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• What is DM and how do we search for it? 

• Traditional DM searches at Colliders 

• A novel idea: DM searches with heavy quarks 

• An outlook
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• Hundreds of  years of  science 
have given us a good 
understanding of  the structure 
of  matter



Björn Penning ● LPNHE Paris ● July 23, 2015 4

• Hundreds of  years of  science 
have given us a good 
understanding of  the structure 
of  matter



Björn Penning ● LPNHE Paris ● July 23, 2015 5

• The discovery of  the Higgs 
boson completed the Standard 
Model 

• Hundreds of  years of  science 
have given us a good 
understanding of  the structure 
of  matter
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• However, this is just the tip of  
the iceberg

• Hundreds of  years of  science 
have given us a good 
understanding of  the structure 
of  matter

• The discovery of  the Higgs 
boson completed the Standard 
Model 

68%
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• Dark Matter does
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• We also see its effect in  
Gravitational Lensing
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?

• We also see its effect in  
Gravitational Lensing

• Light is bent by a 
gravitational potential 
and we see multiple 
images of  the same 
object

Dark 
Matter
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Dark 
Matter

• This is why we call it ‘Dark 
Matter’ - we don’t see it 
but it feels gravitation like 
other matter

• We also see its effect in  
Gravitational Lensing

• Light is bent by a 
gravitational potential 
and we see multiple 
images of  the same 
object
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• Also more direct 
evidence 

• E.g. in the ‘Bullet 
Cluster’ we see the  
remnants of  two galaxy 
clusters colliding 

• This collision leads to   
interactions in normal 
matter but Dark Matter 
passes through

17

Matter 
interacting

Dark Matter 
passing 
through
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•  Dark Matter (DM) firmly established 
signal of  new physics 

• Many more independent observations: 

- Anisotropy of  CMB (WMAP),  large-
scale structure  (galaxy surveys), 
Type Ia supernovae survey, hot gas

18

• DM likely to be ‘non-baryonic cold 
dark matter’  

• Global fit of  cosmological 
parameters, ΛCDM:  
 
→ ΩΛ ≈ 0.68,  ΩDM ≈ 0.27, Ωb≈ 0.05

Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60

33
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Detecting Dark Matter
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Detecting Dark Matter
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Detecting Dark Matter
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heavy DM

large recoil

Nucleus

DM

• Underground dark matter searches look for nuclear recoil 

• Very active field: Variety of  detection channels &  techniques, spin 
dependencies  

• Momentum transfer crucial

Direct Detection
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CoGeNT

DAMA/Libra

CDMS

XENON
LUX

CRESST

• Underground dark matter searches look for nuclear recoil 

• Very active field: LUX, Zeplin, Xenon, CDMS, COUPP… 

• Momentum transfer crucial

Direct Detection
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• Galactic center (GC) excess in γ-rays between 0.1 and 10 GeV in Fermi data 

- Fermi-LAT collaboration 2009, Hooper & Linden 2011, Gordon & Macias 2013, 
Abazajian et al. 2014, Daylan et al. 2014, Fermi-NASA Symposium 11/14 

• Spherically symmetric within < 10° × 10° around the Galactic Center 

• Subtract known sources and use Fermi models for diffuse emission 

• Background modeling debated, DM interpretation possible

25

arXiv:1402.6703

10

FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

2.5° -2.5°0° 2.5° -2.5°0°

2.5°

0°

-2.5°

Potential signal from annihilating DM

before bkgd subtraction after bkgd subtraction

Indirect Detection

30 GeV b-quark anti-b-quark pair  
leads to best fit 

arXiv:1403.1987
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Collider Production at 
the LHC
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• DM ‘non-baryonic cold dark matter’ → ‘WIMP Miracle’ → BSM physics 

• Properties of  low mass DM 

- Pair produced (stable) 

- Mediating particle (M*) not directly observed  → Effective Field Theory (EFT)  

27

• Collider signature: mono-’X’  

• Lead and involved in several of  these searches 

• Sensitive to spin-dependent and independent dark matter and low 
masses  

spin-dependentspin-independent
Ref: arxiv:1008.1783v2 

WIMPs at Colliders
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Collider DM searches

http://arxiv.org/abs/1008.1783v2
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• Mono-jet 

• Mono-photon

28

Example of 
Present Searches
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• ET
miss trigger 

