significantly
larger than those expected for background processes. The NLO description of the VBF process does not
significantly distort this picture.3

3About 10% of the VBF events display the feature that a radiated gluon coming from one of the quark lines happens to
become a tagging jet. In this class of events the pseudorapidity gap and the invariant mass of the tagging jets appears similar to
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5.1 Inclusive analysis

The inclusive analysis refers to the search for a resonance in events with two photons that pass certain
quality criteria. The analysis reported here follows closely the event selection of past studies [3, 4]. The
detector performance and optimization studies succinctly presented in Sections 3 and 4 are geared toward
maximizing the discovery potential of the inclusive analysis.

The following cuts are applied:

Ia At least two photon candidates (see Section 3.2) in the central detector region defined as |� | < 2.37
excluding the transition region between barrel and endcap calorimeters, 1.37 < |� | < 1.52 (crack in
the following). At this level it is required that the event passes the trigger selection (see Section 4).

Ib Transverse momentum cuts of 40,25 GeV on the leading and sub-leading photon candidates, re-
spectively.

The fiducial cuts in Ia are motivated by the quality of the off-line photon identification and the
fake photon rate (see Section 3.2). The values of the cuts on the transverse momentum of the photon
candidates (cut Ib) are not varied and are obtained from previous optimization studies [3].

 [GeV]γγ M
110 115 120 125 130 135 140 145 150

 [
fb

/G
e
V

]
γ
γ

/d
M

σ
d

50

100

150

200

250

300

 [GeV]γγ M
110 115 120 125 130 135 140 145 150

 [
fb

/G
e
V

]
γ
γ

/d
M

σ
d

50

100

150

200

250

300

Signal

Irreducible bkg

Reducible bkg

ATLAS

Figure 6: Diphoton invariant mass spectrum after the application of cuts of the inclusive analysis. Results
are presented in terms of the cross-sections in fb. The contribution from various signal and background
processes are presented in stacked histograms (see text).

Figure 6 shows the expected diphoton mass spectrum after the application of cuts Ia and Ib. The
hashed histogram in the bottom corresponds to the contributions from events with one and two fake
photons. The second hashed histogram corresponds to the irreducible backgrounds (see Section 2.2). The
background contributions are obtained with MC samples with a fast detector simulation normalized to
the cross-sections specified in Section 2.2. The fast detector simulation is corrected in order to reproduce
the aspects of the detector performance critical to the analysis, which are obtained with a full detector
simulation (see Sections 3 and 4). The expected contribution from a Higgs boson signal for mH =
120 GeV, obtained with a full detector simulation, is also shown in Fig. 6.
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A number of variables are chosen that are sensitive to the different kinematics displayed by the signal
and background processes [9]. The following is the optimized event selection after the application of cut
Ia:

IIIa Transverse momentum cuts of 50 and 25 GeV on the leading and sub-leading photon candidates,
respectively.

IIIb Presence of at least two hadronic jets in |� | < 5 with pT > 40,20 GeV for the leading and sub-
leading jet, respectively. The tagging jets must be in opposite hemispheres, � j1 ·� j2 < 0, where � j1
and � j2 correspond to the pseudorapidity of the leading and sub-leading jets, respectively. Finally,
it is required that the pseudorapidity gap between the tagging jets be large, �� j j > 3.6.

IIIc Photons are required to have pseudorapidity between those of the tagging jets.

IIId Invariant mass of the tagging jets, m j j > 500 GeV.

IIIe Veto on events with a third jet with pT > 20 GeV and |� | < 3.2
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Figure 8: Diphoton invariant mass spectrum obtained with the Higgs boson plus two jet analysis (see
Section 5.3).

Figure 8 displays the resulting diphoton invariant mass spectrum after the application of cuts Ia and
IIIa-IIIe.

Tables 12 and 13 display the expected cross-sections for a Higgs boson signal with mH = 120 GeV
and background events in the mass range ±2 GeV around 120 GeV after the application of cuts Ia and
IIIa-IIIe. Table 12 shows that the dominant Higgs boson production mechanism surviving the events
selection is the VBF mechanism. Unfortunately, the QCD NLO corrections to the main backgrounds
included in Table 13 are not known and therefore these results suffer from large theoretical uncertainties.

The event selections presented in this and the previous Sections have a certain degree of overlap.
This is particularly relevant for the VBF Higgs boson production mechanism. In Section 7 the signal
significance of a combined analysis is presented that takes into account the event overlap.

that displayed by a typical QCD background process. This effect is well reproduced by the HERWIG generator.
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Figure 9: Expected distribution of the invariant mass of the two photons for the signals and main back-
grounds after applying the analysis cuts for events having one lepton reconstructed in the final state.
Due to a lack of MC statistics for the diphoton and the W� backgrounds, their expected distribution is
approximated by showing an average of the number of events passing the analysis cuts in the m�� mass
range shown.

Va As in Section 5.4, a cut on the transverse momentum of the most energetic photon above 60 GeV
and a cut on the second more energetic photon pT of 30 GeV are applied to suppress the diphoton
background. Events where one of the two photons is reconstructed in the crack region are then
removed.

Vb The selection is then based mostly on the requirement of high missing transverse momentum. A
cut of Emiss

T > 80 GeV suppresses almost completely the �� background while reducing the W�
background by a factor 20 and the ZH� ⇤⇤�� signal by a factor 2.

