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Introduction
• Strong evidence for dark matter from astrophysical and 

cosmological observations
• Motivation for new particles from particle physics : symmetry 

breaking, stabilization of Higgs, unification
• Can one of these new particles explain the dark matter?
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• Recently LHC has  probed BSM physics - both Higgs sector, 
indirect/direct searches for new particles - no clear direction on 
BSM so far

• Several astroparticle experiments actively search for DM both in 
direct detection (Xenon, LUX) and indirect detection (PAMELA, 
FermiLAT, Hess AMS) - some hints

• What is the status of dark matter candidates after LHC8TeV
(+LUX..) and before LHC13TeV? 
– LHC can only see neutral particle stable enough to escape the 

detector (missing ET): can never tell whether particle stable on 
cosmological scale 3
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Dark matter a new particle?

4

CMSSM
Neutralino (bino)
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Dark matter a new particle?
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CMSSM
Neutralino (bino)

bino/Higgsino

bino/higgsino/wino

gravitino
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Dark matter a new particle?
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Neutralino (bino)
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gravitino

NMSSM
singlino

axion
right-handed neutrino

KK-photon
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heavy photon

FIMPs

Singlet scalar
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4 H. Baer and X. Tata

amongst themselves, leading to the so-called “concor-
dance” model for the universe, the ΛCDM model.
(Here, Λ stands for Einstein’s cosmological constant,
which may be the source of the DE). In the ΛCDM
model, the universe is composed of about 70% DE, 25%
DM, 4% baryons with a tiny fraction of neutrinos and
radiation. The measured abundance of CDM in our
universe[ 5],

ΩCDMh2 = 0.111+0.011
−0.015 (2σ), (1)

where ΩCDM = ρCDM/ρc, with ρCDM the CDM mass
density, ρc the critical closure density and h is the scaled
Hubble parameter, serves as a severe constraint on all
particle physics theories that include a dark matter can-
didate. Since DM may well consist of more than one
component, strictly speaking the relic density serves as
an upper bound ΩXh2 ≤ 0.122 on the density of any
single component X . We now turn to a discussion of
some of the particle physics candidates for the DM par-
ticle X .

3. DM candidates

While the evidence for the existence of DM in the
universe is now very convincing, and while the density
of dark matter in the universe is becoming precisely
known, the identity of the dark matter particle(s) is
a complete mystery. None of the particles in the Stan-
dard Model have the right properties to make up CDM.
Many candidates, however, have been proposed in the
theoretical literature. To appreciate the variety of can-
didate particles proposed, we list a number of possibil-
ities. The range of masses and interaction strengths of
many of these candidates is shown in Fig. 2.• Neutrinos: Massive neutrinos are weakly inter-

acting neutral massive particles and so are nat-
ural candidates for the DM in the universe[ 6].
It is now known that the usual active neutrinos
are so light that they could not give rise to the
observed structure in the Universe because these
would move faster than the typical galactic escape
velocity, and so cannot cause the clumping that
large scale structure simulations require. They
are usually referred to as hot DM, or HDM, and
are likely to be a subdominant component of the
DM in the Universe. There are, however, pro-
posals for much heavier, cold dark matter gauge
singlet neutrinos that are not part of the Stan-
dard Model[ 8].

• Planck mass black hole remnants: It is possible
many tiny black holes (BHs) were produced in the
early universe. Ordinarily, these BHs would de-
cay via Hawking radiation. However, it has been
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Figure 2. Dark matter candidates in the mass versus in-
teraction strength plane, taken from Ref.[ 7].

suggested that once they reach the Planck mass,
quantum gravity effects forbid further radiation,
making them stable, and hence good CDM can-
didates[ 9].

• Q-balls: These objects are topological solitons
that occur in quantum field theory[ 10, 11].

• Wimpzillas: These very massive beasts were pro-
posed to show that viable DM candidates could
have masses far beyond the weak scale[ 12].

• Axions: The symmetries of the QCD Lagrangian
allow the term – L " θQCD

32π2 FµνF̃µν– which gives
rise to CP violation in the strong interactions.
However, measurements of the neutron electric

dipole moment (EDM) require θQCD
<∼ 10−10.

Why this parameter is so much smaller than its
natural value of ∼ 1 is referred to as the strong
CP problem. The most compelling solution
to the strong CP problem – the Peccei-Quinn-
Weinberg-Wilczek solution[ 13] – effectively re-
places the parameter θQCD by a quantum field,
and the potential energy allows the field to re-
lax to near zero strength. However, a remnant
of this procedure is that a physical pseudoscalar
boson – the axion a – remains in the spectrum.
The axion is an excellent candidate for CDM in
the universe[ 14]. Its favored mass range is ma ∼
10−5 − 10−3 eV, where the lower bound gives too
high a relic density, and the upper bound comes
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WIMP ‘miracle’

– ‘Typical’ weak interaction cross section --> Ωh2 ~0.1 (for any mass) 
– Precise determination of Ωh2=0.1199+/-0.0027  (PLANCK)

8

Freeze-out
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Direct detection

• Much improved limit on SI cross section - LUX
• Assuming fp=fn, rules out CDMS, CoGENT, DAMA..

9

5

0.64 ± 0.16 events from ER leakage are expected below

the NR mean, for the search dataset. The spatial

distribution of the events matches that expected from the

ER backgrounds in full detector simulations. We select

the upper bound of 30 phe (S1) for the signal estimation

analysis to avoid additional background from the 5 keVee

x-ray from
127

Xe.
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FIG. 4. The LUX WIMP signal region. Events in the

118 kg fiducial volume during the 85.3 live-day exposure are

shown. Lines as shown in Fig. 3, with vertical dashed cyan

lines showing the 2-30 phe range used for the signal estimation

analysis.

Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood

ratio (PLR) test statistic [35], exploiting the separation

of signal and background distributions in four physical

quantities: radius, depth, light (S1), and charge (S2).

The fit is made over the parameter of interest plus three

Gaussian-constrained nuisance parameters which encode

uncertainty in the rates of
127

Xe, γ-rays from internal

components and the combination of
214

Pb and
85
Kr.

The distributions, in the observed quantities, of the four

model components are as described above and do not

vary in the fit: with the non-uniform spatial distributions

of γ-ray backgrounds and x-ray lines from
127

Xe obtained

from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is

modeled using a standard isothermal Maxwellian velocity

distribution [36], with v0 = 220 km/s; vesc = 544 km/s;
ρ0 = 0.3 GeV/c3; average Earth velocity of 245 km s

−1
,

and Helm form factor [37, 38]. We conservatively model

no signal below 3.0 keVnr (the lowest energy for which

direct NR yield measurements exist [30, 40]). We do

not profile the uncertainties in NR yield, assuming a

model which provides excellent agreement with LUX

data (Fig. 1 and [39]), in addition to being conservative

compared to past works [23]. We also do not account

for uncertainties in astrophysical parameters, which are

beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-

independent elastic WIMP-nucleon cross section (blue),

together with the ±1σ variation from repeated trials, where

trials fluctuating below the expected number of events for

zero BG are forced to 2.3 (blue shaded). We also show

Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),

ZEPLIN-III [43] (magenta line) and XENON100 100 live-

day [44] (orange line), and 225 live-day [45] (red line) results.

The inset (same axis units) also shows the regions measured

from annual modulation in CoGeNT [46] (light red, shaded),

along with exclusion limits from low threshold re-analysis

of CDMS II data [47] (upper green line), 95% allowed

region from CDMS II silicon detectors [48] (green shaded)

and centroid (green x), 90% allowed region from CRESST

II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]

interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent

with its simulated distribution, giving a p-value for the

background-only hypothesis of 0.35. The 90% C. L.

upper limit on the number of expected signal events

ranges, over WIMP masses, from 2.4 to 5.3. A variation

of one standard deviation in detection efficiency shifts

the limit by an average of only 5%. The systematic

uncertainty in the position of the NR band was estimated

by averaging the difference between the centroids of

simulated and observed AmBe data in log(S2b/S1). This

yielded an uncertainty of 0.044 in the centroid, which

propagates to a maximum uncertainty of 25% in the high

mass limit.

The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5

with a minimum cross section of 7.6×10
−46

cm
2
for a

WIMP mass of 33 GeV/c
2
. This represents a significant

improvement over the sensitivities of earlier searches [42,

43, 45, 46]. The low energy threshold of LUX permits

direct testing of low mass WIMP hypotheses where

there are potential hints of signal [42, 46, 49, 50].
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FIG. 1. Regions of interest and exclusion curves for experiments and parameters as listed in Table

I, assuming a standard, spin-independent (12) or -dependent (13), isospin-conserving Nucleon-

WIMP interaction. A standard Maxwellian distribution is assumed, as explained in the text. All

constraint curves are 90% C.L. as explained in the appendix. We overlay the CDMSlite bound

for reference; all other curves were generated as described in the appendix. We show both a weak

and strong COUPP bound, as described in the appendix, and the choice of alternative Leff for the

Xenon experiments is shown in Fig. 7 in the appendix.