• Monojet (8 TeV, 20.3 fb-1) 

- ET
miss , pT(j) > 150, 

250,..,400,..900 GeV 

- 1 or 2 jets (anti-kT, R=0.4, 
pT>30 GeV) 

- |∆φ( ET
miss,j2)|>0.5 

• Monophoton (8 TeV, 19.6 fb-1): 

- ET
miss 

, pT(γ)>140 GeV,  

- Njet < 2 (anti-kT, R=0.5, pT>30 
GeV)  

- Δφ (γ, ET
miss) >2,  

- (X2, Δφ ( jet, ET
miss) >0.4)

29

Jet

ETmiss

Mono-jet/Mono-photon
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Mono-jet/Mono-photon

• Example: vector couplings (orange line) 

- other limits also re-interpreted 

• Expected and observed number of  events agree  
 
→ Place upper limits on the visible cross section

30

mono-jet mono-photon
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Fig. 6 Measured distributions of (a) the jet multiplicity, (b) Emiss
T , (c) leading jet pT, and (d) the leading jet pT to Emiss

T
ratio for the SR1 selection compared to the SM expectations. The Z(→ νν̄)+jets contribution is shown as constrained by
the W (→ µν)+jets control sample. Where appropriate, the last bin of the distribution includes overflows. For illustration
purposes, the distribution of different ADD, WIMP and GMSB scenarios are included. The error bands in the ratios shown
in lower panels include both the statistical and systematic uncertainties on the background expectations.

8.1 Large extra spatial dimensions

The results are translated into limits on the parameters of the ADD model. The typical A×ϵ of the selection
criteria vary, as the number of extra dimensions n increases from n = 2 to n = 6, between 23% and 33% for
SR1 and between 0.3% and 1.4% for SR9, and are approximately independent of MD.

The experimental uncertainties related to the jet and Emiss
T scales and resolutions introduce, when

combined, uncertainties in the signal yields which vary between 2% and 0.7% for SR1 and between 8%
and 5% for SR9, with increasing n. The uncertainties on the proton beam energy result in uncertainties on
the signal cross sections which vary between 2% and 5% with increasing n, and uncertainties on the signal
acceptance of about 1% for SR1 and 3%–4% for SR9. The uncertainties related to the modelling of the
initial- and final-state gluon radiation translate into uncertainties on the ADD signal acceptance which vary
with increasing n between 2% and 3% in SR1 and between 11% and 21% in SR9. The uncertainties due to
PDF, affecting both the predicted signal cross section and the signal acceptance, result in uncertainties on
the signal yields which vary with increasing n between 18% and 30% for SR1 and between 35% and 41% for
SR9. For the SR1 selection, the uncertainty on the signal acceptance itself is about 8%–9%, and increases
to about 30% for the SR9 selection. Similarly, the variations of the renormalization and factorization scales
introduce a 9% to 30% change in the signal acceptance and a 22% to 40% uncertainty on the signal yields
with increasing n and Emiss

T requirements.
The signal region SR7 provides the most stringent expected limits and is used to obtain the final results.

Figure 8 shows, for the SR7 selection, the ADD σ × A × ϵ as a function of MD for n = 2, n = 4, and

DM
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Mono-jet/Mono-photon

311109.4398v1, Fox et al.

mono-jet
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.

gluonic

vector

scalar

Mono-jet/Mono-photon
mono-jet
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.

331109.4398v1, Fox et al.

mono-jet mono-photon

• Cross sections for mono-photon suppressed by ratio of  strong and electromagnetic fine 
structure constants as well as a color factor 

• Relative size of  excesses in mono-photon vs. mono-jets is sensitive to whether the 
operator involves up or down quarks 

• Some operators (e.g. gg) won’t produce mono-photon signals

axial-vector

Mono-jet/Mono-photon
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• Monojet provide most  
powerful LHC DM limits 
currently 

- Mono-photon & mono-W/Z  
probe more specific 
coupling 

• Typically light flavor jets, 
narrow kinematic regions

34

• Heavy flavor  jets: 

- Third generation coupling enhanced for given couplings 

- Access more inclusive final states 

- Experience as b-ID convener,  WH and Wbb  measurements

Initial sensitivity studies

A novel idea: heavy quark searches

7 TeV result

BP et al.,arXiv:1303.6638
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7 TeV result

