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2010: First collisions at the LHC   

Direct exploration of the Fermi 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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 Higgs Mechanism

The Higgs selects a vacuum state by developing a non zero 
background value. When it does so, it gives mass  to SM 
particles it couples to. 

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

We do not know what makes the Higgs condensate.
We ARRANGE the Higgs potential so that the Higgs condensates but 
this is just a parametrization that we are unable to explain dynamically.

the puzzle:



the Higgs or something else? ?

Electroweak symmetry breaking: 2 main questions
What is unitarizing the WLWL scattering amplitude?

What is cancelling the divergent diagrams?
: Hierarchy problem

→ theoretical need for new physics at the TeV scale

(i.e what is keeping the Higgs light?)

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

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

Λ , the maximum mass scale 
that the theory describes

strong sensitivity on UV unknown physics

⇒ δMH ∝ Λ 2 2



Which new physics?

Electroweak 
symmetry breaking

Minimally extended 
(2 Higgs doublets)Supersymmetric

Composite, Higgs as 
pseudo-goldstone 

boson, H=A5
Higgsless, 

technicolor-like, 
5-dimensional

In all explicit examples, without unwarranted cancellations, new 
phenomena are required at a scale Λ~[3-5] × MHiggs



Which Higgs ?

Composite Higgs ?

Little Higgs ?

Littlest Higgs ?

Intermediate Higgs ?

Slim Higgs ?

Fat Higgs ?

Gauge-Higgs ?

Holographic Higgs ?

Gaugephobic Higgs ?

Higgsless ?

UnHiggs ?

Portal Higgs ?

Simplest Higgs ?

Private Higgs ?

Lone Higgs ?

Phantom Higgs ?



 Does a Higgs boson exist ?

  If yes : 

 is there only one ? 
 what are its mass, width, quantum numbers ? 
 does it generate electroweak symmetry breaking and give mass 
    to fermions too as in the Standard Model or is something else needed ? 
 what are its couplings to itself and other particles 

If no : 
               be ready for 
   • very tough searches at the (S)LHC (VLVL scattering, ...) or 
   • more spectacular phenomena such as  
W’, Z’ (KK) resonances, technicolor, etc...

What questions the LHC experiments should try to answer : 



Event rate at hadron (pp) colliders(  )-

6 HCPSS – 2009, CERN Andreas Hoecker   –   Trigger and Data Analysis (I) 

W, Z production 

gluon-to-Higgs fusion 

squarks, gluinos 
(m ~ 1 TeV) 

 High-pT QCD jets 

Quark-flavour  

production 

new 
physics

Higgs event= 1/(10 billions)
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searching for the Higgs is like searching for a specific corn 
grain in a very large corn field ...



SM higgs production at the LHC

EWSB at LHC 9
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Figure 13. The branching fractions for the decays H →
φφ as a function of Mφ for different ξ values and MH =
120 GeV, Λ = 5 TeV [ 50].

Scenarios with extended Higgs/gauge/matter. Non–
supersymmetric extensions of the Higgs sector with ad-
ditional singlet, doublet and higher representation fields
have also been advocated [ 44]. Examples are the mini-
mal SM extension with a singlet discussed above, two–
Higgs doublet models which potentially include CP–
violation, triplet Higgs fields in models for light neu-
trino mass generation, etc... These extensions lead to
a rich spectrum of Higgs particles which could be pro-
duced at the LHC. In other extensions of the SM, new
gauge bosons and new matter particles are predicted
and they can affect the properties of the SM–like Higgs
boson. For instance the new fermions present in little
Higgs and extra–dimensional models might contribute
to the loop induced Higgs couplings, while new heavy
gauge bosons could alter the Higgs couplings to W and
Z bosons for instance. The anomalous ZZH and tt̄H
couplings can be a good probe of the additional scalars
and/or the novel features of the geometry in the extra
dimensions [ 54].

Scenarios with a composite Higgs boson. In little
Higgs models [ 55], the dynamical scale is around
Λ = 10 TeV, unlike the traditional Technicolor model [
56]. A light Higgs boson can be generated as a pseudo
Goldstone boson and its mass of order 100 GeV is pro-
tected against large radiative corrections individually in
the boson and the fermion sectors. The models predict
a rich spectrum of new particles not only at the scale
Λ but also at lower scales. Axion–type pseudoscalar
bosons may be associated with the spontaneous break-
ing of U(1) factors in the extra global symmetries [
57]. These particles have properties analogous to Higgs
bosons and can be produced at the LHC; deviations in

the production and decay rates of the SM–like Higgs
boson can also be induced by these particles. Note
that, recently, a model–independent description of a
strongly interacting light Higgs has been given [ 58].

Higgsless models and strong W/Z interactions. As-
suming the W/Z bosons to become strongly interacting
at TeV energies, damping the rise of the elastic W/Z
scattering amplitudes, is an alternative way to solve
the problem of unitarity violation at high energies in
the SM, without adding a relatively light Higgs boson.
Naturally, the strong forces between the massive gauge
bosons may be traced back to new fundamental interac-
tions characterized by a scale of order 1 TeV [ 56]. Also
in theories with extra space dimensions, EWSB can oc-
cur without introducing additional fundamental scalar
fields, leading also to Higgsless theories [ 59]. Studying
such difficult scenarios at the LHC will be possible with
very high luminosity [ 60].

3. Higgs production and detection at the LHC

3.1. The SM Higgs case

There are essentially four mechanisms for the single
production of the SM Higgs boson at hadron colliders
[ 61]; some Feynman diagrams are shown in Fig. 14.

Figure 14. The production mechanisms for SM Higgs
bosons at hadron colliders.

The total cross sections, obtained with the programs
of Ref. [ 62], are displayed in Fig. 15 for the LHC with√

s = 14 TeV as a function of the Higgs mass; the top
quark mass is set to mt = 178 GeV and the MRST
parton distributions functions [ 63] have been adopted.
The NLO, and eventually NNLO, corrections have been
implemented as will be summarized below, where we
discuss the main features of each production channel.

a) gg → H : This is by far the dominant production
process at the LHC, up to masses MH ≈ 1 TeV. The
most promising detection channels are [ 64] H → γγ
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Figure 2. Theoretical upper and lower bounds on the
Higgs mass in the SM from the assumption that the SM
is valid up to the cut–off scale Λ [ 14].

12] as well as lattice simulations [ 13] lead to the esti-
mate MH <∼ 630 GeV for this limit. Furthermore, loops
involving top quarks tend to drive the coupling to neg-
ative values for which the vacuum is no longer stable.

Requiring the SM to be extended to, for instance,
the GUT scale ΛGUT ∼ 1016 GeV and including the ef-
fect of top quark loops on the running coupling, the
Higgs boson mass should lie in the range 130 GeV
<∼ MH <∼ 180 GeV [ 14]; see Fig. 2. In fact, in any

model beyond the SM in which the theory is required to
be weakly interacting up to the GUT or Planck scales,
the Higgs boson should be lighter than MH <∼ 200 GeV.
Such a Higgs particle can be thus produced at the LHC.

Once its mass is fixed the profile of the Higgs parti-
cle is uniquely determined and its production rates and
decay widths are fixed. As its couplings to different par-
ticles are proportional to their masses, the Higgs boson
will have the tendency to decay into the heaviest par-
ticles allowed by phase space. The Higgs decay modes
and their branching ratios (BR) are briefly summarized
below; see Ref. [ 15] for details.

In the “low–mass” range, MH <∼ 130 GeV, the Higgs
boson decays into a large variety of channels. The main
mode is by far the decay into bb̄ with BR∼ 90% followed
by the decays into cc̄ and τ+τ− with BRs∼ 5%. Also of
significance is the top–loop mediated decay into gluons,
which occurs at the level of ∼ 5%. The top and W–loop
mediated γγ and Zγ decay modes, which lead to clear
signals, are very rare with BRs of O(10−3).

In the “high–mass” range, MH >∼ 130 GeV, the Higgs
bosons decay into WW and ZZ pairs, one of the gauge
bosons being possibly virtual below the thresholds.
Above the ZZ threshold, the BRs are 2/3 for WW and
1/3 for ZZ decays, and the opening of the tt̄ channel

for higher MH does not alter this pattern significantly.
In the low–mass range, the Higgs is very narrow, with

ΓH < 10 MeV, but this width increases, reaching 1 GeV
at the ZZ threshold. For very large masses, the Higgs
becomes obese, since ΓH ∼ MH , and can hardly be
considered as a resonance.

The branching ratios and total decay widths are sum-
marized in Fig. 3, which is obtained from a recently
updated version of the code HDECAY [ 16] and where the
new value mt = 172 GeV is used as an input.

Figure 3. The decay branching ratios (top) and the
total decay width (bottom) of the SM Higgs boson as
a function of its mass [ 16].

The SM in spite of its spectacular success, is ridden
with two well known problems, which are the major
stumbling blocks while trying to extend the validity of
the SM to the GUT scale ΛGUT. The first one is the so–
called naturalness problem: the radiative corrections
to MH being quadratically divergent push the Higgs
boson mass to be the order of these large scales. The
second problem is that the running of the three gauge
couplings of the SM is such that they do not meet at a
single point and thus do not unify at the GUT scale.

Low energy supersymmetry solves these two prob-
lems at once [ 17]: supersymmetric particle loops can-
cel exactly the quadratic divergences and help stablise

10 A. Djouadi and R.M. Godbole

Figure 15. The production cross sections for the SM
Higgs boson at the LHC in the main channels.

for MH <∼ 130 GeV and slightly above this mass value,

H → ZZ∗ → 4!± and H → WW (∗) → !!νν with
! = e, µ for masses below, respectively, 2MW and 2MZ .
For higher Higgs masses, MH >∼ 2MZ , it is the golden
mode H → ZZ → 4!±, which from MH >∼ 500 GeV
can be complemented by H → ZZ → νν̄!+!− and
H → WW → ν!jj to increase the statistics [ 65, 66,
67, 68, 69, 70].