Fig. 4 includes constraints for spin-dependent interactions (13), including the most ex-

treme momentum-suppressed interactions arising from (6) and a couple of different choices

for relative DM coupling to neutrons and protons. The LUX and XENON100 bounds are

very constraining even for spin-dependent interactions, regardless of whether the interactions

10

LUX (2013)

Elastic scattering of WIMPs off nucleons in a large detector
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Indirect detection

• Annihilation of pairs of DM particles into SM : decay 
products observed (after propagation)

• Search for DM in e+,p,γ,ν

• Dependence on the DM distribution (ρ) 

• Typical annihilation cross-section 3 10-26 cm3/s
– σv = a + bv2   -->  σv(galaxy) can be much different 
σv (early universe)

– if coannihilation dominates --> σv small
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Indirect detection

11

Anomaly in positron fraction but no deviation in 
antiprotons  --> could be pulsar, leptophilic dark 
matter (with large boost factor)

Aguilar et al 2013
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FIG. 1: The antiproton energy spectrum at the top of the payload obtained in this work compared

with contemporary measurements [21–25] and theoretical calculations for a pure secondary pro-

duction of antiprotons during the propagation of cosmic rays in the galaxy. The dotted and dashed

lines indicate the upper and lower limits calculated by Donato et al. [26] for different diffusion mod-

els, including uncertainties on propagation parameters and antiproton production cross-sections,

respectively. The solid line shows the calculation by Ptuskin et al. [27] for the case of a Plain

Diffusion model.

measurements. Figure 3 shows the PAMELA antiproton-to-proton flux ratio compared with

a calculation [14] (dashed line) including both a primary antiproton component from the

annihilation of 180 GeV wino-like neutralinos and secondary antiprotons. This model, based

on the non-thermal production of dark matter in the early universe, was proposed to ex-

plain the high-energy rise in the PAMELA positron fraction [8]. As shown by the dashed

line in Figure 3, a reasonable choice of GALPROP [31] propagation parameters (dashed-

dotted line) allows a good description of PAMELA antiproton data with the inclusion of

the wino-annihilation signal. Given current uncertainties on propagation parameters, this

primary component cannot be ruled out. It has also been suggested that the PAMELA

positron data can be explained without invoking a primary component. This is possible if

7

Adriani et al, 1007.0821
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• For light dark matter, FermiLAT probes cross sections 
expected of a thermal relic with photons from dwarf 
Spheroidal galaxies

• Evidence of a gamma-ray line (from DM annihilation into two-
photons) for m=130GeV  weakening

12
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FIG. 5. Constraints on the dark matter annihilation cross section at 95% CL derived from a
combined analysis of 15 dwarf spheroidal galaxies assuming an NFW dark matter distribution
(solid line). In each panel bands represent the expected sensitivity as calculated by repeating
the combined analysis on 300 randomly-selected sets of blank fields at high Galactic latitudes in
the LAT data. The dashed line shows the median expected sensitivity while the bands represent
the 68% and 95% quantiles. For each set of random locations, nominal J-factors are randomized
in accord with their measurement uncertainties. Thus, the positions and widths of the expected
sensitivity bands reflect the range of statistical fluctuations expected both from the LAT data and
from the stellar kinematics of the dwarf galaxies. The most significant excess in the observed limits
occurs for the bb̄ channel between 10GeV and 25GeV with TS=8.7 (global p-value of p ≈ 0.08).
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FIG. 5. Constraints on the dark matter annihilation cross section at 95% CL derived from a
combined analysis of 15 dwarf spheroidal galaxies assuming an NFW dark matter distribution
(solid line). In each panel bands represent the expected sensitivity as calculated by repeating
the combined analysis on 300 randomly-selected sets of blank fields at high Galactic latitudes in
the LAT data. The dashed line shows the median expected sensitivity while the bands represent
the 68% and 95% quantiles. For each set of random locations, nominal J-factors are randomized
in accord with their measurement uncertainties. Thus, the positions and widths of the expected
sensitivity bands reflect the range of statistical fluctuations expected both from the LAT data and
from the stellar kinematics of the dwarf galaxies. The most significant excess in the observed limits
occurs for the bb̄ channel between 10GeV and 25GeV with TS=8.7 (global p-value of p ≈ 0.08).
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FIG. 5. Constraints on the dark matter annihilation cross section at 95% CL derived from a
combined analysis of 15 dwarf spheroidal galaxies assuming an NFW dark matter distribution
(solid line). In each panel bands represent the expected sensitivity as calculated by repeating
the combined analysis on 300 randomly-selected sets of blank fields at high Galactic latitudes in
the LAT data. The dashed line shows the median expected sensitivity while the bands represent
the 68% and 95% quantiles. For each set of random locations, nominal J-factors are randomized
in accord with their measurement uncertainties. Thus, the positions and widths of the expected
sensitivity bands reflect the range of statistical fluctuations expected both from the LAT data and
from the stellar kinematics of the dwarf galaxies. The most significant excess in the observed limits
occurs for the bb̄ channel between 10GeV and 25GeV with TS=8.7 (global p-value of p ≈ 0.08).
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Gauge hierarchy problem and 
dark matter

Supersymmetry as an example

13
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CMSSM neutralino
• In CMSSM (symmetry boson/fermion, unification of couplings 

at GUT scale, universality conditions, supergravity) with R-
parity violation - get DM candidate  ‘for free’

• 4 parameters - relation between different sectors 
• Over most of parameter space neutralino bino (-> too much DM)

14
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LHC
• pp collisions 7-14TeV
• Direct DM production missing energy no trigger
• Largest cross sections: coloured sparticles, DM in decays
• DM signature (missing ET)

15

dimanche 15 décembre 2013



LHC limits on CMSSM

• gluino,squark > 1.4 TeV -> bino cannot be light --> 
higgsino DM or coannihilation or Higgs funnel 16

mh>122 GeV
10 H. Baer and X. Tata

mSUGRA : tan!=10, A0=0, µ>0, mt=171.4 GeV
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Figure 3. DM-allowed regions in the m0 − m1/2 plane of
the mSUGRA model for tan β = 10 with A0 = 0 and µ > 0.

region from below, while the stringent bound
ΩCDMh2 ≤ 0.13 has pushed the DM-allowed re-
gion down. Now hardly any bulk region survives
in the mSUGRA model.

• At low m0 and moderate m1/2, there is a thin
strip of (barely discernable) allowed region adja-
cent to the stau-LSP region where the neutralino
and the lighter stau were in thermal equilibrium
in the early universe. Here co-annihilation with
the light stau serves to bring the neutralino relic
density down to its observed value[ 42].

• At large m0, adjacent to the EWSB excluded re-
gion on the right, is the hyperbolic branch/focus
point (HB/FP) region, where the superpotential
µ parameter becomes small and the higgsino-
content of Z̃1 increases significantly. Then Z̃1

can annihilate efficiently via gauge coupling to its
higgsino component and becomes mixed higgsino-
bino DM. If m

Z̃1

> MW , MZ , then Z̃1Z̃1 →
WW, ZZ, Zh is enhanced, and one finds the cor-
rect measured relic density[ 43].

We show the corresponding situation for tanβ = 52
in Fig. 4. While the stau co-annihilation and the
HB/FP regions are clearly visible, we see that now a
large DM consistent region now appears.

• In this region, the value of mA is small enough
so that Z̃1Z̃1 can annihilate into bb̄ pairs through
s-channel A (and also H) resonance. This re-
gion has been dubbed the A-funnel[ 44]. It can
be quite broad at large tanβ because the width
ΓA can be quite wide due to the very large b-
and τ - Yukawa couplings. If tanβ is increased
further, then Z̃1Z̃1 annihilation through the (vir-
tual) A∗ is large all over parameter space, and
most of the theoretically-allowed parameter space
becomes DM-consisten. For even higher tanβ val-
ues, the parameter space collapses due to a lack
of appropriate EWSB.

mSUGRA : A0 = 0, µ > 0, tan! = 52, mt = 171.4 GeV
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Figure 4. DM-allowed regions in the m0 − m1/2 plane of
the mSUGRA model for tan β = 52 with A0 = 0 and µ > 0.
The various colors of shading is as in Fig. 3.

It is also possible at low m1/2 values that a light
Higgs h resonance annihilation region can occur just
above the LEP2 excluded region[ 45]. Finally, if A0 is
large and negative, then the t̃1 can become light, and
mt̃1 ∼ m

Z̃1

, so that stop-neutralino co-annihilation[ 46]
can occur.

Up to now, we have confined our discussion to the
mSUGRA framework in which compatibility with (1) is
obtained only over selected portions of the m0 − m1/2

plane. The reader may well wonder what happens if we
relax the untested universality assumptions that un-
derlie mSUGRA. Without going into details, we only

higgsino LSP
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What’s left

17

18

mardi 3 décembre 2013

L. Roszkowski

Funnel : enhanced annihilation since mLSP ~ mA/2
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• Near the end of neutralino DM era?
• Relic density suggests a more natural DM candidate is mixed bino/

higgsino/wino (non-universality or pMSSM)
– more efficient annihilation in W - but challenged by LUX

• Decouple squark/gluino from neutralino LSP

18
(a) (b)

Figure 6: p9MSSM points that are allowed at 2σ by the basic constraints in the (mχ, σSI
p ) plane.

The points consistent at 2σ with the basic and XENON100 constraints are divided by the com-
position of the neutralino: gaugino-like (green squares), mixed (blue circles), or higgsino-like (red
stars). Points excluded at the 95% C.L. by basic+XENON100 are shown as gray crosses. (a)
ΣπN = 43± 12 MeV, (b) ΣπN = 66± 6 MeV.

through t-channel exchange of higgsino-like χ±
1 and/or χ0

2. This is the p9MSSM equivalent of the
focus point/hyperbolic branch (FP/HB) region of the CMSSM [119, 120], and we will loosely use
the same acronym to describe this region of the p9MSSM in what follows. The “hook” feature
in points with mixed composition at µ � 150GeV results from a WW threshold. In only that
region, the neutralino has a bino/higgsino composition and, at the same time, mχ < MW while
mχ±

1
> 94GeV. Because the χχ → W+W− annihilation is suppressed by a threshold due to

chargino exchange, the relic density is not too small. Note that the green strip of gaugino-like DM,
adjacent and above the FP/HB region up to M1 � 1.2−1.6TeV in Fig. 5(a) is the AF region [121].

As one considers ever larger µ along the FP/HB region, the neutralino becomes almost purely
higgsino-like, and its mass stabilizes at mχ ≈ µ � 1TeV. We call this the 1TH region and it is
indicated with red stars in Fig. 5(a). Here χ and χ0

2 are either both higgsino-like or one of them is
higgsino- and the other bino-like, respectively, while χ±

1 is always higgsino-like. The relic density
constraint is satisfied for broad ranges of M1, partially through LSP co-annihilation with the second
lightest neutralino, χ0

2, and/or the lightest chargino χ±
1 .

Note, finally, the lower density of gray dots in the lower left corner of Fig. 5(b). In fact, in that
region of the parameter space the LEP constraints on the chargino mass, Eq. (2), become much
harder to satisfy.

4.1 Impact of the XENON100 limit

In this subsection we analyze the impact of the XENON100 90% C.L. upper bound on the parameter
space of the p9MSSM. We emphasize that the bound is applied through the likelihood function
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• Near the end of neutralino DM era?
• Relic density suggests a more natural DM candidate is mixed bino/

higgsino/wino (non-universality or pMSSM)
– more efficient annihilation in W - but challenged by LUX

• Decouple squark/gluino from neutralino LSP

19
(a) (b)

Figure 6: p9MSSM points that are allowed at 2σ by the basic constraints in the (mχ, σSI
p ) plane.