Vc In order to further suppress the W� background, where the electron is often reconstructed as a
converted photon, events where either of the photons appears to have converted are rejected.

Vd At this point, because of potentially significant background from QCD events, difficult to evaluate,
a cut requiring that the scalar sum of the pT of the jets in the event be larger than 150 GeV is
imposed. It suppresses the contribution from the tt̄�� and bb̄�� backgrounds, as well as of the tt̄H
signal.

Table 15 summarizes the expected cross-sections after the different cuts applied for this analysis for
signal and backgrounds. The expected mass distributions of diphotons from the associated W/Z plus
Higgs boson and from the backgrounds are shown in Fig. 10, after the application of all cuts. To account
for the W� � µ⇤� , the W� � e⇤� background has been multiplied by two in the figure although some
double counting is introduced. The uncertainty in the background level, due to Monte Carlo statistics
only, is estimated to be 15%. The reconstructed mass resolution is 1.31 GeV. This result is expected to
be sensitive to uncertainties in the simulation and reconstruction of Emiss

T tails.
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 ● Searches for other new particles: Do they play any role in EW symmetry breaking?



W Z γW γZ tt t WW WZ ZZ
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 = 7 TeVs
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-1 L dt = 0.035 - 1.04 fb∫
 = 7 TeVs

So far, everything amazingly consistent with 
the Standard Model
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Compact. scale 1/R (SPS8)1.23 TeV  (2011) [arXiv:1111.4116]-1=1.1 fbL

 (GRW cut-off)SM3.0 TeV  (2011) [Preliminary]-1=2.1 fbL

=2)δ (DM3.2 TeV  (2011) [ATLAS-CONF-2011-096]-1=1.0 fbL

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

-1 = (0.03 - 2.1) fbLdt∫
 = 7 TeVs

ATLAS
Preliminary

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

Exploration of the TeV scale territory definitely underway  



Interpretation of Limits 

Update on Searches for New Physics in CMS             E. Halkiadakis 36 

!  Results interpreted in terms of 
simplified model spectra (SMS) 
!  Use limited set of new 

hypothetical particles and 
decays to produce a given 
topological signature 

!  Excluded mass scales for 
gluinos and squarks, where 
large mass splittings 
between them are assumed, 
as well as for varying 
neutralino masses  

!  Limits are quite dependent 
on model assumptions. 
!  But they are quantified 

1 fb-1 summary 

Searches for SUSY at CMS 

Update on Searches for New Physics in CMS             E. Halkiadakis 35 

•  A number of channels and methods 
pursued 

•  Focus has been on simple signatures 
-  Common to wide variety of models 

•  Gearing toward dedicated sbottom and 
stop searches 
-  Stay tuned! 

•  Our results have been most commonly 
presented in the CMSSM m0 vs m1/2 
plane 
-  Shows breadth of analyses and 

large gain in coverage 
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Long List of Models & Signatures Available 

FNAL, 2011.08.30 10 Courtesy of Henri Bachacou 

not yet any sign of new physics, despite extensive effort
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decay channels, while in the range 125–200 GeV, the limits are largely defined by the H ! WW
decay mode. For the mass range below 120 GeV, the dominant contributor to the sensitivity is
the H ! gg channel. The observed limits presented in Fig. 4 can be compared to the expected
ones shown in Fig. 1. The results shown in both Figures are calculated using the asymptotic
formula for the CLs method.
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Figure 4: The observed 95% CL upper limits on the signal strength parameter µ = s/sSM as a
function of the Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right) for
the eight Higgs boson decay channels and their combination.

Figure 5 shows two separate combinations in the low mass range: one for the gg and ZZ ! 4`
channels, which have good mass resolution, and another for the three channels with poor mass
resolution (bb, tt, WW). The expected sensitivities of these two combinations are very similar.
Both indicate an excess of events: the excess in the bb+ tt +WW combination has, as expected,
little mass dependence in this range, while the excess in the gg and ZZ ! 4` combination is
clearly more localized. The results shown in Fig. 5 are calculated using the asymptotic formula.

To quantify the consistency of the observed excesses with the background-only hypothesis,
we show in Fig. 6 (left) a scan of the combined local p-value p0 in the low-mass region. A
broad offset of about one standard deviation, caused by excesses in the channels with poor
mass resolution (bb, tt, WW), is complemented by localized excesses observed in the ZZ ! 4`
and gg channels. This causes a decrease in the p-values for 118 < mH < 126 GeV, with two
narrow features: one at 119.5 GeV, associated with three ZZ ! 4` events, and the other at
124 GeV, arising mostly from the observed excess in the gg channel. The p-values shown in
Fig. 6 are obtained with the asymptotic formula and were validated by generating ensembles
of background-only pseudo-datasets.

The minimum local p-value pmin = 0.001 at mH ' 124 GeV corresponds to a local significance
Zmax of 3.1s. The global significance of the observed excess for the entire search range of 110–
600 GeV is estimated directly from the data following the method described in Ref. [68] and
corresponds to 1.5s. For a restricted range of interest, the global p-value is evaluated using
pseudo-datasets. For the mass range 110–145 GeV, it yields a significance of 2.1s.

