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4) Les leçons du LHC

1

Matière noire astronomique : à la poursuite de l’invisible
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Pierre Salati – Matière noire astronomique : à la poursuite de l’invisible – Académie des sciences – 3 juin 2014

Plan de l’exposé
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3) A la poursuite des WIMPs

4) Les leçons du LHC
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3) A la poursuite des neutralinos

4) L’enseignement du LHC

1) Zwicky’s legacy

2) The bestiary of dark matter candidates

3) Searching for WIMPs

4) Lessons from the LHC

Fritz Zwicky et l’amas de Coma – 1933

Courbes de rotation plates des galaxies spirales

1



Matière noire astronomique : à la poursuite de l’invisible
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Fritz Zwicky et l’amas de Coma – 1933

Courbes de rotation plates des galaxies spirales

Abell 2218 est situé 1 Gpc dans la constellation du Dragon

gaz chaud (rouge) 6= matière noire (bleue)

Anisotropies dans le fond de rayonnement micro-onde (CMB)

Confirmation d’un univers plat avec matière noire et énergie sombre

• La matière noire est présente aux échelles cosmologiques.

• Elle contribue de manière importante à la masse totale de l’univers.

• Elle est de nature exotique.
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3) A la poursuite des WIMPs

4) Les leçons du LHC
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• Depuis 30 ans, les physiciens ont imaginé un riche bestiaire de particules suscep-
tibles d’expliquer la matière noire dont la nature est encore inconnue.

• Afin d’en dresser l’inventaire, il convient d’examiner chaque modèle en fonction
d’une classification fondée sur quelques critères.

X Motivation théorique forte et non construction ad’hoc

X La stabilité doit être assurée (nombre quantique ou topologie)

X Mécanisme naturel de production

X Signatures observationnelles détectables

Candidats supersymétriques ou de Kaluza-Klein

• Ces particules sont prédites par la supersymétrie ou les théories à dimensions
supplémentaires – qui complètent le Modèle Standard de la physique des particules.
Elles sont électriquement neutre, interagissent faiblement et ont une masse
de l’ordre du GeV au TeV.

Weakly interacting massive particle – WIMP

neutralino

X + X ⌦ f + f̄

Planck observations of the CMB
Confirmation of a flat universe with DE and DM

⌦Xh2 ⇠ 0.1 , h�anvi ⇠ 3⇥ 10�26 cm3 s�1

3



Matière noire astronomique : à la poursuite de l’invisible
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d’une classification fondée sur quelques critères.
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X La stabilité doit être assurée (nombre quantique ou topologie)
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• Détection directe – Il s’agit de déceler l’impact d’un neutralino sur un noyau en
mesurant l’énergie déposée.

� + quark ! � + quark

• Détection indirecte – Les neutralinos s’annihilent en permanence et produisent des
particules ordinaires, mais parfois rares, comme des rayons cosmiques d’antimatière
à l’instar des antiprotons, positons et antideutons.

� + � ! qq̄, W+W�, . . . ! �, p̄, D̄, e+, ⌫ 0s
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1) L’héritage de Zwicky

2) Le bestiaire des candidats à la matière noire
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First Dark Matter Search Results from the Large Underground Xenon (LUX)
Experiment

C.H. Faham, for the LUX Collaboration
Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley CA 94720, USA

The Large Underground Xenon (LUX) dark matter experiment is operating 1.5 km

underground at the Sanford Underground Research Facility in Lead, South Dakota, USA.

In 2013, the experiment had a WIMP search exposure of 10,091 kg-days over a period of

85.3 live days. This first dark matter search placed the world’s most stringent limits on

WIMP-nucleon interaction cross-sections over a wide range of WIMP masses, and is in tension

with signal hints of low-mass WIMPs from DAMA, CoGeNT and CDMS-II Si. LUX will

commence a 300 day run in 2014 that will improve the sensitivity by a factor of 5. Low-energy

calibrations obtained from a neutron double-scattering technique will further constrain and

reduce systematics, particularly for low WIMP masses.