The next–to–leading order (NLO) QCD corrections
have been calculated in both the limit where the in-
ternal top quark has been integrated out [ 71], an ap-
proximation which should be valid in the Higgs mass
range MH <∼ 300 GeV, and in the case where the full
quark mass dependence has been taken into account [
72]. The corrections lead to an increase of the cross
sections by a factor of ∼ 1.7. The “tour de force” of
deriving the three–loop corrections has been preformed
in the infinite top–quark mass limit; these NNLO cor-
rections lead to the increase of the rate by an additional
30% [ 73] (see also Refs. [ 74, 75]. This results in a nice
convergence of the perturbative series and a strong re-
duction of the scale uncertainty, which is the measure of
unknown higher order effects; see Fig. 16. The resum-
mation of the soft and collinear corrections, performed
at next–to–next–to–leading logarithm accuracy, leads
to another increase of the rate by ∼ 5% and a decrease
of the scale uncertainty [ 76]. The QCD corrections to
the differential distributions, and in particular to the
Higgs transverse momentum and rapidity distributions,
have also been recently calculated at NLO [with a re-
summation for the former] and shown to be rather large
[ 77]. The dominant components of the electroweak cor-
rections, some of which have been derived very recently,
are comparatively very small [ 78].

b) qq̄ → HV : The associated production with gauge
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Figure 16. SM Higgs production cross sections in the
gg fusion process at the LHC as a function of MH at the
three different orders with the upper (lower) curves are
for the choice of the renormalization and factorization
scales µ = 1

2MH (2MH); from Harlander and Kilgore
in Ref. [ 73].

bosons, with H → bb̄ and possibly H → WW ∗ →
!+νjj, is the most relevant mechanism at the Tevatron
[ 7] [gg → H → WW → !ν!ν being important for
Higgs masses close to 160 GeV]. At the LHC, this pro-
cess plays only a marginal role; however, the channels
HW → !νγγ and eventually !νbb̄ could be useful for
the measurement of Higgs couplings.
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Figure 17. K-factors for pp → HW at the LHC as a
function of MH at LO, NLO and NNLO with the bands
represent the spread of the cross section when the scales
are varied in the range 1

3MHV ≤ µR (µF ) ≤ 3MHV [
81].

The QCD corrections, which at NLO [ 79, 80], can

SM branching ratios
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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 mγγ of ±2 GeV around 120 GeV are given.

Cut γγ Reducible γ j Reducible j j EW γγ j j Total
σ (fb) σ (fb) σ (fb) σ (fb) σ (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 |η | < 2.37
excluding the transition region between barrel and endcap calorimeters, 1.37 < |η | < 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].
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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 |η | < 5 with pT > 40,20 GeV for the leading and sub-
leading jet, respectively. The tagging jets must be in opposite hemispheres, η j1 ·η j2 < 0, where η j1
and η 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, ∆η 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 |η | < 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 Wγ backgrounds, their expected distribution is
approximated by showing an average of the number of events passing the analysis cuts in the mγγ 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 γγ background while reducing the Wγ
background by a factor 20 and the ZH→ ννγγ signal by a factor 2.

Vc In order to further suppress the Wγ 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 tt̄γγ and bb̄γγ 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 Wγ → µνγ , the Wγ → eνγ 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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for different final states  (gh,qqh,Wh,Zh) , different S/B

inclusive 

H + 2 j

H + 1j

H + ET
miss



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



 top discovery

Solar, atmospheric & terrestrial neutrino oscillations

Direct CP violation in K mesons

CP violation in B mesons

Validation of quantum properties of Standard Model

Observation of accelerated expansion of the universe

Determination of the energy/matter content of the universe

 Most recent experimental successes

Nevertheless ...



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



Precision Cosmology

expansion 
rate

age of the 
universe

fraction of the total 
energy density in 
matter

fraction of the total 
energy density in 
“dark energy”

WMAP Cosmological Parameters

Model: lcdm+sz+lens

Data: wmap7

102Ωbh2 2.258+0.057
−0.056 1 − ns 0.037± 0.014

1 − ns 0.0079 < 1 − ns < 0.0642 (95% CL) ABAO(z = 0.35) 0.463+0.021
−0.020

C220 5763+38
−40 dA(zeq) 14281+158

−161 Mpc

dA(z∗) 14116+160
−163 Mpc ∆2

R (2.43 ± 0.11) × 10−9

h 0.710 ± 0.025 H0 71.0 ± 2.5 km/s/Mpc

keq 0.00974+0.00041
−0.00040 !eq 137.5 ± 4.3

!∗ 302.44± 0.80 ns 0.963± 0.014

Ωb 0.0449± 0.0028 Ωbh2 0.02258+0.00057
−0.00056

Ωc 0.222 ± 0.026 Ωch2 0.1109± 0.0056

ΩΛ 0.734 ± 0.029 Ωm 0.266± 0.029

Ωmh2 0.1334+0.0056
−0.0055 rhor(zdec) 285.5± 3.0 Mpc

rs(zd) 153.2 ± 1.7 Mpc rs(zd)/Dv(z = 0.2) 0.1922+0.0072
−0.0073

rs(zd)/Dv(z = 0.35) 0.1153+0.0038
−0.0039 rs(z∗) 146.6+1.5

−1.6 Mpc

R 1.719 ± 0.019 σ8 0.801± 0.030

ASZ 0.97+0.68
−0.97 t0 13.75± 0.13 Gyr

τ 0.088 ± 0.015 θ∗ 0.010388± 0.000027

θ∗ 0.5952± 0.0016 ◦ t∗ 379164+5187
−5243 yr

zdec 1088.2± 1.2 zd 1020.3± 1.4

zeq 3196+134
−133 zreion 10.5 ± 1.2

z∗ 1090.79+0.94
−0.92





Nucleosynthesis

Formation of structures

protons and neutrons



Three  major experimental facts are still lacking a 
theoretical explanation :

✴ The mass of elementary particles (gauge bosons, quarks & leptons)

✴ dark matter (stable, non-baryonic, non-relativistic, neutral particle)

✴ the matter - antimatter asymmetry (the three Sakharov conditions)



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

85% dark unknown matter

}

}
nB-nB
nB+nB-

-baryon asymmetry:             ~ 10-10

→ observational  need for new physics

 2 major observations unexplained by # Standard Model

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

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



attendue d’après 
le nombre d’étoiles

distribution des vitesses
observée

galaxy rotation curves

M(<r) = v2 r
GN

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



gravitational lensing

observateur
 terrestre

lentille
 gravitationnelle



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

... etc

-> Fraction of the universe’s energy 
density stored in dark matter : 

 ΩDM≈ 0.22

The picture from astrophysical and cosmological 
observations is getting more and more focussed

Gravitational lensing
The “Bullet cluster”: lensing map 
versus X-ray image

Galaxy rotation curves

Cosmic Microwave Background

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



Matter power spectrum

Power spectrum for CDMPower spectrum for CDMPower spectrum for CDM

matter-radiation equality

not baryonic



Neutrinos 

Collisionless dampingCollisionlessCollisionless dampingdamping

CDM

HDM

hot dark 
matter

cold dark 
matter

not hot



Why can’t dark matter be explained by the Standard Model?
qu
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I II III
3 families of matter
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Matter Forces
charged/unstable

baryonic

massless

contribution to the energy  
budget of the universe

radius of circle is 
proportional to the mass

Particule Ω type
Baryons 4 - 5 % froid

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

Particle Ω type
Baryons 4 - 5 % cold

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

1



Dark matter candidates: two main possibilities

The “WIMP miracle”

very light & only 
gravitationally coupled (or 

with equivalently suppressed 
couplings) -> stable on 

cosmological scales

sizable (but not strong)  couplings 
to the SM  -> symmetry needed 

to guarantee stability

⇒ <σanni v>= 0.1 pb

σ ~ α2/m2   

 ⇒ m ~ 100 GeV

Thermal relic: Ω h2 ∝ 1/< σanni v> 

an alternative: superWIMPs (where most often the 
above calculation is still relevant since SuperWIMPs 

are produced from the WIMP decay)

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

be ≥ m/25 (= weak requirement)

Production mechanism is 
model-dependent,

 depends on early-universe 
cosmology

Dependence on reheat temperature

ex: meV scalar with 1/MPl 
couplings (radion)

ex: gravitino, KK graviton

XX ↔ ff

XX ff

XX ff



The “WIMP miracle”

⇒ <σanni v> = 0.3 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 :

~



Dark Matter Candidates Ω~1

thermal relic

superWIMP

condensate

gravitationnally 
produced or at preheating
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In Theory Space

Supersymmetry

Extra Dimensions
Technicolor &

Kaluza-Klein photon

Kaluza-Klein 
graviton

 Kaluza-Klein 
neutrino

branon

neutralino

gravitino

axino

sneutrino

technifermion

sterile
neutrino 

SU(2)-ntuplet
heavy fermion 

axion (almost) 
Standard Model

Peccei-Quinn

majoron

Composite Higgs

GUT
wimpzillas

WIMP thermal relic

superWIMP
condensate

gravitational production 
   or at preheating



Fraction of the universe’s energy density 
stored in a stable massive thermal relic:

→ a particle with a typical Fermi-scale cross section 
σanni ≈ 1 pb leads to the correct dark matter abundance. 

Dark Ma&er and # Fermi scale

ΩDM≈ 0.2 pb
σanni

a compelling coincidence (the “WIMP miracle”)



New symmetries at the TeV scale and Dark Matter

New TeV scale 
physics needed

to cut-off quadratically 
divergent quantum corrections 

to the Higgs mass

tension with precision tests of 
the SM in EW & flavor sector 
(post-LEP “little hierarchy pb”)

introduce new discrete 
symmetry P

R-parity in SUSY, KK parity in extra dim, 
T parity in Little Higgs ...