35

b̄, t̄

b, tg

g

χ
χ̄

• Collaborating with theorist I extended approach guided by interdisciplinary results 

• Testing coupling of  new operators to mass 

• Extended mono-X approach to complex topologies: DM+b(b), DM+tt

BP et al.,arXiv:1303.6638

A novel idea: heavy quark searches
Initial sensitivity studies
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BP et al.,arXiv:1303.6638

7 TeV result

with b
with b + top

b̄, t̄

b, tg

g

χ
χ̄

A novel idea: heavy quark searches
Initial sensitivity studies

• Collaborating with theorist I extended approach guided by interdisciplinary results 

• Testing coupling of  new operators to mass 

• Extended mono-X approach to complex topologies: DM+b(b), DM+tt
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Berlin, Hooper, McDermott, arXiv: 1404.0022 

arXiv:1404.0022

A novel idea: heavy quark searches

b

g

b

χ

χ̄

φ

• Collaborating with theorist I extended approach guided by interdisciplinary results 

• Testing coupling of  new operators to mass 

• Extended mono-X approach to complex topologies: DM+b(b), DM+tt 

• Address EFT validity constrains and first search using simplified limits

‘mono-b’ very powerful
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• 4 Signal regions based on 

- ET
miss - momentum carried by 

invisible particle 

- b-jet - decay of  non-stable 
particle 

DM+heavy quark analysis
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SR1• 4 Signal regions based on 

- ET
miss - momentum carried by 

invisible particle 

- b-jet - decay of  non-stable 
particle 

• DM+b:  

- ET
miss>300 GeV, pT(b)>100 GeV 

- SR1: njet=1,2 

DM+heavy quark analysis
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• 4 Signal regions based on 

- ET
miss - momentum carried by 

invisible particle 

- b-jet - decay of  non-stable 
particle 

• DM+b:  

- ET
miss>300 GeV, pT(b)>100 GeV 

- SR1: njet=1,2 

- SR2: njet=3,4 SR2

DM+heavy quark analysis
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SR3

5�YDULDEOH�LQ�WKH�)+�HQYLURQPHQW

&OHDU�VHSDUDWLRQ�EHWZHHQ�VLJQDO�DQG�DOO�%*

signal

SM backgrounds

• 4 Signal regions based on 

- ET
miss - momentum carried by 

invisible particle 

- b-jet - decay of  non-stable 
particle 

• DM+b:  

- ET
miss>300 GeV, pT(b)>100 GeV 

- SR1: njet=1,2 

- SR2: njet=3,4 

• DM+tt:  

- SR3: had (njet>4), Razor 

DM+heavy quark analysis
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• 4 Signal regions based on 

- ET
miss - momentum carried by 

invisible particle 

- b-jet - decay of  non-stable 
particle 

• DM+b:  

- ET
miss>300 GeV, pT(b)>100 GeV 

- SR1: njet=1,2 

- SR2: njet=3,4 

• DM+tt:  

- SR3: had (njet>4), Razor 

- SR4: lep+jet, ET
miss>270,  

          angular variables

DM+heavy quark analysis
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Scalar Dirac Majorana Tensor

• Characterize strength of  interaction by limit on M* 

• Improve scalar operator (D1), first limits on tensor coupling (D9) with heavy 
quarks, only valid constraints on C1 

• Only present mχ points where m(χχ)<QTR, e.g. QTR <

s
4⇡M3

⇤
mq

DM+heavy quark analysis

excluded  
beneath curves
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• Setting world leading limits on scalar operators 

• Improving existing collider limits by three orders of  magnitude
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Comparison to direct searches
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• Performing very well over wide mass range

Comparison to direct searches
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• First collider limits on possible source of  Fermi-LAT annihilation 
signal (mDM ~ 35 GeV). 

• First results using simplified model,  excluding mediators from 
mφ=300-500 GeV
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Eur. Phys. J. C (2015) 75:92; 1401.4031
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• Projections for EFT and 
simplified models 

• Collaboration with Theory 

• Hardware improvements

50

Outlook
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• Limits in M* improve by x2  from 8→14 TeV with about same amount of  data. 