The points consistent at 2σ with the basic and XENON100 constraints are divided by the com-
position of the neutralino: gaugino-like (green squares), mixed (blue circles), or higgsino-like (red
stars). Points excluded at the 95% C.L. by basic+XENON100 are shown as gray crosses. (a)
ΣπN = 43± 12 MeV, (b) ΣπN = 66± 6 MeV.
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2. This is the p9MSSM equivalent of the
focus point/hyperbolic branch (FP/HB) region of the CMSSM [119, 120], and we will loosely use
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in points with mixed composition at µ � 150GeV results from a WW threshold. In only that
region, the neutralino has a bino/higgsino composition and, at the same time, mχ < MW while
mχ±

1
> 94GeV. Because the χχ → W+W− annihilation is suppressed by a threshold due to

chargino exchange, the relic density is not too small. Note that the green strip of gaugino-like DM,
adjacent and above the FP/HB region up to M1 � 1.2−1.6TeV in Fig. 5(a) is the AF region [121].

As one considers ever larger µ along the FP/HB region, the neutralino becomes almost purely
higgsino-like, and its mass stabilizes at mχ ≈ µ � 1TeV. We call this the 1TH region and it is
indicated with red stars in Fig. 5(a). Here χ and χ0

2 are either both higgsino-like or one of them is
higgsino- and the other bino-like, respectively, while χ±

1 is always higgsino-like. The relic density
constraint is satisfied for broad ranges of M1, partially through LSP co-annihilation with the second
lightest neutralino, χ0

2, and/or the lightest chargino χ±
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Note, finally, the lower density of gray dots in the lower left corner of Fig. 5(b). In fact, in that
region of the parameter space the LEP constraints on the chargino mass, Eq. (2), become much
harder to satisfy.

4.1 Impact of the XENON100 limit

In this subsection we analyze the impact of the XENON100 90% C.L. upper bound on the parameter
space of the p9MSSM. We emphasize that the bound is applied through the likelihood function
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Electroweak-inos
• Direct connection with neutralino DM
• Reach dependent on search channel (here simplified model approach)
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20 V. A. Mitsou
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Fig. 15. Summary of observed limits for electroweak-gaugino production from CMS.141,142 From
Ref. 127.

4.4. R-parity violating SUSY and meta-stable sparticles

R-parity is defined as: R = (−1)
3(B−L)+2S

, where B, L and S are the baryon

number, lepton number and spin, respectively. Hence R = +1 for all Standard Model

particles and R = −1 for all SUSY particles. It is stressed that the conservation of

R-parity is an ad-hoc assumption. The only firm restriction comes from the proton

lifetime: non-conservation of both B and L leads to rapid proton decay. R-parity

conservation has serious consequences in SUSY phenomenology in colliders: the

SUSY particles are produced in pairs and the lightest SUSY particle is absolutely

stable, thus providing a WIMP candidate. Here we highlight the status of RPV

supersymmetry
145

searches at the LHC.

Both ATLAS and CMS experiments have probed RPV SUSY through various

channels, either by exclusively searching for specific decay chains, or by inclusively

searching for multilepton events. ATLAS has looked for resonant production of

eµ, eτ and µτ ,146–148 for multijets,
149

for events with at least four leptons
150

and

for excesses in the eµ continuum.
151

Null inclusive searches in the one-lepton chan-

nel
152,153

have also been interpreted in the context of a model where RPV is induced

through bilinear terms.
154–158

Recent CMS analyses are focused on studying the lepton number violating terms

λijkLiLj ēk and λ�
ijkLiQj d̄k, which result in specific signatures involving leptons in

events produced in pp collisions at LHC. A search for resonant production and the

following decay of µ̃ which is caused by λ�
211 �= 0 has been conducted.

159
Multilepton

signatures caused by LSP decays due to various λ and λ�
terms in stop production

have been probed.
160

Ref. 161 discusses the possibility of the generic model inde-

pendent search for RPV SUSY in 4-lepton events. A summary of the limits set by

several CMS analyses
126,160,162–164

are listed in Fig. 16.
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-

handed (mass degenerate) selectron and smuon production in the mχ̃0

1

–m�̃ plane. (d) 95% CL exclusion

limits for χ̃±
1
χ̃∓

1
pair production in the simplified model with sleptons and sneutrinos with m�̃ = mν̃ =

(mχ̃±
1

+mχ̃0

1

)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).

The solid band around the expected limit shows the ±1σ result where all uncertainties, except those on

the signal cross-sections, are considered. The ±1σ lines around the observed limit represent the results

obtained when moving the nominal signal cross-section up or down by the ±1σ theoretical uncertainty.

Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the

mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the

7 TeV data [35].

[5] A. Neveu and J. H. Schwarz, Quark Model of Dual Pions, Phys. Rev. D4 (1971) 1109–1111.

[6] J. Gervais and B. Sakita, Field theory interpretation of supergauges in dual models, Nucl. Phys.

B34 (1971) 632–639.

[7] D. V. Volkov and V. P. Akulov, Is the Neutrino a Goldstone Particle?, Phys. Lett. B46 (1973)

109–110.
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• Weak constraints on higgsino LSP (small mass splitting) and when 
dominant decay  into gauge bosons

• At first sight neutralino ~100GeV is pretty severely constrained
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MSSM with light neutralino
• Light neutralino (< 70 GeV) explored by many groups

– Bottino,Fornengo,Scopel,Donato,Plehn,GB,Boudjema,Godbole,Roszkowski, R. de Austri, 
Cumberlach, Dreiner, Heinemeyer, Kittel, AlbornozVasquez, Boehm, Calibbi, Ota, Takanishi, Gunion, 
Belikov, Arbey, Battaglia, Mahmoudi, Dev, Mazumdar, Pukartas, Han, Liu, Natarajan....

• Motivated in part by direct detection hints
• Need large enough annihilation rate to satisfy PLANCK bound.
• Annihilation of LSP pairs: 

– χχ->Z->ff
– χχ->h->XX or χχ->A->bb (ruled out by searches for heavy Higgs 

at LHC + various astro constraints)
– into fermion pairs through sfermion exchange (stau/selectron)
– light sbottom (Arbey et al, 1308.2153)

21
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After LHC limits

• Flavour + DM +Higgs constraints
• LHC constrains many models but light neutralino still possible

22

Figure 3: Points passing all constraints, including Ωh2 < 0.131, XENON100 limits and SMS
limits from the LHC SUSY searches: on the left in the chargino versus stau mass plane, on the
right in the M2 versus µ plane. The yellow, dark green, light green and grey points have χ̃0

1

masses of 15–25 GeV, 25–35 GeV, 35–50 GeV and 50–60 GeV, respectively. Points which might
be excluded either due to the factor 2 uncertainty in the implementation of the SMS limit for
the τ -dominated case from the CMS analysis [55] or by the ATLAS 2τ ’s + Emiss

T analysis [36]
are flagged as triangles in a lighter color shade.

addition to that of the stau can bring the relic density in the PLANCK range, in this case it
is not necessary to have a light chargino. These points correspond to the scatter points with
heavy charginos in Fig. 2 (right panel). Finally, as the LSP mass approaches mZ/2 or mh/2 the
Higgsino fraction has to be small because of the resonance enhancement in LSP annihilation—
hence the chargino can be heavy. Moreover, for mχ̃0

1
� 35 GeV the stau contribution to the

LSP annihilation is not needed, so the mτ̃1 can be large. Figure 3 summarizes the allowed
parameter space in the mχ̃±

1
versus mτ̃1 plane (left) as well as in the M2 versus µ plane (right)

for different ranges of LSP masses. The M2 versus µ plot illustrates the fact that when the
LSP is light, µ is small, hence χ̃+

1 and χ̃0
2 are dominantly higgsino as discussed above. In this

plot also the points for which our implementation of LHC constraints in the SMS approach
has some significant uncertainty (from our extrapolation for the τ -dominated case from [55] or
because we cannot use the ATLAS di-tau + Emiss

T analysis [36]) become clearly visible. These
points are flagged as triangles in lighter color shade. For mχ̃0

1
< 35 GeV they concentrate in

the region M2, µ � 320 GeV (although a few such points have larger µ). Most of these triangle
points actually have a light τ̃L and are thus likely to be excluded by the ATLAS result [36],
see [29]. Note also that the production cross section for higgsinos is low, so most of the points
with low µ and larger M2 are allowed.

Another class of points that are strongly constrained by LHC are those with light ẽR. For
LSP masses above 20 GeV, the ATLAS searches are however insensitive to selectron masses
just above the LEP limit, more precisely in the range mẽR ≈ 100–120 GeV, thus many points
with light selectrons are still allowed. Furthermore in many cases we have selectrons decaying
into νχ̃± and/or eχ̃0

2 thus avoiding the LHC constraint.

