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Dark Ma!er &

 Electroweak Symmetry  Breaking



Huge experimental effort 
towards the identification of the Higgs boson

The 2 main races of the next several years: 

the searches for the Higgs Boson and Dark Matter



2010: First collisions at the LHC   

Direct exploration of the Fermi scale starts.

What is the mechanism of Electroweak Symmetry breaking ?

main physics goal:



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



Are DM and electroweak 
symmetry breaking related?

Most of DM experiments  rely on 
the assumption that DM is a WIMP
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In Theory Space

Supersymmetry

Extra Dimensions
Technicolor &

Kaluza-Klein photon
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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”)



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 ?



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

The hunt for WIMPS: a well-defined programme



But honestly: None of the SM extensions on the market 
(MSSM, RS, Little Higgs, Composite Higgs, UED ...)

Anyhow, within 10 years, we’ll test them and we’ll test 
the WIMP hypothesis

are fully satisfactory



Can the Higgs be searched for outside of colliders?

The LHC & Tevatron may not be the only places in the 
universe where the Higgs is being produced today



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



● 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 

-> striking spectral 
feature, SMOKING GUN 
signature of Dark Matter

  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, 
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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]

Eγ = MDM

(
1− M2

X

4M2
DM

)
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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 
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Photon flux produced by DM annihilations
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Searches focus on regions of the sky where DM 
clumps: Galactic Center, dwarf galaxies...
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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

3

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].

3

annihilations 
into γ γ  & γ Z :

However, as recently reexamined: large 
enhancements from internal bremsstrahlung 
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Radiative corrections to DM annihilation Torsten Bringmann
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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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HESS:!"#10%5

GL
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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  

5

B
(1,0)
H

B
(1,0)
H

γµ

V ν

#

#

#

ξ
(#)
s,d

B
(1,0)
H

B
(1,0)
H

γµ

V ν

ξ
(#)
s,d

ξ
(#)
s,d

ξ
(#)
s,d

#

B
(1,0)
H

ξ
(#)
s,d

V ν

γµ

#

#

B
(1,0)
H

ξ
(#)
s,d

B
(1,0)
H

V ν

γµ

B
(1,0)
H

ξ
(#)
s,d

#

ξ
(#)
s,d

#

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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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
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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.  
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Direct detection constraints

+Z, Z’

!

qq

!

∝ η

Z, Z’

!

qq

!

∝ η

→ σ∝ η2

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)

Γ h" Mh#115 GeV
Γ Z
Γ Z' " MZ'#220 GeV
continuum

gΝZ'#gtZ'#3 Η#10"3

50 100 150 200
!30

!28

!26

!24

!22

!20

MΝ!GeV"

Lo
g#Σv

!cm3 s
!
1 "$

Z'

!

h

t

"

"

, Z, Z’



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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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)
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Line observability in the (MDM - MH) plane
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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

MΝ"149 GeV !gΝZ'"gtZ'"3" MΝ"162 GeV !gΝZ'"gtZ'"1"
Γ h$ Mh"170 GeVΓ Z %$ MZ'"220 GeV Γ Z

HESS

EGRET

FERMI

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

EΓ !GeV"

E2
d#
#dE!G

eV
cm
!
2 s
!
1 "

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

Higgs in Space!

Z’ H Z



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

Spectra for parameters leading to correct relic density and 
satisfying direct detection constraints

H Z’Z(H,Z) ZHZ’

NFW profile
                  adiabatically contracted
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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:

5

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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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

see D. Horns and L.Strigari’s talks
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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
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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 (four-top events, under study)

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

 (Fermi, Magic, Hess, Cangaroo, Veritas...)
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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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Figure 10.6: Invariant mass of the four reconstructed leptons before (top) and after (bottom) the application of
the offline selection, for signal events for mH = 140 GeV/c2 (left) and mH = 200 GeV/c2 (right), and for the three
background processes.

Figure 10.7 shows the final cross-section times branching ratio times efficiency for selected
events, for signal and background, as a function of the Higgs boson mass. The number
of expected events passing all selections for 10 fb−1 of integrated luminosity is shown in
Table 10.5 for several values of the Higgs boson mass.