Lightest P-odd particle is stable

DM candidate



 mass spectrum, 
interactions

Work 't  prope%ies of new degrees of  freedom

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

relic 
abundance

 detection
signatures & rates

 dark matter candidates

 Standard Model 
Particles

 New Particles

 STABLE



SUSY
[70 ies to now]

Model building beyond the Standard Model: “historical” overview
  B

ig
 h

ie
ra

rc
hy

 
ad

re
ss

ed

  L
it

tl
e 

hi
er

ar
ch

y 
ad

re
ss

ed

  B
ig

 &
 li

tt
le

 h
ie

ra
rc

hy
 p

bs
 ig

no
re

d

ADD

RS
[99  to now]

[98-99]

  the attitude: 
Naturalness is what 

matters, dark matter is a 
secondary issue

Give up naturalness, focus 
on dark matter and EW 

precision tests. Optional: 
also require unification

R-parity→ LSP 

UED

Little Higgs
[2001  to now]

[2002-2004]

KK-parity→ LKP 

T-parity→ LTP 
[2003]

[2002]

“Minimal” SM 
extensions

[2004 to now]

assume discrete 
symmetry, 

typically a Z2 

  Lower your ambition (no 
attempt to explain the 

MEW/MPl hierarchy); rather 
put a ~ TeV cutoff



 in last few years (post LEP-2)--> questioning of naturalness as 
a motivation for new physics @ the Weak scale

dark matter model building since ~2008: data driven 

+ various “hints” (?...): DAMA, INTEGRAL, PAMELA, ATIC

focus on dark matter only and do not rely on 
models that solve the hierarchy problem

“minimal approach”:

Dark matter theory

dark matter model building until ~2004: mainly theory driven 
largely motivated by hierarchy pb: 

SUSY+R-parity, 
Universal Extra Dimensions + KK parity

Little Higgs models+ T-parity



$e Ine%  D'blet Model (IDM)

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

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

Annihilation:

a typical example of 
the “minimal approach”:

Elastic scattering:

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



Producing Dark Matter at LHC =  “Missing Energy” events

what is seen 
in the detector

hadronic
 jets

leptons

Interaction

7 TeV 7 TeV

p p

q

q
q

q
g~ g~

q~

χ~0
2

χ~0
1

e-

e+
Z

q }
Missing energyDark matter 

candidate
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Figure 1: The EmissT and effective mass distributions for the background processes and for an example
SUSY benchmark point (SU3) in the one-lepton mode for an integrated luminosity of 1 fb−1. The black
circles show the SUSY signal. The hatched histogram show the sum of all Standard Model backgrounds;
also shown in different colours are the various components of the background.

4. estimation of that same double leptonic t t̄ background from a control sample derived by a cut on a
new variable HT2 (section 2.3.4);

5. estimation of tt̄ background by Monte Carlo redecay methods (section 2.3.5);

6. estimation of W and tt̄ background using a combined fit to control samples (section 2.3.6).

2.3.1 Creating a control sample by reversing theMT cut

The transverse mass MT is constructed from the identified lepton and the missing transverse energy. In
the narrow-width limitMT is constrained to be less thanmW for the semileptonic tt̄ and theW± processes.
Figure 2 shows that MT is only weakly dependent on EmissT . This variable is therefore suitable for the
estimation of the background distribution itself. Events with small MT (< 100 GeV) are selected as the
control sample, in which the t t̄ (∼ 84%) andW± (∼ 16%) processes are enhanced over the SUSY and
the other background processes. The large MT (> 100 GeV) region is referred to as the signal region.
Since, for the control sample, the other selection criteria are identical to those for events in the signal
region, the same kinematic distributions including EmissT can be obtained. The number of events for the
various processes in signal region and control sample is summarized in the Table 1.

Table 1: Number of background events and estimated numbers for t t̄,W± and QCD processes without
SUSY signal, normalized to 1 fb−1.

Signal Region Control Sample
tt̄(!!qq̄) 51 (25%) 1505 (77%)
tt̄(!!!!) 140 (70%) 132 (7%)
W±(!!) 10 (5%) 305 (16%)
SUSY(SU3) 450 317

The normalization factor is obtained from the event numbers of the signal region and the control
sample (100 < E

miss
T < 200 GeV), in which the SUSY signal contribution is expected to be relatively

4

SUPERSYMMETRY – DATA-DRIVEN DETERMINATIONS OF W , Z AND TOP BACKGROUNDS . . .

16

1528

Standard 
Model 

background

Missing 
energy from 
dark matter



Typical SUSY decay chain

Lots of jets

Lots of missing energy
Lots of leptons

easily mimicked by Kaluza-Klein decay chain:
3

electroweak interactions are a few percent. We find that
the corrections to the masses are such that mgn

> mQn
>

mqn
> mWn

∼ mZn
> mLn

> m!n
> mγn

. The light-
est KK particle γ1, is a mixture of the first KK mode
B1 of the U(1)Y gauge boson B and the first KK mode
W 0

1 of the SU(2)W W 3 gauge boson. (The possibility of
the first level KK graviton being the LKP is irrelevant
for collider phenomenology, since the decay lifetime of γ1

to G1 would be of cosmological scales.) We will usually
denote this state by γ1. However, note that the corre-
sponding “Weinberg” angle θ1 is much smaller than the
Weinberg angle θW of the Standard Model [10], so that
the γ1 LKP is mostly B1 and Z1 is mostly W 0

1 . The mass
splittings among the level 1 KK modes are large enough
for the prompt decay of a heavier level 1 KK mode to a
lighter level 1 KK mode. But since the spectrum is still
quite degenerate, the ordinary SM particles emitted from
these decays will be soft, posing a challenge for collider
searches.

The terms localized at the orbifold fixed points also
violate the KK number by even units. However, assum-
ing that no explicit KK-parity violating effects are put
in by hand, KK parity remains an exact symmetry. The
boundary terms allow higher (n > 1) KK modes to decay
to lower KK modes, and even level states can be singly
produced (with smaller cross sections because the bound-
ary couplings are volume suppressed). Thus KK number
violating boundary terms are important for higher KK
mode searches as we will discuss in Section IV.

III. FIRST KK LEVEL

Once the radiative corrections are included, the KK
mass degeneracy at each level is lifted and the KK modes
decay promptly. The collider phenomenology of the first
KK level is therefore very similar to a supersymmetric
scenario in which the superpartners are relatively close
in mass - all squeezed within a mass window of 100-200
GeV (depending on the exact value of R). Each level
1 KK particle has an exact analogue in supersymmetry:
B1 ↔ bino, g1 ↔ gluino, Q1(q1) ↔ left-handed (right-
handed) squark, etc. The decay cascades of the level 1
KK modes will terminate in the γ1 LKP (Fig. 3). Just
like the neutralino LSP is stable in R-parity conserving
supersymmetry, the γ1 LKP in MUEDs is stable due to
KK parity conservation and its production at colliders
results in generic missing energy signals.

It is known that supersymmetry with a stable neu-
tralino LSP is difficult to discover at hadron colliders
if the superpartner spectrum is degenerate. Hence the
discovery of level 1 KK modes in MUEDs at first sight
appears problematic as well – the decay products result-
ing from transitions between level 1 KK states may be
too soft for reliable experimental observation at hadron
colliders. This issue is the subject of this Section.

Before we address the possible level 1 discovery chan-
nels in some detail, we need to determine the allowed

FIG. 3: Qualitative sketch of the level 1 KK spectroscopy de-
picting the dominant (solid) and rare (dotted) transitions and
the resulting decay product.

decays at level 1 and estimate their branching fractions.
For any given set of input parameters (3) the mass spec-
trum and couplings of the KK modes in MUEDs are
exactly calculable [10]. Hence one obtains very robust
predictions for the main branching ratios of interest for
phenomenology.

KK gluon.— The heaviest KK particle at level 1 is the
KK gluon g1. Its two-body decays to KK quarks Q1 and
q1 are always open and have similar branching fractions:
B(g1 → Q1Q0) $ B(g1 → q1q0) $ 0.5.

KK quarks.— The case of SU(2)-singlet quarks (q1)
is very simple – they can only decay to the hyper-
charge gauge boson B1, hence their branchings to Z1

are suppressed by the level 1 Weinberg angle θ1 % θW :
B(q1 → Z1q0) $ sin2 θ1 ∼ 10−2 − 10−3 while B(q1 →
γ1q0) $ cos2 θ1 ∼ 1. Thus q1 production yields jets
plus missing energy, the exception being t1 → W+

1 b0 and
t1 → H+

1 b0 (the latter will be in fact the dominant source
of H+

1 production at hadron colliders).
SU(2)-doublet quarks (Q1) can decay to W±

1 , Z1 or
γ1. In the limit sin θ1 % 1 SU(2)W -symmetry implies

B(Q1 → W±
1 Q′

0) $ 2B(Q1 → Z1Q0) (4)

and furthermore for massless Q0 we have

B(Q1 → Z1Q0)

B(Q1 → γ1Q0)
$

g2
2 T 2

3Q (m2
Q1

− m2
Z1

)

g2
1 Y 2

Q (m2
Q1

− m2
γ1

)
, (5)

where g2 (g1) is the SU(2)W (U(1)Y ) gauge coupling, and
T3 and Y stand for weak isospin and hypercharge, corre-
spondingly. We see that the Q1 decays to SU(2) gauge
bosons, although suppressed by phase space, are numeri-
cally enhanced by the ratio of the couplings and quantum
numbers. With typical values for the mass corrections
from Fig. 2, eqs. (4) and (5) yield B(Q1 → W±

1 Q′
0) ∼

65%, B(Q1 → Z1Q0) ∼ 33% and B(Q1 → γ1Q0) ∼ 2%.



Example of a common signature: 

from pair-production of top partners that decay into DM

SUSY:

Little Higgs 

Universal extra dimensions 

Randall-Sundrum GUTs

t̃→ χ0 t

T → AH t

t(1) → B(1) t

t(1)
′
→ ν(1)′ ν(1)′ t

Dirac 
fermions

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

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

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

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

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

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

Sec. IV.