The p-value characterises the probability of background producing an observed excess of events,
but it does not give information about the compatibility of an excess with an expected signal.
The latter is provided by the best fit µ̂ value, shown in Fig. 6 (right). In this fit the constraint
µ̂ � 0 is not applied, so that a negative value of µ̂ indicates an observation below the expec-
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Figure 5: The 95% CL upper limits on the signal strength parameter µ = s/sSM for the SM
Higgs boson hypothesis as a function of mH, separately for the combination of the ZZ + gg
(left) and bb+ tt +WW (right) searches. The observed values as a function of mass are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively.
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Figure 6: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of the
SM Higgs boson mass in the range 110–145 GeV. The global significance of the observed maxi-
mum excess (minimum local p-value) in this mass range is about 2.1s, estimated using pseudo-
experiments. The dashed line on the left plot shows the expected local p-values p0(mH), should
a Higgs boson with a mass mH exist. The band in the right plot corresponds to the ±1s uncer-
tainties on the µ̂ values.
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Cosmological implications of Standard Model 
Higgs mass measurement

--> No bound on the 
reheat temperature 

if MH  ~ 125 GeV

relevant for leptogenesis 

(assuming a desert between the EW 
scale and the scale of inflation)
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Figure 7: Upper bounds on the reheating temperature TRH, as functions of mh, from su�cient stability

of the electroweak vacuum against thermal fluctuations in the hot early Universe for three di↵erent

values of the top mass (central value and ±1�). The lower (red) curves are for Hf = 1014GeV,

the upper ones for Hf = [4⇡3g⇤(TRH)/45]
1/2(T 2

RH/MPl), which corresponds to the case of instant

reheating. We take ↵S(MZ) = 0.1184. Lowering (increasing) ↵s(MZ) by one standard deviation

lowers (increases) the bound on TRH by up to one order of magnitude.

larger values of Hf [32].

Figure 7 shows the metastability bound on TRH as a function of the Higgs mass for various

values of the top mass and for two choices of the Hubble rate Hf at the end of inflation. The

lower curves correspond to Hf = 1014 GeV while the upper ones have

Hf = Hmin
f ⌘ [4⇡3g⇤(TRH)/45]

1/2(T 2
RH/MPl) (9)

which is the lowest value of Hf allowed once it is required that the inflaton energy density

⇢� = 3M2
PlH

2
f /(8⇡) is larger than the energy density of a thermal bath with temperature

TRH. The current observations of the Cosmic Microwave Background (CMB) anisotropies [34]

are consistent with a smooth and nearly Gaussian power spectrum of curvature perturbations

limiting the contributions to the anisotropies from of tensor modes. This translates into an

upper bound of the Hubble rate during inflation given by H⇤ < 4⇥1014 GeV. Since the Hubble

rate during inflation decreases, that is Hf < H⇤, the corresponding maximal upper bound on

TRH is TRH < 2.6 [106.75/g⇤(TRH)]1/2 ⇥ 1015 GeV.

The bound on TRH from thermal metastability gets weaker for smaller values of the top

mass or larger values of the Higgs mass since the instability scale becomes higher. Figure 7
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bility (lower curves). The width corresponds to !s(MZ) = 0.1176 ± 0.0020 (with the higher
curve corresponding to lower !s) and we do not show the uncertainty from higher-order
e!ects, which we estimate to be below 2–3 GeV. The horizontal line is the LEP mass bound.
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recent update:Elias-Miro et al, 1112.3022



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

LHC will most likely not provide the final answer

New TeV scale 
physics

Cosmological
signatures

- baryogenesis 
mainly from

(see also recent interest 
in higgs inflation)

- dark matter 



 2 major observations unexplained by ! Standard Model

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

85% dark unknown matter

}

}
nB-nB
nB+nB-

-
baryon asymmetry:             ~ 10-10

the (quasi) absence of antimatter in the universe

 the Dark Matter of the Universe
Some invisible transparent matter (that does not interact with photons)  which 

presence is deduced through its gravitational effects

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



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

ar
ks

le
pt

on
s

I II III
3 families of matter

fo
rc

e 
m

ed
ia

to
rs

Matter Forces
charged/unstable

baryonic

massless

contribution to the energy  
budget of the universe

radius of circle is 
proportional to the mass

Particule � type
Baryons 4 - 5 % froid

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

Particle � type
Baryons 4 - 5 % cold

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

1



Dark Matter candidates

Two main possibilities:

very light & only gravitationally 
coupled (or with equivalently 

suppressed couplings) -> stable 
on cosmological scales

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

guarantee stability

Long-lived
 (stable on cosmological scales) stable by a symmetry

  τDM  > τuniverse ~ 1018  s
-> WIMP



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

⇒ <σanni v> ≈ 1 pb

σ ∼ α2/m2   

 ⇒ m ∼ 100 GeV

Thermal relic: Ω h2 ∝ 1/<σanni v>

XX � ff

XX ff

XX ff

Thermal Relics!

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

‘Freeze-out’ occurs when annihilation rate:!

becomes comparable to the expansion rate!

                where g ~ # relativistic species  !

i.e. ‘freeze-out’ occurs at T ~ mN /45, with: !

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!

Thermal Relics!

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

‘Freeze-out’ occurs when annihilation rate:!

becomes comparable to the expansion rate!

                where g ~ # relativistic species  !

i.e. ‘freeze-out’ occurs at T ~ mN /45, with: !

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!

Thermal Relics!

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

‘Freeze-out’ occurs when annihilation rate:!

becomes comparable to the expansion rate!

                where g ~ # relativistic species  !

i.e. ‘freeze-out’ occurs at T ~ mN /45, with: !