1 Introduction

The existence of non-baryonic cold dark matter is well established through a wealth of
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Interacting Massive Particle (WIMP), which is expected to interact with a terrestrial detector
through low-energy (⇠keV scale) nuclear recoils (NR). Direct-detection experiments aim to
identify these faint and rare recoils by utilizing a large target mass, achieving a low energy
threshold and reducing background radioactivity levels, mainly from electron recoils (ER) and
neutrons. Furthermore, direct-detection experiments need to operate deep underground in order
to significantly reduce the otherwise insurmountable cosmic-ray background rate.

2 The LUX Detector

The Large Underground Xenon (LUX) dark matter experiment has been operating 1.5 km
(4300 mwe) underground at the Sanford Underground Research Facility (SURF) in Lead, South
Dakota, USA since 2012 [2]. LUX is a two-phase xenon time-projection chamber (TPC)
constructed from ultra-low radioactivity materials. The detector consists of 370 kg of liquid
xenon, 250 kg of which comprises the 47 cm diameter by 48 cm high cylindrical active volume.
The detector is immersed in a 7.6 m diameter by 6.1 m high water tank to reduce the background
from ambient radioactivity.

A particle interaction in the liquid xenon volume, through either an ER or an NR, produces
primary scintillation photons (S1 signal) and ionization electrons, which are drifted with an
electric field into the gas phase, where they produce secondary scintillation light (S2) via
electroluminescence. A total of 122 Hamamatsu R8778 low-radioactivity photomultiplier tubes
(PMTs) are used for the detection of both S1 and S2 signals. The PMTs are split into top and
bottom arrays of 61 PMTs each. The LUX PMTs have an average photon detection e�ciencya

of about 30% at the xenon scintillation wavelength of 175 nm. The inner walls of the detector
and the space between PMTs are lined with polytetrafluoroethylene (PTFE), which has been
measured in LUX to be >95% reflective at 175 nm when immersed in liquid xenon. These
detection factors, combined with the reflectivity of the grids’ stainless steel wires and a finite

a
The PMT photon detection e�ciency, or DE, is the product of the often quoted quantum e�ciency (QE)

times the first dynode electron collection e�ciency (CE).
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Figure 2 – Left : 90% CL spin-independent WIMP exclusion limits shown the LUX 85.3 live-day result (solid blue)

and the 300-day projection (dashed blue). Right : Close-up view of exclusion plot in the low-mass regime showing

the tension between the LUX result and previous hints of low-mass WIMP signals.

liquid xenon with areas between 2-30 phe for the x,y,z corrected S1 signal were selected, which
approximately corresponds to 3-25 keVnr or about 0.9-5.3 keVee, where the subscripts represent
the energy scales for NR and ER, respectively.b The upper bound of 30 phe was chosen to
avoid contamination from the 5 keV x-ray from 127Xe. The fiducial volume was defined as the
inner 18 cm in radius and a drift time between 38-305 µs (roughly 7-47 cm above the bottom
PMT array). The fiducial mass enclosed by the aforementioned bounds was calculated to be
118.3 ± 6.5 kg from the tritium calibration. An analysis threshold of 200 phe (⇠8 extracted
electrons) was used to exclude small S2 signals with poor x,y position reconstruction. The S2
finding e�ciency at 200 phe is >99%. The overall WIMP detection e�ciencies after all cuts
were roughly 17% at 3 keVnr, 50% at 4.3 keVnr and > 95% above 7.5 keVnr.

A total of 160 events passed the selection criteria, which are shown inside the purple shaded
region in the right panel of Fig. 1. A Profile Likelihood Ratio (PLR) analysis utilized the
distribution of measured background and expected signal as a function of radius, depth, S1 and
S2 parameter spaces in order to attempt to reject the null (background-only) hypothesis. For
further details about the PLR limit, see [2] and [5]. The PLR result could not reject this null
hypothesis with a p-value of 0.35, and 90% confidence spin-independent WIMP exclusion limits
were placed as a function of WIMP-nucleon cross-section and WIMP mass as shown in Fig. 2.
The WIMP exclusion limits set by LUX provide a significant improvement in sensitivity over
existing limits. In particular, the LUX low-mass WIMP sensitivity shown in the right panel of
Fig. 2 improves on the previous best limit set by XENON100 by more than a factor of 20 above
6 GeV/c2. These low-mass limits do not support the near-threshold signal hints seen by DAMA
[6], CoGeNT [7] and CDMS-II Si [8].