2. Signal Observability

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

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

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

2.1 Production Rates at the LHC

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

qq̄, gg → T T̄ . (2.1)

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

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

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

factorization scales set equal to
√

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

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

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

remainder is due to threshold effects.

– 3 –



100 evts in 1 fb-1 

100 evts in 1 pb-1 

Event rate

L ~ 1033cm-2s-1 ~ 10 fb-1 year-1

σ ~ O(10) pb          ~ 105 wimps/year

Detecting large missing energy events will not be enough to prove 
that we have produced dark matter (with lifetime > H-1~1017 s)



LHC: not sufficient to provide all answers

Solving the Dark Matter problem requires 

 LHC sees missing energy events and measures mass for new particles

but what is the underlying theory? 
Spins are difficult to measure (need for e+ e-  Linear Collider)

1) detecting dark matter in the galaxy (from its annihilation products)

2) studying its properties in the laboratory

3) being able to make the connection between the two

 Need complementarity of particle astrophysics (direct/indirect experiments)
 to identify the nature of the Dark Matter particle



1 pb : the typical cross section 

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

X X

qq

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

X

X q

q

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

X

X

q

q

[σn ~ (mn2/μ2)/A2 ) σ0 ~ 10-7 pb]



WIMP direct detection

Because they interact so weakly, Wimps drifting through the Milky 
Way pass through the earth without much harm. 

Just a few Wimps are expected to collide elastically  upon terrestrial 
nuclei, partially transferring to them their kinetic energy. 

Direct detection consists in observing the recoiled nuclei.



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

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

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

scattering angle in 
center of mass frame

reduced 
mass

Erecoil =
|q|2

2Mnucleus

typical recoil energy: 

Erecoil ∼Mnucleusv
2 ~ 1 - 100 keV

Energy of recoiled nuclei



Event rate

ρ≈ 0.3 GeVcm-3

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

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

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

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

√
ErecoilMnucleus/2µ2

distribution of 
wimp velocities

nuclear 
form factor

dR

dErecoil
=

σ0 ρ

2 Mwimp µ2
F 2 (|q|)

∫ vmax

vmin

f(v)
v

dv

(σn /σ0 ~ (mn2/μ2)/A2 )

dark matter density 
in galactic halo:



 Direct Detection

for example, “EDELWEISS”:

Laura Baudis, University of Zurich, SUSY10, August 26, 2010

Signals and Backgrounds
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even though WIMPs are weakly interacting, this flux is large enough so 
that a potentially measurable fraction will elastically scatter off nuclei

WIMP flux on Earth: ~ 105 cm-2s-1 (for a 100 GeV WIMP)

X

X



Experimental results

10-8 pb

10-7 pb

σ0SI ~ A2 , benefits from 
coherent scattering

σ0SD ~ J(J+1)
Laura Baudis, University of Zurich, SUSY10, August 26, 2010

Where did we stand?
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WIMP indirect detection

6

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

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

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

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

cosmic ray background. It consists of 89 different size plastic scintillator tiles and

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

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

2.1. LAT Exposure

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

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

s the LAT effective area integrates over many orbits, which is a complex calculation.

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

Anti-matter



WIMP indirect detection

number of annihilation events between two wimps from the local halo

N ~  n2 σ v . V. T

n ≈ 3 10-3  cm-3    if m≈100 GeV
 σ v ~ 1 pb . 10-3 ~ 10-12 GeV

 ->  N /year ~  1014 cm-3 (GeV.cm)-3 . V  (1 s ~ 1024 GeV-1 and 
GeV.cm~ 1014)

 ->  N /year/km3 ~  10-13

--> look at regions where n is enhanced 
and probe large regions of the sky



 Indirect Detection
4. Les expériences

Détection indirecte de neutrinos

AMANDA

ANTARES

4. Les expériences

Détection indirecte d’antiprotons : exemple d’AMS

Search for neutrinos in the South Pole
In the Mediterranean

Search for antiprotons in space

IceCube

Antarès

AMS



Fermi

Hess

Search for dark matter photons on  Earth

and in space

 Indirect Detection



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

 Seeing the light from Dark Matter



 Seeing the light from Dark Matter
γ’s from DM annihilations consist of 2 components

● Continuum

 from hadronisation, decays 
of SM particles & final state 

radiation

 secondary γ’s  primary γ’s

almost featureless but with 
sharp cutoff at Wimp mass

loop-level annihilation 
into γ+X

-> mono energetic lines superimposed 
onto continuum at 

  lines are usually small (loop-suppressed) 
compared to continuum☹

☺
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f$/F (E$/EF)

WIMPs which annihilate into 
pairs of leptons produce a 
relatively hard spectrum of 
gammas from FSR.  (e’s and 
!’s are even somewhat 
harder than "’s).

Annihilation into quarks 
ultimately produces #0s 
which decay into pairs of $s.

Heavy particles (W, Z, h, t, b) 
produce a mixture, ending up 
looking much like hadronic 
final states.
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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 χ2 as a function of
the DM mass: an interval at n standard deviations corresponds (in Gaussian approxima-
tion) to χ2 < χ2

min + n2, irrespectively of the number of data points. We will not report
the value of χ2/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 effectively 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 effects in the
Galaxy, the energy spectra of the positron fraction originating from different 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,
σv = 3 10−26 cm3/sec) and Be · σv that best fits the PAMELA excess. We see that DM
annihilations into e, µ, τ,W can reasonably well reproduce the data for any DM mass,

14

M = 1 TeV

Cirelli, Kadastik, 
Raidall, Strumia ’09

e

!

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

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

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

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

cosmic ray background. It consists of 89 different size plastic scintillator tiles and

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

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

2.1. LAT Exposure

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

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

s the LAT effective area integrates over many orbits, which is a complex calculation.

§ With the tracker the LAT presents 10 radiation lengths for normal incidence.
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 Seeing the light from Dark Matter

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

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

→ γγ  line measures mass of DM

 → relative strengths between lines provides 
info on WIMP couplings

→ observation of γH would indicate WIMP is 
not scalar or Majorana fermion

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

[the “WIMP forest”, Bertone et al. ’09]
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FIG. 10: In the yellow region (that can extend down to the
red line depending on the resolution) the γZ and γH lines
can be distinguished while in the orange region, both lines are
merged. The horizontal dotted black line is the LEP limit.

cross sections and photon spectra per annihilation. The
factor 1/4 in Eq. (20) is appropriate for the Dirac fermion
we are considering and should be replaced by a factor 1/2
in the case of a self-conjugate dark matter particle. The
dimensionless quantity J(ψ) corresponds to the integra-
tion of the photon signal along a line of sight making an
angle ψ with the Galactic Center direction. The total
observed flux is then obtained integrating the emission
over the the observed region of angular size ∆Ω. The
normalization factors ρ! = 0.3 GeV cm−3 and r! = 8.5
kpc correspond respectively to the dark matter density at
the solar position and to the distance of the Sun from the
Galactic Center. The dark matter density distribution in
our galaxy, ρ(x), is poorly constrained by observations,
in particular in the inner regions, where also current N -
body simulations can not resolve the density profile. The
popular Navarro Frenk and White (NFW) profile [20] is
a good fit to the most recent N-body simulations and
describes a spherically symmetryc dark matter halo:

ρNFW(r) =
ρs

r
rs

(

1 + r
rs

)2 . (21)

It has been recently claimed that a slightly shallower
“Einasto” [21] profile, deviating from power-law at small
radii, is preferred by simulations.

ρEinasto(r) = ρs · exp

[

−
2

α

((

r

rs

)α

− 1

)]

, α = 0.17

(22)

MW halo model rs in kpc ρs in GeV/cm3 J̄
`

10−5
´

NFW [20] 20 0.26 15 · 103

Einasto [21] 20 0.06 7.6 · 103

Adiabatic[22] 4.7 · 107

TABLE I: Parameters of the density profiles for the Milky
Way discussed in the text and corresponding value of J̄ for
∆Ω = 10−5.

However, the presence of baryons, not accounted for
in the simulations previously quoted, may significantly
change the picture, in particular in the inner region of
the galaxy where the gravitational influence of the super
massive black hole is expected to have a large feedback on
the surrounding dark matter distribution. The evolution
of the dark matter profile, accounting for dark matter-
baryons interactions and in presence of dark matter an-
nihilations, has been simulated in Ref. [22]. The density
distribution is significantly increased at small radii with
respect to the NFW profile.

In Table I we show the J̄ factor for different halo pro-
files and for an observation of the galactic center region
with an angular acceptance ∆Ω = 10−5, corresponding
to the angular resolution of Fermi-LAT and current Air
Cherenkov Telescopes (ACTs). The large uncertainties
in the dark matter distribution in that region turn into
large uncertainties on the photon fluxes predictions. On
the other hand the ρ2 dependence of the signal suggests
the galactic center region as the best target to maximize
the signal. For the rest of the paper we adopt NFW as a
dark matter profile benchmark but our results can easily
be rescaled for other profiles here quoted using Tab. I.

B. Experimental Sensitivity

Focusing on the Fermi-LAT telescope, we compute the
expected photon signal, ΦS

γ , convolving the photon flux
in Eq.20 with the energy response of the instrument
G(E0, E):

ΦS
γ (E) =

∫

dE0Φγ(E0)G(E0, E) (23)

where we assume for Fermi-LAT a gaussian kernel

G(E0, E) =
1√

2πEσ
exp

(

−
(E0 − E)2

2σ2E2

)

(24)

with σ depending on the detector energy resolution ξ as
σ = ξ/2.3.