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!

freese-out :

~

ΩΩDM≈ O(1) pb
σanni

→ a particle with a typical EW-scale cross section 

σanni ≈ 1 pb leads to the correct dark matter abundance. 

The “WIMP miracle”



Dark Matter Candidates with ΩΩDM ~1
thermal relic

superWIMP

condensate

gravitationnally 
produced or at preheating
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What * ! nature of ! electroweak phase transition ?
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! !GeV"
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V!!"#v4
first-order           or              second-order?
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! !GeV"
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V!!"#v4 ⤵ 
T →

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...) 



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



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 asymmetry

Chirality Flux 
in front of the wall

Baryon asymmetry and ! EW scale

Electroweak baryogenesis mechanism relies on 
a first-order phase transition

1)  nucleation  and expansion of 
bubbles of broken phase

• B formation cartoon:

CP

Q

U

Q

U

H

yt QHuUc SU(2)L sphaleron

• Osphal !
!

i(QiQiQiLi) is sourced by the Q asymmetry.



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

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

!ET!3

!ET!3
" !

T

12"

!

i

m3

i (!)

Sum over all bosons which couple to the Higgs

In the SM:
!

i

!

!

W,Z
not enough 

V (!, T ) !
1

2
("µ2

h + cT 2)!2 +
"

4
!4

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 spectrumThe MSSM EWBG Spectrum
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• Stop-split supersymmetry spectrum . . .

from EDM bounds

from Higgs mass bound

for strong 1st order 
phase transition

for sufficient CP 
violation

bounds get relaxed when adding singlets or in BSSM

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

EWBG in the MSSM

Requirement #2: New Sources of CP Violation

• Main MSSM source: Higgsinos and Gauginos.

[Carena,Quirós,Seco,Wagner ’02; Lee,Cirigliano,Ramsey-Musolf ’04]

Arg(µM1,2) ! 10!2

µ, M1,2 " 400GeV

• New CP violation !" electric dipole moments (EDM)

γ

χ 0

f
~

f f

+  . . .

~

• EDM bounds # mf̃1,2
! 5TeV (unless cancellations)

� Im(µM2)

• e.g. Electron EDM de (contd. . . )

Irreducible two-loop contribution (! Im(µM2)):

[Chang, Chang, Keung ’02; Pilaftsis ’02]
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Upcoming experiments will probe the EWBG region.

[Balázs,Carena,Menon,DM,Wagner ’04, Lee,Cirigliano,Ramsey-Musolf ’04]



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

V (⇥) = µ2
h|⇥|2 � �|⇥|4 +
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Figure 4: Plot of the ratio ⌅n = ⇧⌃(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 ⌅n = {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
e�ective potential6. The first one is the rate of time-variation of the nucleation rate, named
⇥. Its inverse gives the duration of the phase transition, therefore defining the characteristic
frequency of the spectrum. The second important parameter, �, measures the ratio of the
latent heat to the energy density of the dominant kind, which is radiation at the epoch
considered: � ⇥ ⇤/⇧rad. They are both numerically computed from the e�ective action S3/T
at the nucleation temperature as follows. The time-dependence of the rate of nucleation is
mainly concentrated in the e�ective action and ⇥ is defined by ⇥ ⇥ �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 e�ects 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

strong enough 
for EW baryogenesis 

if Λ      1.3 TeV�

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



�GW � �2�GW � 1
(�/H)2

⇥2

Smoking gun signature Randall-Servant’06
Konstandin,Nardini,Quiros’10

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

violent process if vb ~O(1)
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at a Hadron Collider at an e+ e-  Linear Collider

Typically lar/ deviations to ! Higgs self-c'plings

where

deviations between a factor 0.7 and 2

The dotted lines delimit 
the region for a strong 1rst 

order phase transition
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Testing ! WIMP para)gm



Producing Dark Matter at LHC =  “Missing Energy” events

what is seen 
in the detector
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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(!νqq̄) 51 (25%) 1505 (77%)
tt̄(!ν!ν) 140 (70%) 132 (7%)
W±(!ν) 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
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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
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Figure 1. A diagrammatic flow of how gamma rays are produced by annihilation
of dark matter and elements of the analysis chain used by the GLAST collaboration
to detect them. The double question mark in the simulation chain indicates high
uncertainty in the models of dark matter density and the new particle theories
discussed in the paper. The single question mark over the cosmic ray propagation and
interaction models indicates lesser, although significant, uncertainty in those models
that generate backgrounds to the potential dark matter gamma ray signal. In this
paper GALPROP (section 3.2) is used to estimate those backgrounds. In the next step,
!-ray detection is simulated using standard detector simulation packages (GEANT 4).
Finally,these simulated LAT events are treated by various analysis software programs
(event reconstruction and statistical analysis) to generate the results presented in this
work. The same procedure is applied to the smoking gun signal of "" ! !!, except
that in this case hadronization does not have to be taken into account.

transverse information about the energy deposition pattern §. The calorimeter’s depth

and segmentation enable the high-energy reach of the LAT and contribute significantly

to background rejection. The ACD is the LAT’s first line of defense against the charged

cosmic ray background. It consists of 89 di!erent size plastic scintillator tiles and

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

suppress self-veto e!ects caused by secondary particles emanating from the calorimeter
showers of high energy !-rays [18].