7

In the present analysis, the SMS results used are:

• �̃±L �̃
∓
L → �±χ̃0

1�
∓χ̃0

1 ; �̃±R�̃
∓
R → �±χ̃0

1�
∓χ̃0

1 , ATLAS-CONF-2013-049,CMS-PAS-SUS-12-022,

• χ̃0
2χ̃

±
1 → Z(∗)χ̃0

1W
(∗)χ̃0

1, ATLAS-CONF-2013-035, CMS-PAS-SUS-12-022

• χ̃0
2χ̃

±
1 → �̃±Rν�̃

±
R�

∓ → �±χ̃0
1ν�

±χ̃0
1�

∓ CMS-PAS-SUS-12-022, (l = e, µ, τ)

1

LSP<25GeV
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After LHC limits

• Lightest neutralinos (<25 GeV) excluded by LUX
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Figure 3: Points passing all constraints, including Ωh2 < 0.131, XENON100 limits and SMS
limits from the LHC SUSY searches: on the left in the chargino versus stau mass plane, on the
right in the M2 versus µ plane. The yellow, dark green, light green and grey points have χ̃0

1

masses of 15–25 GeV, 25–35 GeV, 35–50 GeV and 50–60 GeV, respectively. Points which might
be excluded either due to the factor 2 uncertainty in the implementation of the SMS limit for
the τ -dominated case from the CMS analysis [55] or by the ATLAS 2τ ’s + Emiss

T analysis [36]
are flagged as triangles in a lighter color shade.

addition to that of the stau can bring the relic density in the PLANCK range, in this case it
is not necessary to have a light chargino. These points correspond to the scatter points with
heavy charginos in Fig. 2 (right panel). Finally, as the LSP mass approaches mZ/2 or mh/2 the
Higgsino fraction has to be small because of the resonance enhancement in LSP annihilation—
hence the chargino can be heavy. Moreover, for mχ̃0

1
� 35 GeV the stau contribution to the

LSP annihilation is not needed, so the mτ̃1 can be large. Figure 3 summarizes the allowed
parameter space in the mχ̃±

1
versus mτ̃1 plane (left) as well as in the M2 versus µ plane (right)

for different ranges of LSP masses. The M2 versus µ plot illustrates the fact that when the
LSP is light, µ is small, hence χ̃+

1 and χ̃0
2 are dominantly higgsino as discussed above. In this

plot also the points for which our implementation of LHC constraints in the SMS approach
has some significant uncertainty (from our extrapolation for the τ -dominated case from [55] or
because we cannot use the ATLAS di-tau + Emiss

T analysis [36]) become clearly visible. These
points are flagged as triangles in lighter color shade. For mχ̃0

1
< 35 GeV they concentrate in

the region M2, µ � 320 GeV (although a few such points have larger µ). Most of these triangle
points actually have a light τ̃L and are thus likely to be excluded by the ATLAS result [36],
see [29]. Note also that the production cross section for higgsinos is low, so most of the points
with low µ and larger M2 are allowed.

Another class of points that are strongly constrained by LHC are those with light ẽR. For
LSP masses above 20 GeV, the ATLAS searches are however insensitive to selectron masses
just above the LEP limit, more precisely in the range mẽR ≈ 100–120 GeV, thus many points
with light selectrons are still allowed. Furthermore in many cases we have selectrons decaying
into νχ̃± and/or eχ̃0

2 thus avoiding the LHC constraint.
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• Neutralino DM in MSSM alive and well even with several 
new particles below TeV scale although direct detection also 
constrain parameter space

• More possibilities for DM in MSSM extensions
• Other models motivated by hierarchy (UED, little Higgs) 

subject to same set of constraints
• mUED predicts compressed spectra : challenging for LHC

24
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Scalar dark matter and portals

Higgs sector
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Portals
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Higgs-field Portal into Hidden Sectors

Brian Patt∗ and Frank Wilczek†

Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: February 2, 2008)

The Higgs field mass term, being superrenomalizable, has a unique status within the standard
model. Through the opening it affords, SU(3)×SU(2)×U(1) singlet fields can have renormalizable
couplings to standard model fields. We present examples that are neither grotesque nor unnatural.
A possible consequence is to spread the Higgs particle resonance into several weaker ones, or to
afford it additional, effectively invisible decay channels.

With one exception, all the interactions of the standard model are associated with strictly renormalizable interac-
tions. In other words, the interactions and kinetic terms are represented by operators of mass dimension 4; or, in
still other words, their associated couplings are dimensionless, in units with h̄ = c = 1. The Higgs field mass term
∆L = −µ2φ†φ, with a coupling of mass dimension 2 and an interaction operator of mass dimension 2, is the exception.
Due to that circumstance, the Higgs field is uniquely open to renormalizable (or superrenormalizable) coupling to
SU(3)× SU(2)×U(1) singlet fields. Of course, neither Higgs particles nor SU(3)× SU(2)×U(1) singlets have been
observed as yet: the former, presumably because they are too heavy for existing accelerators; the latter, because no
generating source has been available. The preceding observation invites us to speculate that their appearance might
be contemporaneous.

Several theoretical ideas motivate the concept of “hidden” sectors consisting of SU(3)×SU(2)×U(1) singlet fields.
Independent of any model, we can simply note that known standard model fields couple to a variable number of the
standard model gauge fields, from all three for the left-handed quark fields to just one for the right-handed electron.
(And in the seesaw mechanism of neutrino mass generation, heavy SU(3)×SU(2)×U(1) singlet fermion fields play a
crucial role.) Thus there is no evident reason, if we envisage additional product gauge fields, not to imagine that there
are fields which transform under the new but not under the familiar gauge symmetries. Specific models containing
fields that could be construed as a forming a (tiny) hidden sector have been considered for phenomenological purposes
[1]. The product E(8)×E(8) structure, with forms of matter transforming only under one or the other factor, arises
in heterotic string theory [2], and many other string theory constructions also lead to structures of that sort.

Most discussion of hidden sectors has posited that they are associated with a high mass scale. That assumption
immediately explains why the “hidden” sector is in fact hidden, but leaves the challenge – a form of hierarchy problem
– of understanding why interactions do not pull the mass scale of the visible sector close to that high scale. But it is
equally conceivable that the intrinsic scale of the hidden sector is smaller than, or comparable to, that of the visible
sector. As we shall see immediately below, in that case coupling of the hidden to the visible sector generally occurs
only through fields whose masses are naturally pulled up close to the visible scale (what was a bug in the other
direction becomes, read this way, a feature). In this way we find a simple explanation for why a light “hidden” sector
could in fact have remained hidden to date. It need not remain so, however, once the Higgs portal opens.

To distinguish the specific type of hidden sector we discuss here, that is with approximately weak scale or lighter
fields coupled to standard model fields only through the Higgs (mass)2 term, we shall henceforth speak of phantom
matter.

Simplest Models: A very simple phantom sector, coupled to ordinary matter only through the Higgs mass term,
could implement the attractive idea that fundamental interactions contain no explicit mass scale at all. Indeed, we
can let the phantom sector consist of a confining massless gauge theory that “totally” commutes with the standard
model (s) SU(3)s × SU(2)s ×U(1)s, in the sense that its quarks are SU(3)s × SU(2)s ×U(1)s singlets. The effective
theory of the hidden sector will be a sort of σ model, and the phantom (p) σp field will couple to the standard
model in the form Llink = ηφ†

sφsσ
2
p. Linear terms are forbidden by phantom chiral symmetry. Spontaneous chiral

symmetry breaking with 〈σp〉 = κ will then generate an effective mass2 −ηκ2 for φs, which, assuming η > 0, could
trigger electroweak symmetry breaking. In this scenario the ratio between the weak scale and the Planck scale would
arising from an effect in the phantom sector similar to that which (presumably) works in our strong sector to generate
the ratio between the proton mass and the Planck scale [3]. An enormous disparity of scales can be required in
order for a moderate value of the phantom gauge coupling at the Planck scale to evolve to a large value, and induce
chiral symmetry breaking, because running of couplings is logarithmic. As in that case, no terribly small (unnatural)

∗Electronic address: blpatt@mit.edu
†Electronic address: wilczek@mit.edu
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Portals

• DM and the Higgs portal
– Bertolami,Rosenfeld, 0708.1794; March-Russell et al, 0801.3440; J. Mcdonald, Sahu, 

0802.3847, 0905.1312; Tytgat, 0906.1100; Aoki et al, 0912.5536; Andreas et al, 1003.3295; 
Arina et al, 1004.3953; Cheug,Nomura (singlet)1008.5153; Djouadi et al, 1112.3299 ..

• DM and the Z’ or A’ portal
– Krokilowski, 0712.0505; Chu et al, 1112.0493; Dudas et al, 0904.1745....
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Higgs-field Portal into Hidden Sectors

Brian Patt∗ and Frank Wilczek†

Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: February 2, 2008)

The Higgs field mass term, being superrenomalizable, has a unique status within the standard
model. Through the opening it affords, SU(3)×SU(2)×U(1) singlet fields can have renormalizable
couplings to standard model fields. We present examples that are neither grotesque nor unnatural.
A possible consequence is to spread the Higgs particle resonance into several weaker ones, or to
afford it additional, effectively invisible decay channels.

With one exception, all the interactions of the standard model are associated with strictly renormalizable interac-
tions. In other words, the interactions and kinetic terms are represented by operators of mass dimension 4; or, in
still other words, their associated couplings are dimensionless, in units with h̄ = c = 1. The Higgs field mass term
∆L = −µ2φ†φ, with a coupling of mass dimension 2 and an interaction operator of mass dimension 2, is the exception.
Due to that circumstance, the Higgs field is uniquely open to renormalizable (or superrenormalizable) coupling to
SU(3)× SU(2)×U(1) singlet fields. Of course, neither Higgs particles nor SU(3)× SU(2)×U(1) singlets have been
observed as yet: the former, presumably because they are too heavy for existing accelerators; the latter, because no
generating source has been available. The preceding observation invites us to speculate that their appearance might
be contemporaneous.

Several theoretical ideas motivate the concept of “hidden” sectors consisting of SU(3)×SU(2)×U(1) singlet fields.
Independent of any model, we can simply note that known standard model fields couple to a variable number of the
standard model gauge fields, from all three for the left-handed quark fields to just one for the right-handed electron.
(And in the seesaw mechanism of neutrino mass generation, heavy SU(3)×SU(2)×U(1) singlet fermion fields play a
crucial role.) Thus there is no evident reason, if we envisage additional product gauge fields, not to imagine that there
are fields which transform under the new but not under the familiar gauge symmetries. Specific models containing
fields that could be construed as a forming a (tiny) hidden sector have been considered for phenomenological purposes
[1]. The product E(8)×E(8) structure, with forms of matter transforming only under one or the other factor, arises
in heterotic string theory [2], and many other string theory constructions also lead to structures of that sort.

Most discussion of hidden sectors has posited that they are associated with a high mass scale. That assumption
immediately explains why the “hidden” sector is in fact hidden, but leaves the challenge – a form of hierarchy problem
– of understanding why interactions do not pull the mass scale of the visible sector close to that high scale. But it is
equally conceivable that the intrinsic scale of the hidden sector is smaller than, or comparable to, that of the visible
sector. As we shall see immediately below, in that case coupling of the hidden to the visible sector generally occurs
only through fields whose masses are naturally pulled up close to the visible scale (what was a bug in the other
direction becomes, read this way, a feature). In this way we find a simple explanation for why a light “hidden” sector
could in fact have remained hidden to date. It need not remain so, however, once the Higgs portal opens.