The WIMP exclusion limit in LUX was derived using a conservative xenon response to NR
at low energies, which placed an unphysical cuto↵ in the signal yields for electrons and photons
below 3 keVnr, the lowest calibration point available at the time of the limit calculation. New
measurements from a DD neutron generator show available signal below this imposed cuto↵
(measured down to 0.7 keVnr for the ionization channel) [9].

b
For the same energy, a NR produces less signal than an ER due to the fact that the former has a large energy

loss fraction in the form of heat, which produces no photons or electrons.
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Pierre Salati – Matière noire astronomique : à la poursuite de l’invisible – Académie des sciences – 3 juin 2014

Plan de l’exposé
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• Détection directe – Il s’agit de déceler l’impact d’un neutralino sur un noyau en
mesurant l’énergie déposée.

� + quark ! � + quark

• Détection indirecte – Les neutralinos s’annihilent en permanence et produisent des
particules ordinaires, mais parfois rares, comme des rayons cosmiques d’antimatière
à l’instar des antiprotons, positons et antideutons.

� + � ! qq̄, W+W�, . . . ! �, p̄, D̄, e+, ⌫ 0s
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Annihilation de neutralinos et excès de positons

En 2008 : premier indice de la présence de neutralinos dans la galaxie ?

qe+ = 1
2 h�vi ⇥

⇢
n� ⌘ ⇢�

m�

�2

⇥ dNe

dEe

Quelques remarques s’imposent cependant

(i) La masse m� ⇠ 1 TeV – d’où l’excitation

(ii) Mais le taux d’annihilation doit être considérablement amplifié

• La section e�cace thermique h�vi = 3⇥ 10�26 cm3 s�1

• Les e+ sont produits localement et ⇢
DM

⌘ ⇢� ' 0.3 GeV cm�3

m� = 1 TeV exige �ann ⌘ 1
2 h�vi ⇥

⇢2�
m2

�

amplifié par B = 103

(iii) Les neutralinos doivent être leptophiliques

� + � ! leptons + antileptons uniquement

If DM species are the source of the PAMELA positron excess

they need to be leptophilic, id est q channels are suppressed

Strange behaviour !

F. Donato et al. – PRL 102 (2009) 071301

M. Cirelli et al., Nucl. Phys. B 813 (2009) 1

L. Pieri, J. Lavalle, G. Bertone & E. Branchini, arXiv:0908.0195

DM particles annihilate into high-energy photons
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Les pulsars fournissent une solution plausible à l’excès de positons

Pas vraiment prédictif – un cadre plus qu’une explication
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4) Les leçons du LHC

1



Back-up slides

Matière noire astronomique : à la poursuite de l’invisible
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• Le LHC a découvert le boson de Higgs tant attendu – du moins une particule
scalaire dont la masse est de 126 GeV et qui se désintègre en paires de fermions avec
un rapport de branchement qu’il convient de mesurer.

• Le LHC n’a produit aucune des particules prédites par la supersymétrie ou les
théories à dimensions supplémentaires. Les particules nouvelles – si elles existent –
doivent être très massives.

• Le LHC et les recherches directes sont complémentaires.
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1) L’héritage de Zwicky

2) Le bestiaire des candidats à la matière noire
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Figure 26: (upper left) Observed (solid curve) and median expected (dashed orange curve) 95%
CL limits in the (m0, m1/2) CMSSM plane (drawn according to Ref. [73]) with tan b = 10, A0 =
0, and sgn(µ) = +1. The ±1 standard-deviation equivalent variations in the uncertainties are
shown as a band around the median expected limit. (upper right) The observed HAD-only
(solid red) and leptonic-only (solid green) 95% CL limits are shown, compared to the combined
limit (solid blue curve). The expected (dashed curve) and observed (solid curve) limits for the
(lower left) HAD-only and (lower right) leptonic boxes only are also shown.
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CMS-SUS-12-005