2.1. LAT Exposure

For this paper, simulations of LAT all-sky “exposures” of 2 months, 1 year, 5 years

and 10 years are used in the analyses. LAT exposure is defined as the amount of cm2

s the LAT e!ective area integrates over many orbits, which is a complex calculation.

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

Anti-matter



 Seeing the light from Dark Matter
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Figure 7: Comparison of the electron (left) and proton (center) fractions and photon
(right) fluxes produced by possible DM annihilation channels, for M = 1 TeV.

is sometimes considered as favored, but we do not attach a statistical meaning to this
sentence.

Marginalizations over nuisance parameters and other statistical operations are per-
formed as described in Appendix B of [37]. We will show plots of the ⇤2 as a function of
the DM mass: an interval at n standard deviations corresponds (in Gaussian approxima-
tion) to ⇤2 < ⇤2

min + n2, irrespectively of the number of data points. We will not report
the value of ⇤2/dof as it is a poor statistical indicator; furthermore the number of dof
is not a well-defined quantity when (as in the present case) data-points with accuracies
much smaller than astrophysical uncertainties are e�ectively irrelevant.

5 PAMELA positron data

We start our data analysis considering only the PAMELA e+/(e+ + e�) observations (16
data points) [3].

Taking into account the DM distribution and positron propagation e�ects in the
Galaxy, the energy spectra of the positron fraction originating from di�erent DM an-
nihilation channels is plotted in the left panel of Fig. 7 for the DM mass M = 1 TeV.
As expected, the most energetic positrons come from the pure leptonic channels and the
softest spectra are produced in quark annihilation channels.

Fitting data as described in the previous section, Fig. 8 shows how well the possible
DM annihilations into two SM particles can fit the PAMELA positron excess. Fig. 9
shows the boost factor Be (with respect to the cross section suggested by cosmology,
�v = 3 10�26 cm3/sec) and Be · �v that best fits the PAMELA excess. We see that DM
annihilations into e, µ, ⇥,W can reasonably well reproduce the data for any DM mass,
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Figure 1. A diagrammatic flow of how gamma rays are produced by annihilation
of dark matter and elements of the analysis chain used by the GLAST collaboration
to detect them. The double question mark in the simulation chain indicates high
uncertainty in the models of dark matter density and the new particle theories
discussed in the paper. The single question mark over the cosmic ray propagation and
interaction models indicates lesser, although significant, uncertainty in those models
that generate backgrounds to the potential dark matter gamma ray signal. In this
paper GALPROP (section 3.2) is used to estimate those backgrounds. In the next step,
!-ray detection is simulated using standard detector simulation packages (GEANT 4).
Finally,these simulated LAT events are treated by various analysis software programs
(event reconstruction and statistical analysis) to generate the results presented in this
work. The same procedure is applied to the smoking gun signal of "" ! !!, except
that in this case hadronization does not have to be taken into account.

transverse information about the energy deposition pattern §. The calorimeter’s depth

and segmentation enable the high-energy reach of the LAT and contribute significantly

to background rejection. The ACD is the LAT’s first line of defense against the charged

cosmic ray background. It consists of 89 di!erent size plastic scintillator tiles and

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

suppress self-veto e!ects caused by secondary particles emanating from the calorimeter
showers of high energy !-rays [18].

2.1. LAT Exposure

For this paper, simulations of LAT all-sky “exposures” of 2 months, 1 year, 5 years

and 10 years are used in the analyses. LAT exposure is defined as the amount of cm2

s the LAT e!ective area integrates over many orbits, which is a complex calculation.

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

almost 
featureless but 

with sharp 
cutoff at Wimp 

mass

GeV

E� = MDM

�
1� M2

X

4M2
DM

⇥



NFW profile
 adiabatically
contracted

 γ-ray lines from the Galactic Center ΔΩΩ= 10-5 sr

Spectra for parameters leading to 
correct relic density and satisfying direct 

detection constraints

Mn=149 GeV HgnZ'=gtZ'=3L Mn=162 GeV HgnZ'=gtZ'=1L
g h- Mh=170 GeVg Z ¢- MZ'=220 GeV g Z

HESS

EGRET

FERMI

1 10 102
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

Eg @GeVD

E2
dF
êdE
@Ge

V
cm
-
2 s
-
1 D

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

Higgs in Space!

Z’ H Z Z, Z’

a

h

t

i

i

,Z,Z’

DM

DM



Are ! Dark Ma0er 
and baryon abundances related ?

beyond the standard WIMP paradigm ...

 ΩΩDM≈ 5-6 ΩΩbaryons 



Ma0er Anti-ma0er asymmetry of ! universe:

characterized in terms of the 
baryon to photon ratio ! !

nB " nB

n!
~ 6. 10-10 
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 The  great annihilation between 
nucleons & anti-nucleons
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109 times smaller than observed, 
and there are no antibaryons

-> need to invoke an initial asymmetry

 In absence of 
an asymmetry:
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇤⇤)+ j and (W � �inv⇤)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⌅(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

Collider constraints 

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

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

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

For certain types of operators: competitive limits!
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Describe DM interactions as higher DM operators 
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strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for di!erent dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, !, as a Dirac fermion. The operators

we will study are,

O1 =
i g! gq

q2 !M2
(q̄q) (!̄!) ,

O2 =
i g! gq

q2 !M2
(q̄"µq) (!̄"

µ!) ,

O3 =
i g! gq

q2 !M2
(q̄"µ"5q) (!̄"

µ"5!) ,

O4 =
i g! gq

q2 !M2
(q̄"5q) (!̄"5!) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the e!ect of a light mediator. There are two additional operators !̄#µ"!Fµ"

and H†H!̄! appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

OperatorO1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.