In Figures 11, 12, and 13, we show the predicted pho-
ton fluxes at the galactic center for different choices of
particle physics parameters. For comparison we plot the
HESS observation of the same angular region [23]. The
EGRET observations [24], extending up to ∼ 30 GeV,
correspond instead to ∆Ω = 10−3, appropriate for the a
∼ 1◦ angular resolution. Fermi-LAT observations will fill

 ≡J(ΔΩ)
-

Astrophysical uncertainties on 
the DM density profile

astrophysics (halo profile)microphysics

Photon flux produced by DM annihilations
and collected from a region of angular size ΔΩ

for observation of the galactic center 
region with angular acceptance ΔΩ=10-5

dΦ
dE

=
1
4π

r!ρ2
!

4M2
DM

∑

f

〈σv〉f
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γ
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∫

∆Ω
dΩ

∫

los

dl
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Searches focus on regions of the sky where DM 
clumps: Galactic Center, dwarf galaxies...
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What about Higgs production today in 
Dark Matter annihilations or Dark Matter decays?

γ

HDM

DM
γ

H

DM



Indirect probes of the Higgs in space

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

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

γ

HDM

DM

if the WIMP hypothesis is correct: likely to be 
connected to the physics of EW symmetry breaking 
and may have enhanced couplings to massive states



γ-lines from DM 

Pa( results



SUPERSYMMETRY

Lines from SUSY (e.g., see series of papers by L. Bergstrom et al.)

• Majorana nature of WIMP implies two things:

• Continuum suppressed (light fermion final states chirally-suppressed)

• Only possible “lines”: !! and Z ! Bringmann, Bergstrom & Edsjo ’08

Bergstrom, Ullio, Buckley’ 98
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FIG. 1: Types of diagrams that contribute to the first or-
der QED corrections to WIMP annihilations into a pair of
charged particle final states. The leading contributions to di-
agrams (a) and (b) are universal, referred to as final state
radiation (FSR), with a spectral distribution which only de-
pends slightly on the final state particle spin and has been
calculated, e.g., in [16]. Internal bremsstrahlung from virtual
particles (or virtual internal bremsstrahlung, VIB) as in dia-
gram (c), on the other hand, is strongly dependent on details
of the short-distance physics such as helicity properties of the
initial state and masses of intermediate particles.

mA ≈ 2mχ, where annihilations in the early universe
are enhanced by the presence of the near-resonant pseu-
doscalar Higgs boson; the hyperbolic branch or focus
point region where m0 " m1/2; the stau coannihilation
region where mχ ≈ mτ̃ ; and finally the stop coannihila-
tion region (arising when A0 #= 0) where mχ ≈ mt̃. The
stau coannihilation region has recently been noticed to
have favourable properties for indirect detection rates in
antiprotons and gamma-rays [24]. In this paper we will
show that, in addition, there is a great enhancement of
the high energy gamma-ray signature in this region.

III. INTERNAL BREMSSTRAHLUNG FROM
WIMP ANNIHILATIONS

A. The general case

Whenever WIMPs annihilate into pairs of charged par-
ticles XX̄, this process will with a finite probability au-
tomatically be accompanied by internal bremsstrahlung
(IB), i.e. the emission of an additional photon in the
final state (note that in contrast to ordinary, or exter-
nal, bremsstrahlung no external electromagnetic field is
required for the emission of the photon). As visualized
in Fig. 1, one may distinguish between photons directly
radiated from the external legs (final state radiation,
FSR) and photons radiated from virtual charged particles
(which we will refer to as virtual internal bremsstrahlung,
VIB). So, to be more specific, the IB photons will be the
total contribution from both FSR and VIB photons.

If the charged final states are relativistic, FSR
diagrams are always dominated by photons emitted
collinearly with X or X̄. This is a purely kinematical
effect and related to the fact that the propagator of the
corresponding outgoing particle,

D(p) ∝
(
(k + p)2 − m2

X

)−1
, (2)

diverges in this situation. Here, k and p denote the mo-
menta of the photon and the outgoing particle, respec-
tively. The resulting photon spectrum turns out to be

of a universal form, almost independent of the underly-
ing particle physics model [16, 17]. Defining the photon
multiplicity as

dNXX̄

dx
≡

1

σχχ→XX̄

dσχχ→XX̄γ

dx
, (3)

where x ≡ 2Eγ/
√

s = Eγ/mχ and s is the center-of-mass
energy, it is given by [16]:

dNXX̄

dx
≈

αQ2
X

π
FX(x) log

(
s(1 − x)

m2
X

)
. (4)

Here, QX and mX are the electric charge and mass of X ;
the splitting function F(x) depends only on the spin of
the final state particles and takes the form

Ffermion(x) =
1 + (1 − x)2

x
(5)

for fermions and

Fboson(x) =
1 − x

x
(6)

for bosons. Due to the logarithmic enhancement that
becomes apparent in Eq. (4), FSR photons are often the
main source for IB (note that very near the kinematical
endpoint, x ∼ 1 − m2

X/s, it is not sufficient anymore to
only keep leading logarithms and one can thus no longer
expect Eq. (4) to be a good approximation for the actual
spectrum). A prominent example where FSR in this uni-
versal form not only dominates IB but in fact the total
gamma-ray spectrum from WIMP annihilations, is the
case of Kaluza-Klein dark matter [17].

In general, one can single out two situations where pho-
tons emitted from virtual charged particles may give an
even more important contribution to the total IB spec-
trum than FSR: i) the three-body final state XX̄γ satis-
fies a symmetry of the initial state that cannot be satis-
fied by the two-body final state XX̄ or ii) X is a boson
and the annihilation into XX̄ is dominated by t-channel
diagrams. To understand that the first case only leads to
an enhancement of VIB, and not of FSR, we recall that
the latter is dominated by collinear photons, i.e. the (vir-
tual) final state particles are almost on mass-shell; the
two- and three-body final states are thus bound to the
same symmetry constraints. The enhancement of the an-
nihilation rate in the second case follows from a closer in-
spection of the t-channel propagator. For non-relativistic
WIMPs, it takes the form

Dt(p) ∝
(
(l − p)2 − m2

X̃

)−1

≈
(
m2

χ − m2
eX

+ m2
X + 2mχEX

)−1

, (7)

where l is the momentum of one of the ingoing WIMPs
and X̃ denotes the particle that is exchanged in the t-
channel. If χ and X̃ are almost degenerate in mass,
one thus finds an enhancement for small EX which – for

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

Radiative corrections to DM annihilation Torsten Bringmann
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Figure 1: The annihilation spectra in gamma rays for the cosmologically interesting regions of the mSUGRA

parameter space, i.e. the coannihilation region (BM3), the bulk region (I’), the focus point region (BM4) and

the funnel region (K’). Line signals are not included. The benchmark points represent typical examples of

these regions and are defined in Refs. [3] (BM3,BM4) and [6] (I’,K’), respectively.

• Necessarily loop-suppressed, and thus only at O
(

!2em
)

, monochromatic " lines result from

the annihilation of DM particles into two-body final states containing a photon [4]. While

providing a striking experimental signature, these processes are usually subdominant (for a

recent analysis, see [3]); examples of particularly strong line signals, however, exist [5].

Fig. 1 shows the annihilation spectra of neutralino DM in the case of minimal supergravity

(mSUGRA), where one can single out four regions in the underlying parameter space that give the

correct DM relic density (see, e.g., [6] for a discussion): after taking into account IB contributions,

these spectra develop interesting, and evidently rather different features; only in the funnel region,

where the mass of the pseudo-scalar Higgs boson is tuned such as to resonantly enhance neu-

tralino annihilation, IB effects are negligible. Fig. 2 compares these spectra after smearing them

with an energy resolution of 10% (the design goal for the planned Cherenkov Telescope Array,

CTA). Clearly, the spectra still remain well distinguishable; a detection would thus provide valu-

able information on the nature of the annihilating DM particles. The same figure also indicates the

comparably small contribution from line signals and states the ratio of IB over secondary photons

at high energies, for the four benchmark models as well as for a full scan [3] over the mSUGRA

parameter space. This ratio can be as high as several orders of magnitude in the #̃-coannihilation

region – and therefore significantly improve the detectional prospects for these types of models, as

shown recently in a study about DM annihilation signals from nearby dwarf galaxies [7].
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Figure 2: The spectra from Fig. 1 are plotted together, as roughly seen by a detector with an energy resolu-

tion of 10%. Here, the line contributions are also included (the dotted lines show the same spectra without

them). For each of these models, the IB enhancement is indicated in parenthesis, i.e. the number of IB over

secondary photons at energies E! > 0.6m" . For comparison, the right panel shows the result of a scan [3]

over the full mSUGRA parameter space, where this quantity is plotted as a function of the neutralino gaugino

fraction Zg and mass m" . In the case of benchmark model K’, both IB and line contributions are negligible.

IB effects in supersymmetry are dominated by contributions from photons radiated off charged

virtual particles [3]. Kaluza-Klein DM, another interesting example of WIMP DM, mainly anni-

hilates into leptons; as a result, the spectrum takes the form typically expected from final state

radiation [8, 2] and is rather easily distinguishable from the spectra shown in Figs. 1 and 2 [9].

3. Positrons

The propagation of charged particles through the diffusive halo generally smoothens all fea-

tures in the spectra of, e.g., positrons. Pronounced spectral signatures from DM annihilation as

in the case of gamma rays can therefore more or less only be expected for exceptionally large

branching ratios directly into e+e− – which, like in the case of Kaluza-Klein DM, leads to a very

hard spectrum with an abrupt cutoff at m" . Supersymmetric DM with its suppressed annihila-

tion into leptons, on the other hand, generically produces rather soft positron spectra. Against

this background, it was recently pointed out that radiative corrections in some cases can boost the

annihilation of neutralinos into e+e−! final states sufficiently as to give a much harder positron

spectrum than what is usually expected [10]. While slightly less pronounced than in the case of a

direct annihilation into e+e−, the associated cutoff at m" would still provide a striking signature.