To distinguish the specific type of hidden sector we discuss here, that is with approximately weak scale or lighter
fields coupled to standard model fields only through the Higgs (mass)2 term, we shall henceforth speak of phantom
matter.

Simplest Models: A very simple phantom sector, coupled to ordinary matter only through the Higgs mass term,
could implement the attractive idea that fundamental interactions contain no explicit mass scale at all. Indeed, we
can let the phantom sector consist of a confining massless gauge theory that “totally” commutes with the standard
model (s) SU(3)s × SU(2)s ×U(1)s, in the sense that its quarks are SU(3)s × SU(2)s ×U(1)s singlets. The effective
theory of the hidden sector will be a sort of σ model, and the phantom (p) σp field will couple to the standard
model in the form Llink = ηφ†

sφsσ
2
p. Linear terms are forbidden by phantom chiral symmetry. Spontaneous chiral

symmetry breaking with 〈σp〉 = κ will then generate an effective mass2 −ηκ2 for φs, which, assuming η > 0, could
trigger electroweak symmetry breaking. In this scenario the ratio between the weak scale and the Planck scale would
arising from an effect in the phantom sector similar to that which (presumably) works in our strong sector to generate
the ratio between the proton mass and the Planck scale [3]. An enormous disparity of scales can be required in
order for a moderate value of the phantom gauge coupling at the Planck scale to evolve to a large value, and induce
chiral symmetry breaking, because running of couplings is logarithmic. As in that case, no terribly small (unnatural)
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Minimal Extended scalar sector

• Minimal extension of SM - singlet scalar - stability 
guaranteed by some discrete symmetry
– Silveira, Zee (1985); J. McDonald, PRD (1994) and hep-ph/

0702143

• Adjust λS to achieve correct relic density - fix direct 
detection rate
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or contained events in neutrino detectors, produced by high-energy neutrinos coming

from S annihilations in the Sun or in the Earth[12−17].

The paper is organized as follows. In section 2 we discuss the thermal relic density

of gauge singlet scalars in the Universe at present. In section 3 we discuss the elastic

scattering of S scalars from Ge nuclei. In section 4 we discuss the rate of upward moving

muons and contained events produced by high energy neutrinos due to S annihilations

in the core of the Sun and of the Earth. In section 5 we give our conclusions. In

the Appendix we give some details of the calculation of the upward-moving muon and

contained event rates.

2 S scalar dark matter

We consider extending the standard model by the addition of terms involving the S

scalars

LS = ∂µS†
i ∂µSi − m2S†

i Si − λSS
†
i SiH

†H (2.1),

where i = 1, ..., N . This model has a global U(1) symmetry, Si → eiαSi, which guaran-

tees the stability of the Si scalars by eliminating the interaction terms involving odd

powers of Si and S†
i which lead to Si decay. We first consider the case N = 1. In order

to calculate the relic density arising from S scalars freezing out of thermal equilibrium

we will use the usual Lee-Weinberg (LW) approximation[18] to solve the rate equation

for the density of Si scalars. The rate equation is given by

dnS

dt
= −3HnS− < σannvrel > (n2

S − n2
o) (2.2).

σann is the SS† annihilation cross-section, vrel is the relative velocity of the annihilating

particles and H is the expansion rate of the Universe. The angular brackets denote

the thermal average value. (2.2) gives the number density of S scalars nS. The total

density of S and S† scalars is then 2nS. The equilibrium S density no, for mS/T # 1,

is given by

no = T3
(

mS

2πT

)3/2

e−
mS
T (2.3).

3
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• Extended scalar sector generic in extensions of the SM 
– not LHC-friendly - no new coloured particles - can only 

probe Higgs sector
• Models with extended scalar sector much studied from the 

Higgs point of view (e.g.  two-Higgs-doublet model-
compatible with all Higgs data)

• To also provide a DM candidate - impose discrete symmetry to 
guarantee the stability of the lightest neutral particle from the 
‘dark’ sector.

• Usually a Z2 symmetry (R-parity in SUSY, KK-parity...)
• Can also consider larger symmetries like Z3, Z4, new phenomena : 

semi-annihilation, interactions between two  DM candidates. 

29

Extended scalar sector
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‘Inert’ models
• Two-Higgs doublet model with Z2 symmetry 

– Deshpande, Ma, PRD18(1978) 2574; Barbieri, Hall, Rychkov, PRD74
(2006) 015007

– Although suggested as alternative to light Higgs model (natural to have mh 
>>100 GeV) compatible with light Higgs and provide  alternative to 
neutralino dark matter

– Lopez Honorez, Nezri,Oliver, Tytgat, JCAP 0702(2007) 028; Arina et al (2009); Lopez 
Honorez ,Yaguna (2011); Goudelis et al (2013)

• SM + doublet 
– odd under Z2 --> H or A stable
– no coupling of H2 to fermions

• SM + doublet + singlet ...

30

2 The inert doublet model

The inert doublet model is a simple extension of the Standard Model with one
additional higgs doublet H2 and an unbroken Z2 symmetry, under which H2 is
odd while all other fields are even. This discrete symmetry prevents the direct
coupling of H2 to fermions and, crucial for dark matter, guarantees the stability
of the lightest inert particle. The scalar potential of this model is given by

V =µ2
1|H1|

2 + µ2
2|H

2
2 |+ λ1|H1|

4 + λ2|H2|
4 + λ3|H1|

2|H2|
2

+ λ4|H
†
1H2|

2 +
λ5

2

[

(H†
1H2)

2 + h.c.
]

, (1)

where H1 is the Standard Model higgs doublet, and λi and µ2
i are real param-

eters. Four new physical states are obtained in this model: two charged states,
H±, and two neutral ones, H0 and A0. Either of them could account for the
dark matter. In the following, we assume that H0 is the lightest inert parti-
cle, M2

H0 < M2
A0 ,M2

H± , and, consequently, the dark matter candidate. After
electroweak symmetry breaking, the inert scalar masses take the following form

M2
H± = µ2

2 +
1

2
λ3v

2,

M2
H0 = µ2

2 +
1

2
(λ3 + λ4 + λ5)v

2,

M2
A0 = µ2

2 +
1

2
(λ3 + λ4 − λ5)v

2 , (2)

where v = 246 GeV is the vacuum expectation value of H1. Let us introduce at
this point the parameter λ defined by

λ ≡ (λ3 + λ4 + λ5)/2. (3)

This parameter is of particular relevance to our direct detection study as it
determines the coupling H0H0h, and therefore the tree-level direct detection
cross section –see next section. In addition to λ, it is convenient to take MH0 ,
MA0 , and MH± as the remaining free parameters of the inert sector. The tree-
level direct detection cross section depends also on the higgs mass (Mh). Given
the small range to which Mh has been constrained by recent data [26, 27], we
have simply set Mh = 125 GeV throughout this paper.

The new parameters of the inert doublet model are not entirely free, they
are subject to a number of theoretical and experimental constraints –see e.g. [8]
and [10]. The requirement of vacuum stability imposes that

λ1,λ2 > 0 , λ3,λ3 + λ4 − |λ5| > −2
√

λ1λ2 . (4)

LEP data constrain the mass of the charged scalar,MH± , to be larger than about
90GeV [28] while some regions in the plane (MH0 ,MA0) are also excluded, see
[12]. In addition, the inert doublet, H2, contributes to electroweak precision
parameters such as S and T , which must be small to remain compatible with
current data. Finally, the relic density of inert higgs dark matter should be
compatible with the observed dark matter density [1]. To evaluate Ωh2, we have
used micrOMEGAs [29], which automatically takes into account resonances and
coannihilation effects. Into micrOMEGAs we have incorporated the annihilation

3
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Constraints
• Theoretical : vacuum stability, perturbativity, 

globality of vacuum, unitarity
• Electroweak precision tests (corrections due to charged 

Higgs and/or doublet/singlet mixing)
–  S = 0.05+/-0.10    T=0.08+/- 0.07

• LEP limits (Z invisible < 3MeV)
• LHC Higgs couplings + invisible width
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W 3W 3 =

−iΠµν
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W+
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ν
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ν
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h
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π−
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π±
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γ, Z
h

h

W±

Z

FIG. 2. One loop diagrams for the Goldstone boson and Higgs boson contributions to Πµν
W+W−(q) and

Πµν
W 3W 3(q). The last diagram is the counterterm, which depends on the dynamics at and above the cutoff

scale Mρ.

nonzero contribution to ΠW 3W 3(0)− ΠW+W−(0). An explicit computation gives

ΠW 3W 3(q2)− ΠW+W−(q2) = Ππ
W 3W 3(q2)− Ππ

W+W−(q2) +
1

16π2

κ2
1

4

3

4
(m2

Z −m2
W ) log

M2
ρ

m2
h

+
1

16π2

κ2
1

4

� 1

0

dx

� 1−x

0

dy
� m2

Z

1− x
log

m2
h

xm2
h + (1− x)m2

Z − x(1− x)q2
− m2

Z

2
log

m2
h

xm2
h + y m2

Z − x(1− x)q2

+
m2

W

1− x
log

m2
h

xm2
h + (1− x)m2

W − x(1− x)q2
+

m2
W

2
log

m2
h

xm2
h + y m2

W − x(1− x)q2

�
+

v2

4
c�(Mρ) , (19)

where Ππ
W 3W 3(q2) − Ππ

W+W−(q2) is the contribution from the Goldstone-gauge exchanges, and the

tree-level counterterm diagram is obtained by including the O(p2) and SU(2)c-violating operator

− v2

2
c�(Mρ)

�
Tr T 3U †DµU

�2
(20)

to the Lagrangian. The total contribution to T is

Ttot =
4

α v2
[ΠW 3W 3(0)− ΠW+W−(0)] = T π

+
κ2
1

4
T h
SM(mh) +

c�(Mρ)

α
, (21)

where T π
is the contribution from the Goldstone-gauge exchanges, and T h

SM(mh) is the (divergent)

SM Higgs contribution:

T h
SM(mh) =

3

16πc2

�
log

M2
ρ

m2
h

+
5

6
− 1

s2
m2

Z log(m2
h/m

2
Z)

m2
h −m2

Z

+
c2

s2
m2

W log(m2
h/m

2
W )

m2
h −m2

W

�
. (22)

9
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• two independent production modes VBF+VH, ggF+ttH and 
four independent final states: γγ,VV, bb,ττ

• Consistent with SM but also room for non-standard contributions

32

Table 6: Final results of the searches at LEP2: local p-values for the consistency with the background-
only and signal+background hypotheses assuming MH = 115GeV, expected and observed mass limits
as derived in the LEP Higgs Working Group [194].