3
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Figure 6: ATLAS constraints on dark matter annihilation for flavor-universal vector or axial vector couplings
of dark matter to quarks. (If dark matter can annihilate also to leptons, the bounds are weakened by a
factor 1/BR(⇥̄⇥ � q̄q).) We consider an environment with

�
v2rel

⇥
= 0.24, corresponding to the epoch at

which thermal relic dark matter freezes out in the early universe.
�
v2rel

⇥
is much smaller in present-day

environments such as galaxies, which leads to improved collider bounds on the annihilation rate in those
systems. The value of ⇥�vrel⇤ required for dark matter to be a thermal relic is indicated by the horizontal
black line.

to leptons. (If dark matter can annihilate also to leptons, the bounds are weakened by a factor
1/BR(⇥̄⇥ � q̄q).) To compute these limits, we have used the bounds on �u and �d from figure 4,
and have converted them into a limit on the flavor-universal cuto⇥ scale � using equation (8). We
have neglected the small contribution of initial states involving strange and charm quarks to the
mono-jet rate at the LHC.

We see from figure 6 that, as long as the e⇥ective field theory framework provides a valid
description of dark matter production at the LHC and of its annihilation in the early universe,
thermal relic cross sections are ruled out at 90% confidence level for m� � 15 GeV in the case of
vector couplings and for m� � 70 GeV in the case of axial vector couplings. As discussed above,
the limits can become somewhat weaker if additional annihilation channels exist, and stronger in
environments with low

�
v2rel

⇥
.

4. LIGHT MEDIATORS

So far, we have worked entirely in the e⇥ective field theory framework, assuming the particles
that mediate dark matter–Standard Model interactions to be much heavier than the typical mo-
mentum exchanged in mono-jet events, and the production at colliders to be well approximated
by a contact operator. However, given that the LHC is probing record high scales, particularly for
event samples with hard pT cuts, it is worthwhile to investigate how the predictions of the e⇥ective
theory are modified once a propagating particle is introduced to mediate the interaction of matter
and dark matter.

As discussed in [4, 5, 11], the sensitivity of colliders can change dramatically in this case,
either suppressing or enhancing the signal. In the case of “s-channel” operators, resonance e⇥ects

ATLAS 7 TeV constraints on annihilation cross section
Fox-Harnik-Kopp-Tsai ‘11

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

m_DM<~70 GeV for axial couplings !
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [42], XENON-10 [43], XENON-100 [44], DAMA [45], CoGeNT [46,
47] and CRESST [48], and constraints on spin-dependent scattering from DAMA [45], PICASSO [49],
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 47, 53] to the experimental data. Following [54], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3⇥ contours. For CRESST, the contours are 1⇥ and 2⇥
as in [48].

searches. The dark matter annihilation rate is proportional to the quantity ⌅⇥vrel⇧, where ⇥ is the
annihilation cross section, vrel is the relative velocity of the annihilating particles, and the average ⌅·⇧
is over the dark matter velocity distribution in the particular astrophysical environment considered.
Working again in the e⇥ective field theory framework, we find for dark matter coupling to quarks
through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],
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Here the sum runs over all kinematically accessible quark flavors, and mq denotes the quark masses.
We see that, for both types of interaction, the leading term in ⇥vrel is independent of vrel when there
is at least one annihilation channel with m2

q � m2
�v

2
rel. Note that for DM couplings with di⇥erent

Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger vrel-dependence. For such operators, collider bounds on ⌅⇥vrel⇧ can be significantly stronger
than in the cases considered here, especially in environments with low

�
v2rel

⇥
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on ⌅⇥vrel⇧ as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not

Collider constraints on nucleon-WIMP scattering cross section
Fox-Harnik-Kopp-Tsai ‘11

Low mass LHC reach complementary to direct detection experiments!

no astrophysical uncertainties



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

Dark Matter and the CMB

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:

 ΩΩDM  , mDM ,σ0 and standard physics of recombination
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12 XDM e+e- 150 GeV, BF = 16
13 e+e- 100 GeV, BF = 10

FIG. 6: Constraints on the annihilation cross-section !!Av"
the e!ciency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e!, µ+µ! and "+"!).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z !
100 " 4000), or ! or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ! 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ! 2.35 #
10!4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T $ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ! 10!8 at z ! 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10!8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ! 10!8, this implies an e!ective cross section at re-
combination ! 4 " 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling ! between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ! 100 " 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

%"Av&saturated <
3.6 # 10!24cm3/s

f

!

MDMc2

1TeV

"

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section %"Av& =
3 # 10!26 cm3/s,

Smax <
120

f

!