PAMELA [11] has recently reported an unexpected excess in the positron flux at energies

above around 1 GeV, rising with energy at a slope that agrees well with DM annihilation in the

above-mentioned model. In order to explain the strength of the signal in this way, however, one

would have to assume non-thermal DM production or a non-standard halo formation. Following

Ref. [10], there have been quite a few attempts to interpret the observations in terms of DM an-

nihilation; even more traditional astrophysical explanations exist. Since positron propagation is,

furthermore, still bound to considerable uncertainties [12], one would in any case have to see a

clear cutoff in the data before conclusively being able to infer a DM origin of the observed excess.
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$e Ine%  D'blet Model (IDM)
A two-Higgs extension of the SM with an unbroken Z2 symmetry

H1 →  H1      and  H2 → - H2   (and all SM fields are even) 

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

Scalar WIMP with  MDM ~ MW 

Gustaffsson et al. ’07
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FIG. 1: The total differential photon distribution from anni-
hilations of an inert Higgs dark matter particle (solid line).
Shown separately are the contributions from H0H0

→ bb̄
(dashed line), τ+τ− (dash-dotted line) and Zγ (dotted line).
This is for the benchmark model I in Table I.

detection, boost factors of such magnitudes are not nec-
essary. For H0 masses closer to the W threshold the γγ
annihilation rates become even higher and in addition
Zγ production becomes important. In fact, these signals
would potentially be visible even without any boost at all
(especially if the background is low, as might be the case
if the EGRET signal is an galactic off-center source as
indicated in [22]). Also shown in Fig. 2 is the data from
the currently operating air Cherenkov telescope HESS
[23]. One may notice that future air Cherenkov tele-
scopes with lower energy thresholds will cover all of the
interesting region for this dark matter candidate.

Finally, we have made a systematic parameter scan
for mh = 500 GeV, calculating the cross section into
gamma lines. The previously mentioned constraints al-
low us to scan the full parameter space for dark matter
masses below the W threshold of 80 GeV. The depen-
dence on mH± and λ2 is small, and we set these equal to
mH0 +120 GeV (to fulfill precision tests) and 0.1, respec-
tively. Importantly, one notes that the right relic density
is obtained with a significant amount of early Universe
coannihilations with the inert A0 particle. The resulting
annihilation rates into γγ and Zγ are shown in Fig. 3.
The lower and upper mH0 mass bounds come from the
accelerator constraints and the effect on the relic density
by the opening of the W+W− annihilation channel, re-
spectively. For comparison, we show in the same figure

TABLE I: IDM benchmark models. (In units of GeV.)

Model mh mH0 mA0 mH± µ2 λ2×1 GeV

I 500 70 76 190 120 0.1

II 500 50 58.5 170 120 0.1

III 200 70 80 120 125 0.1

IV 120 70 80 120 95 0.1
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FIG. 2: Predicted gamma-ray spectra from the inert Higgs
benchmark models I and II as seen by GLAST (solid lines).
The predicted gamma flux is from a ∆Ω = 10−3 sr region
around the direction of the galactic center assuming an NFW
halo profile (with boost factors as indicated in the figure) and
convolved with a 7 % Gaussian energy resolution. The boxes
show EGRET data (which set an upper limit for the contin-
uum signal) and the thick line HESS data in the same sky di-
rection. The GLAST sensitivity (dotted line) is here defined
as 10 detected events within an effective exposure of 1 m2yr
within a relative energy range of ±7 %.

the corresponding annihilation rates for the neutralino
(χ) within the minimal supersymmetric standard model.
The stronger line signal and smaller spread in the pre-
dicted IDM flux are caused by the allowed unsuppressed
coupling to W pairs that appear in contributing Feynman
loop diagrams.

Summary and Conclusions.— In this Letter, we have
investigated the gamma-ray spectrum from the annihi-
lation of the inert Higgs dark matter candidate H0. In
particular, we have focused on its striking gamma lines
which arise at the one-loop level and produce an excep-
tionally clear dark matter signal.

The gamma line signals are particularly strong for this
scalar dark matter model mainly for two reasons: (1) The
dark matter mass is just below the kinematic threshold
for W production in the zero velocity limit. (2) The
dark matter candidate almost decouples from fermions
(i.e., couples only via standard model Higgs exchange),
while still having ordinary gauge couplings to the gauge
bosons. In fact, these two properties could define a more

TABLE II: IDM benchmark model results.

Model vσv→0
tot Branching ratios [%]: ΩCDMh2

[cm3s−1] γγ Zγ bb̄ cc̄ τ+τ−

I 1.6 × 10−28 36 33 26 2 3 0.10

II 8.2 × 10−29 29 0.6 60 4 7 0.10

III 8.7 × 10−27 2 2 81 5 9 0.12

IV 1.9 × 10−26 0.04 0.1 85 5 10 0.11

annihilations into γ γ  & γ Z 
mainly through loops of W

virtual W nearly on-shell 
threshold enhancement



Bertone, Jackson, Shaughnessy,
Vallinotto, Tait. ’09

Lines from 6D Universal Extra Dimensions (the “Chiral square”)

WIMP=scalar BH  (“spinless photon”) with M~200-500 GeV  
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FIG. 2: Examples of Feynman diagrams which contribute to BHBH → γV where V = γ, Z and B(1,1).

momenta and the metric tensor:

Dµν = D21p1,µp2,ν + D22p2,µp2,ν + · · · + D27gµν , .
(9)

The coefficients of this expansion (Dij) can then be
reduced to scalar integrals [21]. However, in cases
where two of the external momenta become iden-
tical, as for the case of WIMP annihilation, this
approach breaks down. In these cases, the expres-
sions for the Dij coefficients in terms of scalar inte-
grals depend inversely on the Gram Determinant
(GD) built from the external momenta (i.e., GD
= det(pi ·pj)). In certain kinematical regions (e.g.,
where two of the momenta become degenerate and
GD ! 0), the PV scheme gives rise to spurious
divergences. In calculations for collider processes
(where the momenta are integrated over an entire
phase space), this situation arises only at special
points near the boundaries of phase space. Spe-
cial techniques involving interpolating from these
unsafe regions of phase space to safe regions have
been developed to deal with these spurious diver-
gences in calculations for collider processes.

These techniques do not apply to our situation
(where the two incoming momenta are fixed and
identical) and we are forced to approach this prob-
lem using the following method. For our calcula-

tion, we have chosen to implement the technique
developed in Ref. [22]. In this algebraic reduc-
tion scheme, the original PV scheme is extended
to deal with situations where the GD exactly van-
ishes. Higher-point tensor (and scalar) integrals
are expressed in terms of lower-point quantities
which can be safely evaluated utilizing the usual
numerical techniques. For example, the expres-
sions for the four-point scalar integral (D0) and
the tensor coefficient (D27) can be expressed as:

D0 = α123C0(123) + α124C0(124)

+ α134C0(134) + α234C0(234) , (10)

and:

D27 = α123C24(123) + α124C24(124)

+ α134C24(134) + α234C24(234) , (11)

where C0(ijk) and C24(ijk) are the three-point
scalar integral and PV tensor coefficient, respec-
tively (the (ijk) denotes various propagator factors
in the original four-point denominator). The αijk

coefficients can be obtained by solving the matrix
equation:
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momenta and the metric tensor:

Dµν = D21p1,µp2,ν + D22p2,µp2,ν + · · · + D27gµν , .
(9)

The coefficients of this expansion (Dij) can then be
reduced to scalar integrals [21]. However, in cases
where two of the external momenta become iden-
tical, as for the case of WIMP annihilation, this
approach breaks down. In these cases, the expres-
sions for the Dij coefficients in terms of scalar inte-
grals depend inversely on the Gram Determinant
(GD) built from the external momenta (i.e., GD
= det(pi ·pj)). In certain kinematical regions (e.g.,
where two of the momenta become degenerate and
GD ! 0), the PV scheme gives rise to spurious
divergences. In calculations for collider processes
(where the momenta are integrated over an entire
phase space), this situation arises only at special
points near the boundaries of phase space. Spe-
cial techniques involving interpolating from these
unsafe regions of phase space to safe regions have
been developed to deal with these spurious diver-
gences in calculations for collider processes.

These techniques do not apply to our situation
(where the two incoming momenta are fixed and
identical) and we are forced to approach this prob-
lem using the following method. For our calcula-

tion, we have chosen to implement the technique
developed in Ref. [22]. In this algebraic reduc-
tion scheme, the original PV scheme is extended
to deal with situations where the GD exactly van-
ishes. Higher-point tensor (and scalar) integrals
are expressed in terms of lower-point quantities
which can be safely evaluated utilizing the usual
numerical techniques. For example, the expres-
sions for the four-point scalar integral (D0) and
the tensor coefficient (D27) can be expressed as:

D0 = α123C0(123) + α124C0(124)

+ α134C0(134) + α234C0(234) , (10)

and:

D27 = α123C24(123) + α124C24(124)

+ α134C24(134) + α234C24(234) , (11)

where C0(ijk) and C24(ijk) are the three-point
scalar integral and PV tensor coefficient, respec-
tively (the (ijk) denotes various propagator factors
in the original four-point denominator). The αijk

coefficients can be obtained by solving the matrix
equation:
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 BH BH -> γV   where V=  γ, Z and B(1,1) 

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



Scalar DM

Majorana fermion DM

 Dirac Fermion DM                           

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

e.g. neutralino in SUSY

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

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

OK if 2 vectors in the final state but vector+scalar final state requires 
initial state orbital angular momentum  ➾ higher order in v2

Must also annihilate at higher order in v2  (initial state S=0)

OK in principle but if it annihilates via s-channel scalar exchange: still 
v2 -suppressed; if t-channel (box diagrams), this is typically 

suppressed by couplings and masses (e.g. in UED or Little Higgs)  

Annihilations into γ H?

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

 Vector DM                           ☺

☺

☹

☹



$e top quark-Dark Ma&er 
connection

Z, Z’

!

h

t

"

"

~ O(1) couplings

Dirac Dark Matter annihilation into γ H 

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



Higgs profile

!