Pb-only Ps+b exp. limit obs. limit

LEP 0.09 0.15 115.3GeV 114.4GeV

ALEPH 3.3× 10−3 0.87 113.5GeV 111.5GeV

DELPHI 0.79 0.03 113.3GeV 114.3GeV

L3 0.33 0.30 112.4GeV 112.0GeV

OPAL 0.50 0.14 112.7GeV 112.8GeV

four jets 0.05 0.44 114.5GeV 113.3GeV

all but four jets 0.37 0.10 114.2GeV 114.2GeV

At the beginning of the LEP programme no solid limit existed on the mass of the Higgs boson. The
searches for the SM Higgs boson carried out by the four LEP experiments extended the sensitive range
well beyond that anticipated at the beginning of the LEP programme. This is due to the higher energy
achieved and to more sophisticated detectors and analysis techniques. The range below 114.4GeV was
and is difficult to be probed at past and current hadron colliders.

5 Higgs-boson production at hadron colliders

5.1 Higgs-boson production mechanisms and cross-section overview

The four main production mechanisms for SM Higgs bosons at hadron colliders are illustrated by some
representative LO diagrams in Figure 14. The size of the respective cross sections depends both on
the type of colliding hadrons and on the collision energy. Figures 15 and 16 show the total cross
sections of the various channels for the pp̄ collider Tevatron at its CM energy of

√
s = 1.96TeV and

for the pp collider LHC at the two energies
√
s = 7TeV and 14TeV. At the LHC, the energy increase

from 7TeV to 8TeV leads to an increase of 20−30% in the Higgs-boson production cross sections for
MH ∼ 100−200GeV. The energy step-up from 7TeV to 14TeV raises the cross sections even by a factor
of about 3−4 for these Higgs-boson masses, with the exception of tt̄H production, where the factor is
roughly 8. Globally, loop-induced Higgs-boson production via gluon fusion delivers the largest cross
section owing to the large gluon flux in high-energetic proton–(anti)proton collisions. The respective

H
Q

(a)

H

W/Z
W/Z

(b)

H

q

q

W/Z

W/Z

(c)

H

Q

Q̄

Q

Q

(d)

Figure 14: Representative leading-order diagrams for the main SM Higgs-boson production channels
at hadron colliders, where q and Q denote light and heavy quarks, respectively: (a) gluon fusion,
(b) Higgs-strahlung, (c) vector-boson fusion, (d) heavy-quark associate production.
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Generic Higgs couplings
• Scaling SM tree-level couplings

• Loop-induced couplings: hgg, hγγ
– modified if tree-level couplings are modified 
– contributions from new particles
– 6 free parameters CU,CD,CV,ΔCg,ΔCγ  + Br(inv)

33

we assume that the CF are family universal). Moreover, we assume a custodial symmetry in
employing a single CW = CZ ≡ CV in Eq. (1). The structure we are testing thus becomes

L = g

�
CV

�
mWWµW

µ +
mZ

cos θW
ZµZ

µ

�
− CU

mt

2mW
t̄t− CD

mb

2mW
b̄b− CD

mτ

2mW
τ̄ τ

�
H . (2)

In general, the CI can take on negative as well as positive values; there is one overall sign ambi-
guity which we fix by taking CV > 0. Even in this restricted context, various types of deviations
of these three CI from unity are possible in extended theories such as Two-Higgs-Doublet Mod-
els (2HDMs), models with singlet-doublet mixing, and supersymmetric models such as the
Minimal Supersymmetric Standard Model (MSSM) and the Next-to-Minimal Supersymmetric
Standard Model (NMSSM).

In addition to the tree-level couplings given above, the H has couplings to gg and γγ that
are first induced at one loop and are completely computable in terms of CU , CD and CV if
only loops containing SM particles are present. We define Cg and Cγ to be the ratio of these
couplings so computed to the SM (i.e. CU = CD = CV = 1) values. However, in some of our
fits we will also allow for additional loop contributions ∆Cg and ∆Cγ from new particles; in
this case Cg = Cg + ∆Cg and Cγ = Cγ + ∆Cγ. The largest set of independent parameters in
our fits is thus

CU , CD, CV , ∆Cg, ∆Cγ . (3)

In this study, we focus on models in which the Higgs decays only to SM particles, in
particular not allowing for invisible (e.g. H → χ̃0

1χ̃
0
1, where χ̃

0
1 is the lightest SUSY particle) or

undetected decays (such as H → aa, where a is a light CP-odd, perhaps singlet scalar). This
approach, when we allow in the most general case for the CU , CD, CV , Cγ and Cg couplings
to be fully independent, encompasses a very broad range of models, including in particular
those in which the Higgs sector consists of any number of doublets + singlets, the only proviso
being the absence of decays of the observed ∼ 125 GeV state to non-SM final states. (A fit
for invisible Higgs decays was performed early on in [43].) This approach however does not
cover models such as composite models and Higgs-radion mixing models for which the V V H

coupling has a more complicated tensor structure than that given in Eq. (2). Our procedure
will also be inadequate should the observed signal at ∼ 125 GeV actually arise from two or
more degenerate Higgs bosons (see e.g. [44, 45]). Although the success of our fits implies that
there is no need for such extra states, the explicit tests for degenerate states developed in [46]
should be kept in mind as a means to test directly for two or more Higgs bosons contributing
to the signal at 125–126 GeV.

This paper is organized as follows. The experimental inputs and our fitting procedure are
described in Section 2. The results of three generic fits are presented in Section 3 together with
the results of a fit in Two-Higgs-Doublet models. Section 4 contains our conclusions.

2
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Figure 3: Branching ratios of the SM Higgs boson (left) and total decay width (right) for Higgs-boson
masses accessible at LEP and before, calculated with Hdecay.
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from Ref. [25]) in the Higgs-boson mass range accessible by the LHC.

f

H

f̄

g

H Q

g

γ

H Q,W

γ,Z

W,Z

H

W,Z

Figure 5: Leading-order diagrams for the various SM Higgs-boson decay channels, where Q denotes any
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Global fits to ATLAS/CMS

• Compatible with SM and largish new physics 
contributions
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Figure 5: Fit of CU > 0, CD > 0 and CV for ∆Cg = ∆Cγ = 0. The red, orange and yellow areas

are the 68%, 95% and 99.7% CL regions, respectively, assuming invisible decays are absent.

The white star marks the best-fit point.
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Figure 6: As in Fig. 5 but for CV ≤ 1.

(allowing for) invisible/unseen decay modes of the Higgs. Allowing for invisible/unseen decay

modes again relaxes the ∆χ2
behavior only modestly. The best fit point always corresponds to

Binv = 0.

An overview of the current status of invisible decays is given in Fig. 8, which shows the

behavior of ∆χ2
as a function of Binv for various different cases of interest:

a) SM Higgs with allowance for invisible decays — one finds Binv < 0.09 (0.19);

b) CU = CD = CV = 1 but ∆Cγ,∆Cg allowed for — Binv < 0.11 (0.29);

c) CU , CD, CV free, ∆Cγ = ∆Cg = 0, — Binv < 0.15 (0.36);

d) CU , CD free, CV ≤ 1, ∆Cγ = ∆Cg = 0 — Binv < 0.09 (0.24);

e) CU , CD, CV ,∆Cg,∆Cγ free — Binv < 0.16 (0.38).

(All Binv limits are given at 68% (95%) CL.) Thus, while Binv is certainly significantly limited

by the current data set, there remains ample room for invisible/unseen decays. At 95% CL, Binv

as large as ∼ 0.38 is possible. Here, we remind the reader that the above results are obtained

after fitting the 125.5 GeV data and inputting the experimental results for the (Z → �+�−) +
invisible direct searches. When CV ≤ 1, H → invisible is much more constrained by the global

fits to the H properties than by the direct searches for invisible decays, cf. the solid, dashed

and dash-dotted lines in Fig. 8. For unconstrained CU , CD and CV , on the other hand, cf.

8
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Figure 3: ∆χ2
distributions in 1D and 2D for the fit of ∆Cg and ∆Cγ for CU = CD = CV = 1.

In the 1D plots, the solid (dashed) lines are for the case that invisible/unseen decays are absent

(allowed). In the 2D plot, the red, orange and yellow areas are the 68%, 95% and 99.7% CL

regions, respectively, assuming invisible decays are absent. The white star marks the best-fit

point. The black and grey lines show the 68% and 95% CL contours when allowing for invisible

decays.

would be detected as missing transverse energy at the LHC. A direct search for invisible decays

of the Higgs boson have been performed by ATLAS in the ZH → �+�− +E
miss
T channel [5] and

is implemented in the analysis. Thus, the total width is fully calculable from the set of Ci and

B(H → invisible) in all the cases we consider. (We will come back to this at the end of this

section.)

We begin by taking SM values for the tree-level couplings to fermions and vector bosons,

i.e. CU = CD = CV = 1, but allow for New Physics contributions to the couplings to gg and

γγ. The fit results with and without allowing for invisible/unseen Higgs decays are shown in

Fig. 3. We observe that the SM point of ∆Cg = ∆Cγ = 0 is well within the 68% contour

with the best fit points favoring a slightly positive (negative) value for ∆Cγ (∆Cg). Allowing

for invisible/unseen decays expands the 68%, 95% and 99.7% CL regions by only a modest

amount. This is in contrast to the situation at the end of 2012 [45,48], where some New Physics

contribution to both ∆Cg and ∆Cγ was preferred, and allowing for invisible decays had a large

effect; with the higher statistics and with the reduced γγ signal strength from CMS [11],

∆Cg and ∆Cγ are now much more constrained. The best fit is obtained for ∆Cg = −0.06,

∆Cγ = 0.13, Binv ≡ B(H → invisible) = 0 and has χ2
min = 17.71 for 21 d.o.f. (degrees of

freedom)
3
, as compared to χ2

= 18.95 with 23 d.o.f. for the SM, so allowing for additional loop

contributions does not improve the fit.