MDMc2

1TeV

"

. (7)

In both cases values of f for the di!erent channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e! cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ! 150 km/s (5#10!4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,
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three regions: low energy photons where the (inelastic)
interaction rate is short compared to H(z) (“fast” defined
as a total rate of more than one interaction per photon
per timestep, for timesteps typically of order ! tH/1000),
high energy photons where the interaction rate is fast
compared to H(z), and an intermediate region where the
interaction rates are no more than a few orders of mag-
nitude greater than H(z) and so the timestep is small
enough to resolve them. We take a standard timestep of
d ln(1 + z) = 10!3. This division is redshift-dependent
and so must be performed at each timestep. The low
energy photons are assumed to deposit all their energy
within the timestep, and the high energy photon pro-
cesses are integrated out as described above. The part
of the photon spectrum in the intermediate energy range
is evolved by the photon cooling mechanisms listed in
Appendix C, and by redshifting. At the end of each
timestep, the photon spectrum is updated and new pho-
tons are injected from DM annihilation (both from direct
production, and from ICS and annihilation of electrons
and positrons). The energy deposited to the IGM at each
step is recorded.

The evolution of the photon spectrum is shown for
two sample models in Fig. 3. The e!ect of the semi-
transparent windows discussed previously is clear, with
large peaks in the spectra at ! 104 and ! 108" 1010 eV.
The gap between the peaks is due to Compton downscat-
tering rapidly depleting the photon spectrum in this en-
ergy range, while above and below the semi-transparent
windows, pair production on the CMB and photoioniza-
tion, respectively, dominate. The edge from positron an-
nihilation is visible at 511 keV.

III. ENERGY DEPOSITED TO THE IGM

A. The e!ciency factor f(z)

The power per hydrogen atom injected by DM annihi-
lation is frequently written in the form,

!DM = 2fMDM

!

#"Av$n2
DM,0

nH,0

"

(1 + z)3 (1)

where nDM,0 and nH,0 are the WIMP and H number den-
sities at z = 0, respectively. In the on-the-spot approxi-
mation, f is just the e"ciency with which the WIMP rest
mass energy liberated by annihilation is injected into the
IGM [72]. Note that f is defined in terms of the WIMP
mass, not the total energy of the electrons produced by
annihilation: a large branching ratio to neutrinos, for
example, results in a smaller value for f .

In our previous paper on this topic [4], we made the
simplifying assumption that f and #"Av$ were indepen-
dent of redshift, an approach that has also been adopted
by other authors [39, 42]. The Sommerfeld enhancement
can cause #"Av$ to vary with redshift, but as discussed
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FIG. 3: The photon spectrum as a function of energy at sev-
eral redshifts for MDM = 1000 GeV (top) and MDM = 10 GeV
(bottom), for !! ! "" followed by " ! e+e!, with m! = 1
GeV.

previously, in the redshift range relevant to this prob-
lem we can reasonably assume that the enhancement is
saturated (although our numerical code could trivially
accommodate a time-dependent #"Av$),

#"Av$ = Smax#"Av$fo . (2)

Here #"Av$fo is the usual thermal relic freeze-out cross
section of ! 3 % 10!26 cm3/s, and Smax is the saturated
Sommerfeld enhancement.

Our detailed numerical computation of the energy de-
position allows us to go beyond assuming a constant f ,
for the models of interest. Because of the changing trans-
parency window (Fig. 2) the rate at which the photons’
energy is absorbed by the IGM varies with z and with
WIMP model, even in the on-the-spot approximation.
Where the on-the-spot approximation breaks down, the
delayed absorption of annihilation energy injected at ear-
lier times can also alter the e!ective f(z) profile. To
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previously, in the redshift range relevant to this prob-
lem we can reasonably assume that the enhancement is
saturated (although our numerical code could trivially
accommodate a time-dependent #"Av$),
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Here #"Av$fo is the usual thermal relic freeze-out cross
section of ! 3 % 10!26 cm3/s, and Smax is the saturated
Sommerfeld enhancement.

Our detailed numerical computation of the energy de-
position allows us to go beyond assuming a constant f ,
for the models of interest. Because of the changing trans-
parency window (Fig. 2) the rate at which the photons’
energy is absorbed by the IGM varies with z and with
WIMP model, even in the on-the-spot approximation.
Where the on-the-spot approximation breaks down, the
delayed absorption of annihilation energy injected at ear-
lier times can also alter the e!ective f(z) profile. To
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WMAP7 WMAP7+ACT WMAP7 Standard WMAP7+ACT Standard

pann[cm
3/s/GeV ] < 2.42 ! 10!27 < 2.09 ! 10!27 - -

ns 0.977 ± 0.015 0.971 ± 0.014 0.963 ± 0.014 0.962 ± 0.013
100!bh

2 2.266 ± 0.057 2.237 ± 0.053 2.258+0.057
!0.056 2.214 ± 0.050

!ch
2 0.1115 ± 0.0054 0.1119 ± 0.0053 0.1109 ± 0.0056 0.1127 ± 0.0054

TABLE I: Constraints on the annihilation parameter pann and on the cosmological parameters that are more degenerate with
it, i. e. the scalar spectral index ns, the baryon density !b and the dark matter density !c. We report the results using WMAP7
data and WMAP7+ACT data. The constraints on pann are upper bound at 95% c.l., while for the other parameters we show
the marginalized value and their errors at 68% c.l. The last two columns reports the value of the cosmological parameters in
the standard "CDM case with no annihilation, as found by the WMAP7 team [24] and the ACT team [25].

the initial energy deposited into the gas is not constant
with cosmic time, even if the on–the–spot approximation
holds true at all redshifts of interest. This problem has
been addressed in [19], where the authors have computed
the evolution of the energy fraction f(z) for di!erent pri-
mary species, and DM particle mass. As it can be seen
from their Figure 4, the f(z) is a smoothly varying func-
tion of redshift (even more so for the values of interest in
our problem 100 <

! z <
! 1000). We show the constraints

for time-varying f(z) in Figure 1. Interestingly, the new
results rule out ‘thermal’ WIMPs with mass m!