Significance

Figure 10.8 shows the ScP significance after all selection cuts for integrated luminosities of
10 fb−1 and 30 fb−1, with and without the systematic uncertainty on the background estima-
tion taken into account. The background systematic uncertainty will be discussed in sec-
tion 10.2.1.6. Figure 10.9 shows the integrated luminosity required to obtain a significance of
5σ using the H→ ZZ(!) → 2e2µ channel alone, with and without the background systematic
uncertainty. It can be seen that a significance of 5σ can be achieved with less than 30 fb−1

of integrated luminosity for a Higgs boson with mass in the range 130 ≤ mH ≤ 500 GeV/c2,
excluding a gap of about 15 GeV/c2 close to mH = 170 GeV/c2 for which close to 100 fb−1 is
required. If the Higgs boson mass lies in the range 190 ≤ mH ≤ 400 GeV/c2, 5σ significance
can be attained with less than 8 fb−1 of integrated luminosity.

10.2.1.6 Evaluation of background from data

The background normalisation can be estimated from data by using the sidebands in the
reconstructed four-lepton invariant mass distribution. Figure 10.10 shows the number of ex-
pected events from the signal and background Monte Carlo simulations for an integrated
luminosity corresponding to a discovery significance of 5σ, for Higgs boson masses of 140
and 200 GeV/c2: 9.2 and 5.8 fb−1, respectively. Figure 10.10 also shows the results of a simu-

Who will see it first?

Fermi ?
33

Figure 20. “Optimized” diffuse background and a 5σ signal at 200 GeV. The black
dots and open squares correspond to the diffuse background and the diffuse background
plus MC signal, respectively. Full and dotted lines correspond to the signal plus
background fit to φ2 and φ1+φ2, respectively. < ∆χ2 >=25.0 for this run.

this background, together with an exponential fit (φ2(E; a, b) = a · eE/b) over the range
[E0 − 6σE, E0 + 6σE ]. The spectra are well fit over this energy range.

Next, the 5 year 5σ signal sensitivity is estimated. For each line energy the in-

put background is resampled (bootstrapped) 1000 times with a φ1 MC signal and

fit successively to (φ1 + φ2) and φ2 with free parameters a, b and NT , for the range

[E0 − 6σE , E0 + 6σE (see figure 19). Each bootstrap is randomly sampled from the
original background resulting in mildly correlated background realizations. This series

of 1000 bootstraps is rerun varying the number of events thrown into the φ1 signal MC

until < ∆χ2 >=< χ2
φ2+φ1

− χ2
φ2

>≈ 25 (5 σ). An example of a line signal just fulfilling

this condition is shown in figure 20.

The average number of signal counts needed at each energy is then converted to the

known line energy sensitivity using average exposures over the annulus (see figure 21).
The LAT detection sensitivity for a line of unknown energy in the range [40,350] GeV

for a 5σ above background signal corresponds to a confidence level of 99.99997%. To

calculate the number of counts needed when the line energy is unknown, the probability

of no signal detection in a single bin is used:

(1 − P )
1

nbins =
1√
2π

∫ nσ

−∞

e
−x

2

2 dx , (9)

 Eγ  (GeV)

diffuse bgd + signal
● diffuse bgd 



Annexes



MΝ'"100 GeV MZ'"220 GeV Mh"140 GeV g!Z'"gtZ'"3
Η"10$3

1 10 102
10!5

10!4

10!3

10!2

10!1

Positron Energy !GeV"
Po
sit
ro
n
fra
ct
io
n
e"
#$e" "

e!
%

MΝ'"100 GeV MZ'"220 GeV Mh"140 GeV g!Z'"gtZ'"3
Η"10$3

1 10 102
10!7

10!6

10!5

10!4

10!3

10!2

10!1

p kinetic energy !GeV"

"
p
!m!2 s

!
1
sr
!
1 G
eV
!
1 "

Large γ line signals compatible with low p and e+ fluxes-