• For high luminosities assume improved performance and systematics 

- Factor of  two improvement 

• The usual validity concerns apply but deferred here (details in reference)

51
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Expected sensitivityExpected sensitivity

● Comparing results obtained at 8TeV 
and 14TeV, using similar amounts of 
data

● Aim is to focus on the gain due to the 
higher center-of-mass energy

● Effect is to improve the M* limits by 
more than a factor 2

● This assumes an overall 5% 
systematics on the SM backgrounds

● As observed in previous mono-jet 
searches

ATLAS-PHYS-PUB-2014-007

ATLAS-PHYS-PUB-2014-007 

comparison 8/14 TeV 

EFT projections
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• Moving to simplified models for more 
realistic picture 

• Also (vector-) axial models 

• Minimal Simplified DM framework 
(MSDM), probe mDM, mMed, gDM, gq 

• Monojet searches interpreted 

- optimized ET
miss requirement  

• Reproduce well existing collider 
constraints 

• Compared to direct searches

52

arXiv:1407.8257 
Buchmueller et al

Collider 

Direct Detection 

Simplified model projections
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• HL-LHC reaches 
impressive 
sensitivity 

• Future runs/
collider may go 
beyond the 
neutrino floor  
for certain 
models

53

arXiv:1407.8257 
Buchmueller et alSimplified model projections
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• Taking advantage of  new experimental 
techniques available  

• Tracker upgrade: 

- Track Trigger 

- b-jet triggering 

- Enhanced sensitivity for low mass final states 

• Sophisticated jet algorithms: 

- Jet substructure 

- high pT b-tagging / q-g-tagging

54

1. Perform timely 14 TeV measurements 
to either discover DM or set stringent 
bounds with inter-disciplinary impact 

2. Perform precision measurements to 
measure new particle or further 
enhance sensitivity (DM or e.g. Z+t 
production) 

3. Strongly involved in upgrade projects 
to maintain and improve sensitivity in 
future runs
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16 Chapter 2. Expected Performance & Physics Capabilities

used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.

Current

Upgrade
4 barrel lay

3 barrel layers

Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the

Analysis and experimental improvements
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• Large parts of  the program presented 
developed with L. Wang, T. Lin, T. Tait, 
R. Kolb, P. Fox, D. Hooper, C. McGabe 

• Based on inter-disciplinary results 

• However, theory collaboration far 
from done:  

• Extrapolate to leptons, ‘mono-H‘ 
and weak bosons  

• Higher order corrections 

• Advanced kinematic variables 

• Simplified models  

• Validity of  EFT approach 

• Better presentation of  results, 
combination 

• DM Forum

55

✔

(✔)

 ✔

H. AN, L.-T. Wang

✔

(✔)

Amsterdam

(✔)

Theory Collaboration
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We are 
 here

• DM searches at collider just started 

• Collider searches will have great impact  

- Essentially new field at the LHC 

- Results complementary to other WIMP searches 

- Better sensitivity at low masses  

• DM searches truly interdisciplinary field 

- Collaborate with theory, direct and indirect 

searches 

- DM will have to be discovered in several areas to 

be truly confirmed 

• Just the beginning, many channels not yet 

explored: leptonic, VBF, mono-top, higher 

energies,( more) simplified models 

• Improve experimental tools  
(improved b-tagging, triggering, jet substructure, 

upgrade)
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• Collider searches will have great impact  

- Essentially new field at the LHC 

- Results complementary to other WIMP searches 

- Better sensitivity at low masses  
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- Collaborate with theory, direct and indirect 

searches 

- DM will have to be discovered in several areas to 

be truly confirmed 

• Just the beginning, many channels not yet 

explored: leptonic, VBF, mono-top, higher 

energies,( more) simplified models 

• Improve experimental tools  
(improved b-tagging, triggering, jet substructure, 

upgrade)
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Backup

58
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• Galaxies rotate faster than 
they should according to 
the luminous matter we 
see 
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• Underground dark matter 
searches look for nuclear 
recoil 

• Very active field 

• Wide variety of  detection 
channels &  techniques 

• Momentum transfer crucial 

• Spin-dependent / 
independent DM 

- DM may interact with 
spin of  target nucleon 
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11
m

“To see ‘nothing’ 
you have to 
understand 
everything.”