<
! 10

GeV.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Equation A1 and Table 1 of [19]. We have obtained con-
straints for purely DM models annihilating solely (and
separately) into electrons and muons, with di!erent DM
masses, reported in Table II. This choice of annihila-
tion channels brackets the possible values of f(z): the
case of annihilation to other channels (except of course
neutrinos, which practically do not couple at all with the
plasma) falls between the two limiting cases studied here.
Although the implementation of the z-dependence of

f clearly leads to more accurate results, we found that
taking a simplified analysis with constant f , such that
f(z = 600) = fconst, leads to a di!erence with respect to
the full f(z) approach of less than ! 15%, depending on
the annihilation channel considered.
Discussion and Conclusions. In this brief report

we have provided new updated CMB constraints on
WIMP annihilations, with an improved analysis that
includes more recent CMB data (WMAP7 and the
ACT2008) and implementing the redshift evolution of the
thermal gas opacity to the high energy primary shower.
We have also found that a simplified analysis with con-
stant f = f(z = 600) leads to an error on the maximum
DM self-annihilation cross section smaller than ! 15%,
with respect to a treatment that fully takes into account
the redshift dependence of f(z).
While we were finalizing this paper, Hutsi et al.

(HCHR2011) [26] have reported results from a similar
analysis, using an averaged evolution of the f(z). They
provide 2" ! upper limits from WMAP7 with 1" ! un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < "v > in function
of the mass, obtained using a variable f(z) for particles anni-
hilating in muons (x signs) and in electrons (diamonds) using
WMAP7 data (red) and WMAP7+ACT data (black) at 95%
c.l.. The exclusion shaded areas are obtained for interpolation
of the WMAP7 + ACT data points for muons (dark shading)
and electrons (light shading). The black solid line indicates
the standard thermal cross-section < "v >= 3!10!26cm3/s.

results are a factor between 1.2 and 2 weaker than ours.
This is partially due to the fact that we account for ex-

tra Lyman radiation in our code, but this can account for
only less than 10% of the di!erence between the results.
As in GIBM09, we have calculated how much the

Planck satellite and a hypothetical Cosmic Variance Lim-
ited experiment will improve the constraints compared
to WMAP7 in the case of constant f (constraints for
Planck and CVL reported in GIBM09). We obtain im-
provement factors of 8 and 23 for Planck and CVL re-
spectively, which are compatible with the ones reported
in HCHR2011, 6 and 13. The di!erence for the CVL
experiment is attributed to the slightly di!erent specifi-
cations used for the CVL experiment in HCHR2011 and
in GIBM09, namely the maximum multipole considered
in the analysis, as also stated in HCHR2011. Clearly the
data from the on-going Planck satellite mission, expected

standard thermal 
cross section

Constraints from CMB measurements 
on the DM annihilation cross section 
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Figure 5: Summary plots of the parameter space, showing also the constraints. The dotted
lines mark the contours along which a correct �DMh2 can be obtained. Left: Oscillations and
annihilations only (⇤ = 0). Right: Including elastic scatterings (⇤ = 10�2). In both panels
we assume an initial asymmetry ⇥0 = ⇥B and we show two indicative values of the oscillation
parameter �m. The solid black line at the bottom represents the standard case (⇥ = 0, �m = 0).
At some points on the contours, we provide the value of the ratio r defined in eq. (34). The shaded
blue regions are excluded by CMB constraints, the shaded pink ones by gamma ray observations
with FERMI and the orange ones by observations with H.E.S.S. (see text). The white areas above
the solid black line are allowed.

the usual constraints on ⇥0 during that era would apply (see e.g. [68]). However these
constraints are typically weaker than the ones we will discuss below. A second, more
attractive possibility arises if oscillations start after the end of BBN, i.e. if tosc > tBBN. In
that case, as annihilations recouple, a large amount of energy is injected into the plasma.
The set-up is similar to the one of late-decaying heavy DM progenitor states. Such decays
have been extensively studied and stringent constraints set, in the energy injection versus
injection time plane. If the characteristic time tosc is longer than 0.1 s, we would in fact be
in a position to constrain the amount of energy stored in the dark sector before oscillations
start, i.e. the initial value of DM asymmetry �0. However, once again, this possibility
appears to be ruled out in the set-up in which we are interested, since tosc � 0.1 sec on all
the regions of the parameter space which are not already ruled out by the other constraints
we discussed below.

Epoch of Reionization and CMB. Strong constraints are imposed on DM annihilations
from considering the e�ect on the generation of the CMB anisotropies at the epoch of
recombination (at redshift � 1100) and their subsequent evolution down to the epoch of
reionization. The actual physical e�ect of energy injection around the recombination epoch
is that it results in an increased amount of free electrons, which survive to lower redshifts
and a�ect the CMB anisotropies [69]. Detailed constraints have been recently derived
in [70], based on the WMAP (7-year) and Atacama Cosmology Telescope 2008 data. The
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Conclusion

both under testing ! 

Dark Matter & Baryogenesis at the Electroweak  scale:

Planck has its word to say on weak scale physics!
as it can provide interesting constraints 

on models of WIMP annihilating dark matter