Next, we allow CU , CD and CV to vary but assume that there is no New Physics in the gg

and γγ loops, i.e. we take ∆Cg = ∆Cγ = 0. Results for this case are shown in Fig. 4. We

observe that, contrary to the situation at the end of 2012 [45], the latest data prefer a positive

value of CU close to 1. This is good news, as a negative sign of CU—in the convention where

mt is positive—is quite problematic in the context of most theoretical models.
4

(We do not

3
There are in total 23 measurements entering our fit, and we adopt the simple definition of the number of

d.o.f. as number of measurements minus number of parameters.
4
If the top quark and Higgs bosons are considered as fundamental fields, it would require that the top quark

mass is induced dominantly by the vev of at least one additional Higgs boson which is not the Higgs boson

6

No new loop contributions
No invisible decays

Standard tree-level couplings
No invisible decays

GB,Dumont, Ellwanger, Gunion, Kraml 
1306.2941

dimanche 15 décembre 2013



How much invisible Higgs?

• Best fit at 0 - the 95%CL allows Binv  up to  19% (only SM + 
invisible)  or 38% (CU,CD,CV,ΔCg,ΔCγ)

• There is still plenty of room for non standard Higgs decays 
(invisible +others)
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Figure 7: Five (six) parameter fit of CU , CD, CV , ∆Cg and ∆Cγ; the solid (dashed) curves are

those obtained when invisible/unseen decay modes are not allowed (allowed) for.
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Figure 8: ∆χ2
distributions for the branching ratio of invisible Higgs decays for various cases.

Solid: SM+invisible. Dashed: varying ∆Cg and ∆Cγ for CU = CD = CV = 1. Dotted:

varying CU , CD and CV for ∆Cg = ∆Cγ = 0. Dot-dashed: varying CU , CD and CV ≤ 1 for

∆Cg = ∆Cγ = 0. Crosses: varying CU , CD, CV , ∆Cg and ∆Cγ.

dotted line and crosses in Fig. 8, the limit comes from the direct search for invisible decays in

the ZH channel.

A comment is in order here. In principle there is a flat direction in the unconstrained LHC

9
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Direct search for invisible Higgs

36CMS-HIG-13-013

Combination of VBF and VH  
CMS  95%CL limit :  Brinv < 0.54

ATLAS CONF-2013-011
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• What are the implications for dark matter?
• Both the invisible width and SI cross section (direct detection) 

depend on h coupling to DM
• Constraints on Higgs portal models 

37
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Figure 8: σSI as a function of the mass of the DM particle, for B(H → invisible) =
0.2, 0.4, 0.6, 0.8 (from bottom to top) for the case of a Majorana χ (left panel) or a real scalar
φ (right panel) when CU = CD = CV = 1 and ∆Cg = ∆Cγ = 0, i.e. a SM Higgs plus invisible
decays. The red dashed curves show the XENON100 exclusion limit.

exchange diagram, can then be directly related to the invisible width of the Higgs:

σSI = ηµ2
r
m

2
p

g
2

M
2
W

Γinv

�
CU(f

N

u
+ f

N

c
+ f

N

t
) + CD(f

N

d
+ f

N

s
+ f

N

b
) +

∆Cg

�Cg

f
N

g

�2

(4)

with η = 4/(m5
H
β3) for a Majorana fermion and η = 2/(m3

H
m

2
φβ) for a real scalar; µr is the

reduced mass and f
N

q
(fN

g
) are the quark (gluon) coefficients in the nucleon. We take the values

f
p

s
= 0.0447, f p

u
= 0.0135, and f

p

d
= 0.0203 from an average of recent lattice results [23, 24].

The gluon and heavy quark (Q = c, b, t) coefficients are related to those of light quarks, and
f
p

g
= f

p

Q
= 2/27(1 −

�
q=u,d,s

f
p

q
) at leading order. Since the contribution of heavy quarks to

the scattering amplitude originates from their contribution to the Hgg coupling, we write the
effect of ∆Cg, the last term in eq. (4), in terms of an additional top quark contributing to the
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The results for σSI versus the DM mass and for different B(H → invisible) are displayed in
Fig. 8 for a Majorana fermion (left panel)2 and a real scalar (right panel) assuming CU = CD =
CV = 1. As can be seen, for a Majorana fermion the current XENON100 limits [26] exclude,

2For a Dirac fermion, the cross sections are a factor 1/2 smaller.

9

10 20 30 40 50 60
10

−46

10
−45

10
−44

10
−43

10
−42

XENON100

0.8

0.6

0.4

0.2

mχ (GeV)

σ
S
I
(c
m

2
)

10 20 30 40 50 60
10

−46

10
−45

10
−44

10
−43

10
−42

0.8

0.6

0.4

0.2

mφ (GeV)

σ
S
I
(c
m

2
)

Figure 8: σSI as a function of the mass of the DM particle, for B(H → invisible) =
0.2, 0.4, 0.6, 0.8 (from bottom to top) for the case of a Majorana χ (left panel) or a real scalar
φ (right panel) when CU = CD = CV = 1 and ∆Cg = ∆Cγ = 0, i.e. a SM Higgs plus invisible
decays. The red dashed curves show the XENON100 exclusion limit.
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• What are the implications for dark matter?
• Both the invisible width and SI cross section (direct detection) 

depend on h coupling to DM
• Constraints on Higgs portal models 
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φ (right panel) when CU = CD = CV = 1 and ∆Cg = ∆Cγ = 0, i.e. a SM Higgs plus invisible
decays. The red dashed curves show the XENON100 exclusion limit.
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SM+doublet+ singlet
• Z3 symmetry
• Light DM constrained by invisible Higgs AND direct detection
• Small modifications of Higgs couplings

39

bound basically rules out all DM masses below ≈ 50 GeV. The same range of masses are also

incompatible with the limit on the direct detection rate.
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SuperCDMS�SNOLAB�
XENON1T

LZD

100 1000500200 300150 700
10�50

10�48

10�46

10�44

Mx1 �GeV

Σ
SI
�cm2

0

0.25

0.5

0.75

1

Figure 2. Spin-independent direct detection cross section σSI vs. Mx1 for the Z3 model. The solid

grey line is the XENON100 (2012) exclusion limit at 90% C.L. and the dashed grey lines are the

projected 90% C.L. exclusion limits for LUX, SuperCDMS(SNOLAB), XENON1T and LZD. The

colour code shows fraction of semi-annihilation.

To compute the model predictions we assume that DM and anti-DM have the same

local density. To compare directly with the experimental limits, we compute the normalised

cross section of DM on a point-like nucleus (that we take to be xenon)

σSI
xXe =

4µ2
x

π

(Zfp + (A− Z)fn)
2

A2
(5.3)

where x denotes the DM candidate and the average over x and x
∗ is assumed implicitly.

In figure 2 we show the results of the DM spin-independent cross section σSI vs. DM mass

Mx1. The colour variation from black to pink (black to light grey) shows the fraction of

semi-annihilation. The solid grey line is the XENON100 (2012) exclusion limit at 90% C.L.

and the dashed grey lines are the projected 90% C.L. exclusion limits for LUX, Super-

CDMS(SNOLAB), XENON1T and LZD (at the limit of liquid xenon based experiments).

Note also the dark points with small semi-annihilation but low σSI at high DM masses.

They correspond to co-annihilation – that is, the relic is dominated by self-annihilation of

either x2 or H± and the cross section for annihilation of x1 is small, resulting in a small cross

section with nucleons as well.

Figure 3 shows the results of the electroweak precision parameters S and T . Due to the

fact that the allowed mixing angle is very small, the parameters virtually do not depend on

the mass of the singlet-like DM and show no correlation between the S and T parameters or

Rγγ and the spin-independent direct detection cross section σSI.
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Figure 4. The h → γγ rate for the Z3 model. The thick grey line is the central value from a combined
fit of collider data, the coloured bands show 1, 2, and 3 σ.
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Figure 5. Vacuum stability and perturbativity bounds for the Z3 model. The values of the couplings
are set at the EW scale. The black contour lines show the logarithm log10 Λ/ in GeV of the combined
bound, while the white lines show the bound from perturbativity only. In each case all the other
couplings are set to zero, except for except for λ3 = 0.5 in the left and middle panel and λ3 = 0.2 and
λS2 = 0.5 in the right panel.

energies greater than Λ, new physics, for example a Grand Unified Theory, is expected to
appear to ensure that the full theory is perturbative and stable up to the Planck scale.

Due to the large number of free parameters, it is hard to picture the whole parameter
space. Since we are interested in the influence of semi-annihilation on the cosmic density
and direct detection, we show the bounds on the λS1 vs. λS , λS12 vs. λS and λS12 vs. λS1

planes at the EW scale in figure 5. The values of other couplings are given as to roughly

– 18 –

– GB, Kannike, Pukhov, Raidal, (1202.2962, 1211.1014)
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Model-independent

40

dimanche 15 décembre 2013



Model independent approach
• Direct production of pairs of DM + radiation : high ET miss 

+ single jet/photon/boson

41

Shedding Light on Dark Matter at Colliders 5

3. Model-Independent DM Production at the LHC

Collider searches for dark matter are highly complementary to direct2–10,49–53 and
indirect2–10,51–54 DM detection methods. The main advantage of collider searches
is that they do not suffer from astrophysical uncertainties and that there is no lower
limit to the DM masses to which they are sensitive.

The leading generic diagrams responsible for DM production55–57 at hadron
colliders, as shown in Fig. 3, involve the pair-production of WIMPs plus the initial-
or final-state radiation (ISR/FSR) of a gluon, photon or a weak gauge boson Z, W .
The ISR/FSR particle is necessary to balance the two WIMPs’ momentum, so that
they are not produced back-to-back resulting in negligible Emiss

T . Therefore the
search is based on selecting events high-Emiss

T events, due to the WIMPs, and a
single jet, photon or boson candidate. A single-jet event from the CMS experiment
is visible in Fig. 4.

(a) qq̄ → χχ+ g (b) qq̄ → χχ+ γ, Z,W

Fig. 3. WIMP production at hadron colliders in association with (a) a jet or (b) a photon or a
Z or W boson.