Search for supersymmetry with razor variables in pp
collisions at

p
s = 7 TeV

The CMS Collaboration⇤

Abstract

The razor approach to search for R-parity conserving supersymmetric particles is de-
scribed in detail. Two studies are considered: an inclusive search for new heavy par-
ticle pairs decaying to final states with at least two jets and missing transverse energy,
and a dedicated search for final states with at least one jet originating from b quarks.
The study is based on the data set of proton-proton collisions at

p
s = 7 TeV collected

with the CMS detector at the LHC in 2011, corresponding to an integrated luminosity
of 4.7 fb�1. Performed on a set of exclusive final states (all-hadronic, single-lepton,
and dilepton final states, with and without the requirement of an identified b-quark
jet), this study consists of a shape analysis performed in the plane of two kinematic
variables, denoted MR and R2, that correspond to the mass and transverse energy
flow, respectively, of pair-produced, heavy, new-physics particles. The data are found
to be compatible with the background model, defined by studying event simulations
and data control samples. Exclusion limits for squark and gluino production are de-
rived in the context of the constrained minimal supersymmetric model (CMSSM) and
also for simplified-model spectra (SMS). Within the CMSSM parameter space con-
sidered, squark and gluino masses up to 1350 GeV are excluded at 95% confidence
level, depending on the model parameters. For SMS scenarios, the direct production
of pairs of top or bottom squarks is excluded for masses as high as 400 GeV.

Submitted to Physical Review D

c� 2014 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix E for the list of collaboration members
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Pierre Salati – Université de Savoie & LAPTH
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• Le LHC a découvert le boson de Higgs tant attendu – du moins une particule
scalaire dont la masse est de 126 GeV et qui se désintègre en paires de fermions avec
un rapport de branchement qu’il convient de mesurer.

• Le LHC n’a produit aucune des particules prédites par la supersymétrie ou les
théories à dimensions supplémentaires. Les particules nouvelles – si elles existent –
doivent être très massives.

• Le LHC et les recherches directes sont complémentaires.
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3

Dark matter production

Direct searches Collider searches

• Le LHC a découvert le boson de Higgs tant attendu – du moins une particule
scalaire dont la masse est de 126 GeV et qui se désintègre en paires de fermions avec
un rapport de branchement qu’il convient de mesurer.

• Le LHC n’a produit aucune des particules prédites par la supersymétrie ou les
théories à dimensions supplémentaires. Les particules nouvelles – si elles existent –
doivent être très massives.

• Le LHC et les recherches directes sont complémentaires.

Courtesy Sarah Alam Malik from the CMS collaboration
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.8 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

8There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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CERN-PH-EP-2012-210
Submitted to: JHEP

Search for dark matter candidates and large extra dimensions in
events with a jet and missing transverse momentum with the

ATLAS detector

The ATLAS Collaboration

Abstract

A search for new phenomena in events with a high-energy jet and large missing transverse momen-
tum is performed using data from proton-proton collisions at √s = 7 TeV with the ATLAS experiment
at the Large Hadron Collider. Four kinematic regions are explored using a dataset corresponding to
an integrated luminosity of 4.7 fb−1. No excess of events beyond expectations from Standard Model
processes is observed, and limits are set on large extra dimensions and the pair production of dark
matter particles.



Conclusion

• La matière noire a été découverte en 1933 par Fritz Zwicky et reste à ce jour une
énigme pour les astrophysiciens et les physiciens des particules.

• Cette composante est d’une nature inconnue. La physique des hautes énergies pro-
pose une pléthore de candidats. Les neutralinos – prévus de manière indépendante
par la supersymétrie ou les théories de Kaluza-Klein – constituent une voie de
recherche motivée et excitante.

• Ces particules sont activement recherchées au LHC sans succès pour l’instant. Le
second run de la machine est donc attendu avec impatience.

• Les recherches directes et indirectes ainsi qu’au LHC sont de plus en plus précises
et finiront par explorer toute la région des paramètres théoriques. Mais si rien n’est
découvert ?

“entia non sunt multiplicanda praeter necessitatem”

Guillaume d’Occam

• L’étude de la gravitation modifiée doit être menée conjointement avec les recherches
des neutralinos.
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Plan de l’exposé

1) L’héritage de Zwicky

2) Le bestiaire des candidats à la matière noire

3) A la poursuite des neutralinos

4) L’enseignement du LHC

2) Le bestiaire des candidats à la matière noire

1) Zwicky’s legacy

2) The bestiary of dark matter candidates

3) Searching for WIMPs

4) Lessons from the LHC

1