BulkUV
brane

IR
brane

!light" SM fields
 live here

SM sector Composite sector

UV brane Bulk + IR brane

ds2 = e−2kydxµdxνηµν − dy2

RH top 

is here

L = LSM − 1
4
F ′

µνF ′µν + M2
Z′Z ′

µZ ′µ + iν̄γµDµν + gt
Rt̄γµPRZ ′µt +

χ

2
F ′

µνFµν
Y

Dµ ≡ ∂µ − i (gν
RPR + gν

LPL) Z ′µ

A very simple effective theory
There is a new spontaneously broken U(1)’.

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

This model is inspired by the  
Randall-Sundrum setup 

(warped extra dimension):

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

TeV KK modes (such as Z’) 
have enhanced couplings 

to RH  top quark

DM

 Jackson, Servant, Shaughnessy,Tait, Taoso,’09 
Agashe-Servant ’04; Belanger-Pukhov-Servant ’07

(as well as Higgs and DM)

The WIMP is a Dirac fermion, ν, singlet under the SM, charged under U(1)’

There is no SM state the WIMP can 
decay into:  ν is stable.  



Agashe-Servant’04
Proton stability & Stable GUT partner in Warped GUTs 

Q′
L

uc
R

dc
R

L′
L

e
′c
R

ν
′c
R

 






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

multiplet has B=1/3

DM is RH neutrino from 16 of SO(10)

stable under Z3 : Φ → Φ e2πi[B−α−α
3 ]

number of 
color indices

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

SO(10) IRUV

tR
Higgs 
DM

light SM 
fermions

bulk fermion with (-+) BC -> light!

warping



Mass spectrum of KK fermions

Depends on:

✔ type of boundary conditions on TeV and Planck branes

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

➾

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

mass of KK gauge bosons

Not a single KK scale



Mass *ectrum of lightest KK fermion
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 Agashe-Servant
hep-ph/0403143, 
hep-ph/0411254 

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

c= 5D fermion mass in 
Planck units

 Light KK fermions are expected as a 
consequence of the heaviness of the top quark

valueM
KK

10 TeV

5 TeV 
7 TeV

3 TeV
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Direct detection constraints

+Z, Z’
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ν-nucleon elastic 
scattering cross 
section contours

EW precision tests
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as the Z’ coupling to top and ν increases, the prediction 
for MDM gets narrower -> MDM ~ 150 GeV

MDM ~ 150 GeV

Dark ma&er mass from relic density calculation

for gZ′

ν , gZ′

t ! 1
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Lines not suppressed compared to continuum continuum jumps due to 
opening of tt channel-

 γ signal from ν annihilation

Note: no γγ line as dictated by 
Landau-Yang theorem 
(Z’ being the sole portal from 
the wimp sector to the SM)
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assuming energy resolution 
of 10%

region where the 
3 lines are visible

region where 2 
lines are visible

region with 1 line 
(Hγ and Zγ lines  
are merged)

(Hγ and Zγ)

(Hγ, Zγ and Z’γ)

How many lines?
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NFW profile
 adiabatically
contracted

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

Spectra for parameters leading to 
correct relic density and satisfying 

direct detection constraints
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 γ-ray lines from the Galactic Center ΔΩ= 10-5 sr
Spectra for parameters leading to correct relic density and satisfying 

direct detection constraints
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NFW profile
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Increasing MZ’ 

MZ’ = 400 GeV MZ’ = 1 TeVMZ’ = 800 GeV
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MDM < Mt  since the strong coupling to top would otherwise 
give a too low relic density (for O(1) couplings). 

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

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

To recap:

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



A simple 4d UV completion

the light mass eigen state identified with top 
quark is an admixture of t and T ~

in addition to ν, add T (vector-like) charged under U(1)’ 
with same gauge SM quantum numbers as tR

~

All SM fermions are uncharged under U(1)’

to realize coupling of top quark to Z’ and h:

yHQ3tR + µT̃LT̃R + Y ΦT̃LtR

higgs of U(1)’



 γh line from decaying vector dark matter

hidden sector non-abelian group SU(2)HS broken by φ

Arina, Hambye, Ibarra, Weniger 0912.4496

the renormalizable part of the Lagrangian reads:

L = LSM − 1

4
F µν · Fµν + (Dµφ)†(Dµφ)− λmφ†φH†H − µ2

φφ
†φ− λφ(φ

†φ)2 , (2.1)

where Dµ = ∂µφ− igφ

2 τ ·Aµ. If µ2
φ < 0, the hidden sector scalar field φ acquires a vacuum

expectation value, vφ, and the SU(2)HS symmetry is broken spontaneously. In the unitary

SU(2)HS gauge the Lagrangian of the theory is:

L = LSM −
1

4
Fµν · F µν +

1

8
(gφvφ)

2Aµ · Aµ +
1

8
g2

φAµ · Aµη′2 +
1

4
g2

φvφAµ · Aµη′

+
1

2
(∂µη

′)2 − λm

2
(η′ + vφ)

2H†H −
µ2

φ

2
(η′ + vφ)

2 − λφ

4
(η′ + vφ)

4 , (2.2)

where η′ is the hidden sector Higgs boson. This Lagrangian has only 4 independent

parameters, which can be taken as gφ, vφ, λφ and λm.

Once the electroweak sector is broken, the hidden sector η′ mixes with the standard

model Higgs boson h′ through the Higgs portal interaction λm

h′ = cos β h + sin β η ,

η′ = − sin β h + cos β η .
(2.3)

The complete Lagrangian in the h, η physical state basis can be found in Ref. [1] as a

function of gφ, vφ, λφ and λm, together with the corresponding expression for the mixing

angle β.

The Lagrangian in Eq. (2.2) has a remarkable property: it displays a SO(3) custo-

dial symmetry in the Aµ
i component space, which prevents any decay to SO(3) singlets

(such as Standard Model particles or η′). Consequently, if the model is described just

by the renormalizable Lagrangian, the three Aµ
i components are degenerate in mass and

are absolutely stable. Nevertheless, since this SO(3) global symmetry is accidental, one

expects the existence of non-renormalizable operators in the Lagrangian which break

the custodial symmetry. Indeed, the following dimension six operators lead, after the

spontaneous symmetry breaking of SU(2)HS and SU(2)L×U(1)Y to the breaking of the

SO(3) custodial symmetry:

(A)
1

Λ2
Dµφ

†φ DµH
†H (2.4)

(B)
1

Λ2
Dµφ

†φ H†DµH (2.5)

(C)
1

Λ2
Dµφ

†Dνφ F µνY (2.6)

(D)
1

Λ2
φ†F a

µν

τa

2
φF µνY (2.7)

In turn, the breaking of the custodial symmetry leads to the decay of the dark matter

hidden gauge bosons. Let us discuss for each case the dominant decay modes:
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Aµ
i : stable because of accidental SO(3)
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Figure 1: Predictions for case A, benchmark 1, with τDM = 1.7 × 1028 s (Λ = 2.9 ×
1015 GeV). The upper panels show the positron fraction (left) and the total electron +

positron flux (right) compared with experimental data. Dashed lines show the adopted

astrophysical background, solid lines are background + dark matter signal (which overlap

the background in this plot). The lower left panel shows the gamma-ray signal from dark

matter decay, whereas the lower right panel shows the p̄/p-ratio: background (dashed

line) and overall flux (solid lines, again identical with background).

Case D. This operator, see Eq. (2.7), is particularly interesting since it induces a kinetic

mixing between the U(1)Y of hypercharge and one of the hidden SU(2) gauge bosons.

As a result two-body decay modes into lepton and quark pairs are allowed, in contrast

to the other operators. This leads to interesting implications for the electron/positron

flux that will be discussed shortly below.

Here we firstly emphasize that again the operator also predicts two-body decay into

γh, which could be observable in different parts of the parameter space. The inverse

decay rate reads, for Mη "MA:

Γ(A→ γη)−1 = 2.4× 1028 s

(
Λ

7× 1015 GeV

)4 (
1 TeV

vφ

)2 (
300 GeV

MA

)3

, (3.5)

and shows that the line could be observed by Fermi LAT for scales of the custodial

symmetry breaking close to the GUT scale. For these large lifetimes around 1028 s con-

tributions to the anti-matter channel would be negligible. However, if the line lies above

around 300 GeV and out of reach of Fermi LAT, shorter lifetimes cannot be excluded
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Figure 4: Like Fig. 1, but for case C, benchmark 4, with τDM = 1.6 × 1027 s (Λ =

1.2× 1016 GeV).

Benchmark Zη Zh γη W+W− νν̄ e+e− uū dd̄

1 0.01 0.005 0.04 0.02 0.09 0.39 0.29 0.15

2 0.019 0.004 0.036 0.014 0.072 0.35 0.39 0.12

3 0.22 0.0002 0.73 0.0005 0.003 0.016 0.018 0.005

Table 4: Branching Ratios for Case D

Discussion. It is intriguing that the production of a γ-ray line is a generic prediction

for all possible operators that may mediate the decay of the SU(2)HS dark matter gauge

bosons. For values of the custodial symmetry breaking scale near to the GUT scale,

and for dark matter masses around 400 GeV and below, this line could be in reach of

sensitivity of the Fermi LAT gamma-ray line searches. On the other hand, a production of

an observable amount of electrons and positrons or anti-protons is very model dependent.