Fig. 4. The cylindrical view of a monojet candidate event (pjetT = 574.2 GeV, Emiss
T = 598.3 GeV)

from the CMS experiment.58

8 V. A. Mitsou

Table 1. Effective interaction operators of WIMP pair pro-

duction considered in the monojet and monophoton analy-

ses, following the formalism of Ref. 55.

Name Initial state Type Operator

D1 qq scalar
mq

M3
∗
χ̄χq̄q

D5 qq vector
1

M2
∗
χ̄γµχq̄γµq

D8 qq axial-vector
1

M2
∗
χ̄γµγ5χq̄γµγµq

D9 qq tensor
1

M2
∗
χ̄σµνχq̄σµνq

D11 gg scalar
1

4M3
∗
χ̄χαs(Gs

µν)
2

limits on the suppression scale as a function of the WIMP mass have been derived
by the ATLAS Collaboration.68 The 90% confidence level (CL) lower limits for the
D5 and D11 operators are shown in Fig. 5. The observed limit on M∗ includes exper-
imental uncertainties; the effect of theoretical uncertainties is indicated by dotted
±1σ lines above and below it. Around the expected limit, ±1σ variations due to
statistical and systematic uncertainties are shown as a gray band. The lower limits
are flat up to mχ � 100 GeV and become weaker at higher mass due to the collision
energy. In the bottom-right corner of the mχ −M∗ plane (light-gray shaded area),
the effective field theory approach is no longer valid. The rising lines correspond
to couplings consistent with the measured thermal relic density,55 assuming anni-
hilation in the early universe proceeded exclusively via the given operator. Similar
exclusion limits for all operators listed in Table 1 are given in Ref. 68. For the
operator D1, the limits are much weaker (∼ 30 GeV) than for other operators. Nev-
ertheless, if heavy-quark loops are included in the analysis, much stronger bounds
on M∗ can be obtained.69
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Fig. 5. ATLAS lower limits at 90% CL on the suppression scale, M∗, for different masses of χ
obtained with the monojet analysis. The region below the limit lines is excluded. All shown curves

and areas are explained in the text. From Ref. 68.
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• For each operator : monojet limit --> limit on direct detection
• Caveats : monojet limit valid assuming scale NP large

– LHC not very sensitive to scalar operators with couplings 
proportional to mass 
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by the ATLAS Collaboration.68 The 90% confidence level (CL) lower limits for the
D5 and D11 operators are shown in Fig. 5. The observed limit on M∗ includes exper-
imental uncertainties; the effect of theoretical uncertainties is indicated by dotted
±1σ lines above and below it. Around the expected limit, ±1σ variations due to
statistical and systematic uncertainties are shown as a gray band. The lower limits
are flat up to mχ � 100 GeV and become weaker at higher mass due to the collision
energy. In the bottom-right corner of the mχ −M∗ plane (light-gray shaded area),
the effective field theory approach is no longer valid. The rising lines correspond
to couplings consistent with the measured thermal relic density,55 assuming anni-
hilation in the early universe proceeded exclusively via the given operator. Similar
exclusion limits for all operators listed in Table 1 are given in Ref. 68. For the
operator D1, the limits are much weaker (∼ 30 GeV) than for other operators. Nev-
ertheless, if heavy-quark loops are included in the analysis, much stronger bounds
on M∗ can be obtained.69
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The observed limit on the dark matter–nucleon scattering cross section depends

on the mass of the dark matter particle and the nature of its interaction with

the SM particles. The limits on the suppression scale as a function of mχ can be

translated into a limit on the cross section using the reduced mass of χ–nucleon
system,57 which can be compared with the constraints from direct and indirect de-

tection experiments. Figure 6 shows the 90% CL upper limits on the dark matter–

nucleon scattering cross section as a function of the mass of DM particle for the

spin-independent (left) and spin-dependent (right) models obtained by CMS.58 Lim-

its from CDF,61 XENON100,70 CoGent,71 CDMS II,72,73 SIMPLE,74 COUPP,75

Picasso,76 IceCube,77 Super-K,78 as well as the CMS monophoton79 analysis are

superimposed for comparison. Similar limits have been obtained by the ATLAS

experiment.68
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The spin-dependent limits, derived from the operator D8, give a smaller, hence

better, bound on the WIMP-nucleon cross section throughout the range of mχ,

compared to direct DM experiments. In the spin-independent case the bounds from

direct detection experiments are stronger for mχ � 10 GeV, whereas the collider

bounds, acquired with the operator D5, get important for the region of low DM

masses.

The ATLAS collider limits on vector (D5) and axial-vector (D8) interactions

are also interpreted in terms of the relic abundance of WIMPs, using the same

effective theory approach.55 The upper limits on the annihilation rate of WIMPs

into light quarks, defined as the product of the annihilation cross section σ and

the relative WIMP velocity v averaged over the WIMP velocity distribution �σv�,
are shown in Fig. 7. The results are compared to limits on WIMP annihilation to

bb̄, obtained from galactic high-energy gamma-ray observations, measured by the

Fermi-LAT telescope.80 Gamma-ray spectra and yields from WIMPs annihilating

to bb̄, where photons are produced in the hadronization of the quarks, are expected
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better, bound on the WIMP-nucleon cross section throughout the range of mχ,

compared to direct DM experiments. In the spin-independent case the bounds from

direct detection experiments are stronger for mχ � 10 GeV, whereas the collider

bounds, acquired with the operator D5, get important for the region of low DM

masses.

The ATLAS collider limits on vector (D5) and axial-vector (D8) interactions

are also interpreted in terms of the relic abundance of WIMPs, using the same

effective theory approach.55 The upper limits on the annihilation rate of WIMPs

into light quarks, defined as the product of the annihilation cross section σ and

the relative WIMP velocity v averaged over the WIMP velocity distribution �σv�,
are shown in Fig. 7. The results are compared to limits on WIMP annihilation to

bb̄, obtained from galactic high-energy gamma-ray observations, measured by the

Fermi-LAT telescope.80 Gamma-ray spectra and yields from WIMPs annihilating

to bb̄, where photons are produced in the hadronization of the quarks, are expected
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• Assuming DM annihilation into qq with only one effective 
operator  monojet --> limit on indirect detection

• For light DM mass : more sensitive than FermiLAT
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to be very similar to those from WIMPs annihilating to light quarks.
81,82

Under

this assumption, the ATLAS and Fermi-LAT limits can be compared, after scaling

up the Fermi-LAT values by a factor of two to account for the Majorana-to-Dirac

fermion adaptation. Again, the ATLAS bounds are especially important for small

WIMP masses: below 10 GeV for vector couplings and below about 100 GeV for

axial-vector ones. In this region, the ATLAS limits are below the annihilation cross

section needed to be consistent with the thermic relic value, keeping the assumption

that WIMPs have annihilated to SM quarks only via the particular operator in

question. For masses of mχ � 200 GeV the ATLAS sensitivity becomes worse than

the Fermi-LAT one. In this region, improvements can be expected when going to

larger center-of-mass energies at the LHC.
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3.2. Monophoton-based probes

Similarly to the monojet searches, the monophoton analyses aim at probing dark

matter requiring large Emiss
T —from the χ-pair production— and at least one

ISR/FSR photon. Searches in monophoton events by ATLAS
83

and CMS
79

also

show an agreement with the SM expectations. The limits are derived in a simi-

lar fashion as for monojet search, however the monophoton search is found to be

somewhat less sensitive with respect to the monojet topology.

The primary background for a γ + Emiss
T signal is the irreducible SM back-

ground from Zγ → νν̄γ production. This and other SM backgrounds, includingWγ,
W → eν, γ+jet multijet, diphoton and diboson events, as well as backgrounds from

beam halo and cosmic-ray muons, are taken into account in the analyses. The CMS

analysis is based on singe-photon triggers, whilst ATLAS relies on high-Emiss
T trig-
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• mono Z/W --> single lepton, somewhat less sensitive than 
monojet

• mono Z/W --> quarks --> constructive interference for 
opposite sign u and d operator
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Furthermore a (leptonic) mono-Z signal has been considered in the literature,

highlighting the kinematic features
86

and recasting LHC results to constrain mod-

els.
87

Specifically, the ATLAS measurement
91

of ZZ → ��νν carried out with

∼ 5 fb
−1

of 7 TeV data has been reinterpreted into a bound on production of dark

matter in association with a Z boson. The obtained bounds for the spin-dependent

WIMP–nucleon cross section is depicted in the right panel of Fig. 9 along with

other bounds from colliders.
58,61,68

The mono-Z signature yields limits which are

somewhat weaker than those from monojets or monophotons. Nevertheless, lep-

tonic mono-Z searches are less subject to systematic uncertainties from jet energy

scales and photon identification, and hence may scale better at large integrated

luminosities.

The ATLAS Collaboration has recently
92

extended the range of possible mono-X

probes by looking for pp → χχ̄+W/Z, when the gauge boson decays to two quarks,

as opposed to the leptonic signatures discussed so far. The analysis searches for the

production of W or Z bosons decaying hadronically and reconstructed as a single

massive jet in association with large E
miss
T from the undetected χχ̄ particles. For this

analysis, the jet candidates are reconstructed using a filtering procedure referred to

as large-radius jets .93 This search, the first of its kind, is sensitive to WIMP pair

production, as well as to other DM-related models, such as invisible Higgs boson

decays (WH or ZH production with H → χχ̄).
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As shown in Fig. 10, this search for dark matter pair production in association

with a W or Z boson extends the limits on the dark matter–nucleon scattering cross
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)

Bai,Tait,1208.4361
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CONCLUSION

• Variety of well-motivated DM models - even if only 
consider wimps

• LHC started to probe these models both through the 
Higgs and searches for new particles

• A signal at collider/direct/indirect -- would lead to 
interesting cross checks

• DM might live in hidden sector - could be hard to find at 
LHC
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Recall : the neutralino in the 
MSSM 

 
!  Bino: annihilates into 

fermions – sfermions must 
be light   

!  Mixed B/Higgs-ino : efficient 
into WW 

!  Mixed W/B/H-ino 

!  All (not pure bino): 
annihilation Higgs 
resonance 

 
!  All: coannihilation possible 

suppression exp(-!M/T) 
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