In most cases electrons and positrons are produced in the fragmentation of scalar or

vector bosons and lead to a very flat spectrum. An interesting exception occurs for

the operator case D which features two-body decay modes into lepton pairs. In this

case the produced positron spectrum can rise more steeply, but, when also taking other

observations into account, still not enough to explain the PAMELA observations alone.
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γh
γη

τDM = 1.7 1028 s Λ  (   = 2.9 1015 GeV)

➙ γh & γη lines :

(η:hidden sector scalar)

stability broken by non-
renormalizable operators:

late decay 
of DM 

the renormalizable part of the Lagrangian reads:

L = LSM − 1

4
F µν · Fµν + (Dµφ)†(Dµφ)− λmφ†φH†H − µ2

φφ
†φ− λφ(φ

†φ)2 , (2.1)

where Dµ = ∂µφ− igφ

2 τ ·Aµ. If µ2
φ < 0, the hidden sector scalar field φ acquires a vacuum

expectation value, vφ, and the SU(2)HS symmetry is broken spontaneously. In the unitary

SU(2)HS gauge the Lagrangian of the theory is:

L = LSM −
1

4
Fµν · F µν +

1

8
(gφvφ)

2Aµ · Aµ +
1

8
g2

φAµ · Aµη′2 +
1

4
g2

φvφAµ · Aµη′

+
1

2
(∂µη

′)2 − λm

2
(η′ + vφ)

2H†H −
µ2

φ

2
(η′ + vφ)

2 − λφ

4
(η′ + vφ)

4 , (2.2)

where η′ is the hidden sector Higgs boson. This Lagrangian has only 4 independent

parameters, which can be taken as gφ, vφ, λφ and λm.

Once the electroweak sector is broken, the hidden sector η′ mixes with the standard

model Higgs boson h′ through the Higgs portal interaction λm

h′ = cos β h + sin β η ,

η′ = − sin β h + cos β η .
(2.3)

The complete Lagrangian in the h, η physical state basis can be found in Ref. [1] as a

function of gφ, vφ, λφ and λm, together with the corresponding expression for the mixing

angle β.

The Lagrangian in Eq. (2.2) has a remarkable property: it displays a SO(3) custo-

dial symmetry in the Aµ
i component space, which prevents any decay to SO(3) singlets

(such as Standard Model particles or η′). Consequently, if the model is described just

by the renormalizable Lagrangian, the three Aµ
i components are degenerate in mass and

are absolutely stable. Nevertheless, since this SO(3) global symmetry is accidental, one

expects the existence of non-renormalizable operators in the Lagrangian which break

the custodial symmetry. Indeed, the following dimension six operators lead, after the

spontaneous symmetry breaking of SU(2)HS and SU(2)L×U(1)Y to the breaking of the

SO(3) custodial symmetry:

(A)
1

Λ2
Dµφ

†φ DµH
†H (2.4)

(B)
1

Λ2
Dµφ

†φ H†DµH (2.5)

(C)
1

Λ2
Dµφ

†Dνφ F µνY (2.6)

(D)
1

Λ2
φ†F a

µν

τa

2
φF µνY (2.7)

In turn, the breaking of the custodial symmetry leads to the decay of the dark matter

hidden gauge bosons. Let us discuss for each case the dominant decay modes:
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Detectability



Fermi 1 year sky

Fermi’s great capabilities give us a unique perspective in investigating 
the existence of dark matter particles indirectly, primarily through 
their annihilation or decay into photons and into electrons

Fermi-LAT  1 year Gamma-Ray Skymap

Eγ =100 MeV-300 GeV

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

~ 80% of gamma-rays produced by cosmic ray 
interactions with interstellar gas and radiation field 



diffuse emission of our galaxy modeled using GALPROP

due to interactions of cosmic rays with galactic gas

strongest in galactic disk

Strong, Moskalenko, Reimer ‘00

-bremsstrahlung
-π0 decay

-inverse Compton

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

depends on location in the sky

signal extraction from background in GC:challenging

in agreement with Fermi-LAT data at mid-latitudes

Gamma background: 

●

●

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



Extra-galactic:

Large statistics, 
but astrophysics, 
galactic diffuse 
background 

Galactic center:

Good statistics but source 

confusion/diffuse background

Search Strategies

And electrons!

Spectral lines:

No astrophysical 
uncertainties, good 
source id, but low 
statistics

Pre-launch sensitivities published in Baltz et al., 2008, JCAP  0807:013  [astro-ph/0806.2911]

Galaxy clusters:

Low background 
but low statistics

All-sky map of gamma rays 
from DM annihi lat ion             
arXiv:0908.0195  (based on 
Via Lactea II simulation)

Satellites:

Low background and good 
source id, but low statistics

Milky Way halo:

Large statistics but 
diffuse background

Anisotropies

[Credit: S. Murgia, 
Fermi Symposium ‘Nov 09]

What’s best?  
See discussions in   Dodelson, Hooper, Serpico’07; Serpico, Zaharijas’08

Dodelson, Belikov, Hooper, Serpico’09; Serpico, Hooper’09  ....



ff → Z ′ → tt

ff → Z ′ → γH

gg → tt + Z ′

tt + ET

tttt

Z
′ →

νν

Z ′→
tt

energetic monochromatic γ

Z, Z’

!

h

t

"

"e
−

e+

q

q

●

●

●

●

ν 
ν t 

t -- or

-
t 

t 
Z’ 

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

Z’ has suppressed couplings to light quarks  
-> no observable        resonances t t-
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Fig. 6: Comparison of the different tt invariant mass distributions.
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Fig. 7: Total transverse energy after demanding nj ≥ 6, pT > 30 GeV (first two plots) and in addition nb−jet ≥ 3

(third plot).

tt̄H topology. An alternative approach presents itself when one considers the reconstruction of tt̄ events
originating in the decay of a heavy resonance. Due to the boost of the top quark, its decay products

are collimated in a narrow cone. This top mono-jet can be identified as such by techniques revealing

the jet substructure [15, 9, 16, 17, 18, 19]. Importantly, for sufficiently large resonance mass the decay

products of top and anti-top are cleanly separated. A simple assignment based on (geometrical) vicinity

is sufficient to find the correct assignment of jets to top candidates. Thus, the ambiguities found in

reconstruction of “tops at rest” disappear in regime of large top pT .

To quantify this statement a parton level simulation of pp → X → tt̄ has been analysed. Lep-
ton+jets events are selected, where one of the W bosons decays to a lepton and a neutrino and the second

nb-jets ! 3
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SM:  σttνeνe = 4.1 fb   

Gauthier-Servant



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

Signals of a Higgs from γ rays

Summary

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

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

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

Worth checking whether Higgs is hiding in 
gamma-ray telescope’s data

 (Fermi, Magic, Hess, Cangaroo, Veritas...)



Huge experimental effort towards the identification of Dark Matter

Signature of
 Annihilation in 

space

Indirect  
Missing Energy 

signature in high 
energy accelerators

Collider experiments  
Elastic Scattering 

signature in underground 
labs

Direct  
Antimatter
Neutrinos

Gamma Rays

The Dark Matter Decade
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$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

1

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 effective field theory valid on scales
less than at most a few TeV. The problem lies in the difficulty 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 Λ2 where Λ is the maximum mass
scale that the theory describes:

δm2
H =

3Λ2

8π2v2

(

2m2
W + m2

Z + m2
H − 4m2

t

)

∼ −(0.23 Λ)2 (1.1)

For large values of Λ, 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 effective 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 β ≈ − cot α ≈ 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.

∆(m2
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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 −π/2 < α < 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(2β).
In contrast, the mass of h0 is bounded above. From eq. (7.20), one finds at tree-level [184]:

mh0 < mZ | cos(2β)| (7.23)

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

d −vd) ∝
(cos α,− sin α). 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 β ≈ − cot α ≈ 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 mt̃1

, mt̃2
much greater than the top quark mass mt, one finds a large positive

one-loop radiative correction to eq. (7.20):

∆(m2
h0) =

3

4π2
cos2α y2

t m
2
t ln

(
mt̃1

mt̃2
/m2

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
effective potential (see previous footnote).

69



(radiative) EW symmetry breaking in the MSSM

The Higgs sector consists of two SU(2)L doublets

(associated to the top Yukawa coupling)

soft SUSY breaking 
parameters

V = (|µ|2 + m2
Hu

)|H0
u|2 + (|µ|2 + m2

Hd
)|H0

d |2 − (bH0
uH0

d + c.c) +
1
8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2

terms in r.h.s much larger than 

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

The minimization of the higgs potential leads to:

M2
Z

2
= −µ2 +

m2
Hd
−m2

Hu
tan2 β

tan2 β − 1
tanβ ≡ 〈H0

u〉/〈H0
d〉with

The LEP bound on the Higgs mass , mh ≥ 115 GeV forces the stop mass to be large

M2
Z



$e naturalness problem of # MSSM 

The biggest problem for the MSSM: we did not see the Higgs
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Figure 7.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cot α ≈ 10.
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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 −π/2 < α < 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(2β).
In contrast, the mass of h0 is bounded above. From eq. (7.20), one finds at tree-level [184]:

mh0 < mZ | cos(2β)| (7.23)

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

d −vd) ∝
(cos α,− sin α). 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 β ≈ − cot α ≈ 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 mt̃1

, mt̃2
much greater than the top quark mass mt, one finds a large positive

one-loop radiative correction to eq. (7.20):

∆(m2
h0) =

3

4π2
cos2α y2

t m
2
t ln

(
mt̃1

mt̃2
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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
effective potential (see previous footnote).
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m2
h ≈M2

Z cos2 2β +
3GF m4

t√
2π2

[
log

m2
t̃

m2
t

+
A2

t

m2
t̃

(
1− A2

t

12m2
t̃

)]

 LEP limit (mh ≥ 115 GeV) ➾            ≥ 1 TeVmt̃

M2
Z

2
= −µ2 +

m2
Hd
−m2

Hu
tan2 β

tan2 β − 1

whereas the loop correction to the 
Higgs soft breaking mass is:

∆m2
Hu

=
−3y2

t

4π2
m2

t̃ log
Λ
mt̃

 ➾  tuning ≡
|∆m2

Hu
|

M2
Z

≈ 3y2
t

4π2M2
Z

m2
t̃ log

Λ
mt̃

≈ 50 for mt̃ = 900
Λ = 100

GeV
TeV

to make h heavy enough, increasing fine-tuning and superpartners  
increasingly harder to see



[Giudice & Rattazzi, ‘06]

State of mSUGRA

mh >114 GeV