HAD calorimeter

EM calorimeter

Muon System

Tracking
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2011/12 Design
Energy 7 / 8TeV 14 TeV

Bunch Spacing 50ns 25(50)ns 
Luminosity 3.6/8x1033 

cm-2s-1
1034 cm-2s-1

Pile-Up ~20/40 ~50(100)
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Atlas

Inner Detector (|η|<2.5) : Si pixel, SCT, 
TRT Tracking and vertexing

σ(pT)/pT~0.038% pT (GeV)⊕1.5%

Muon spectrometer (|η|<2.7) : air-cores 
toroids with gas-based chambers.  
Momentum resolution <10% up to Eμ~1 
TeVσ(pT)/pT~0.038% pT (GeV)⊕1.5%

EM calorimeter (|η|<3.2) : Pb/LAr
σ(E)/E~10%/√E (GeV)⊕0.7%
HAD calorimeter (|η|<5) : Fe/scintillator tiles 
(central), Cu/W LAr (fwd), Tσ(E)/E~50%/√E 
(GeV)⊕3%
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Figure 10: Expected and observed 95% CL upper limits on the VBF production cross section
times invisible branching fraction (left), and normalized to the SM Higgs boson VBF production
cross section (right).

search alone is 0.83 (0.86), and from the Z(bb)H(inv) search alone is 1.82 (1.99). Assuming
the SM production cross section and acceptance, we interpret these results as an observed (ex-
pected) 95% CL upper limit on B(H ! inv) of 0.81 (0.83) for mH = 125 GeV.
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Figure 11: Expected and observed 95% CL upper limits on the ZH production cross section
times invisible branching fraction (left), and normalized to the SM Higgs boson ZH production
cross section (right).

By assuming production cross sections as for the SM Higgs boson, the results of the three indi-
vidual searches may be combined and interpreted as a limit on the invisible branching fraction
of the 125 GeV Higgs boson. The statistical combination fully accounts for correlations between
nuisance parameters in the individual searches. The most important correlated uncertainties
are, in decreasing order of importance, the jet energy scale uncertainty, those associated with
the signal uncertainty, due to PDF and renormalization/factorization scale variation uncertain-
ties, the total integrated luminosity uncertainty, the lepton momentum scale uncertainties, the
jet energy resolution uncertainty and the Emiss

T energy scale and resolution uncertainties. The
resulting 95% CL limit on x is shown in Fig. 12 and summarised in Table 9. Assuming the
SM production cross section and acceptance, the 95% CL observed upper limit on the invisible
branching fraction for mH = 125 GeV is 0.58, with an expected limit of 0.44. The corresponding
observed (expected) upper limit at 90% CL is 0.51 (0.38). These limits significantly improve on
the indirect 95% CL limit of B(H ! inv) < 0.89 obtained from visible decays [3].
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didate is considered and is either a scalar, a vector or a
Majorana fermion. The Higgs–nucleon coupling is taken
as 0.33+0.30

�0.07 [65], the uncertainty of which is expressed
by the bands in the figure. Spin-independent results
from direct-search experiments are also shown [66–73].
These results do not depend on the assumptions of the
Higgs-portal scenario. Within the constraints of such
a scenario however, the results presented in this Letter
provide the strongest available limits for low-mass DM
candidates. There is no sensitivity to these models once
the mass of the DM candidate exceeds mH/2. A search
by the ATLAS experiment for DM in more generic mod-
els, also using the dilepton + large Emiss

T final state, is
presented in Ref. [74].
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Limits for scalar (fermion) DM:  
~ 10-41 (10-45)cm2 
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s

SI
f�N =

8GinvM2
c

m5
Hv2

b

3
m4

N f 2
N

(M
c

+ mN)2 . (10)

Here, mN represents the nucleon mass, taken as the average of proton and neutron masses,
0.939 GeV, while

p
2v is the Higgs vacuum expectation value of 246 GeV, and b =

q
1 � 4M2

c

/mH2.
The dimensionless quantity fN [8] parameterizes the Higgs-nucleon coupling; we take the cen-
tral values of fN = 0.326 from a lattice calculation [69], while we use results from the MILC
Collaboration [70] for the minimum (0.260) and maximum (0.629) values. We convert the in-
visible branching fraction to the invisible width using B(H ! inv) = Ginv/(GSM + Ginv), where
GSM = 4.07 MeV.

Figure 13 shows upper limits at 90% CL on the DM-nucleon cross section as a function of the
DM mass, derived from the experimental upper limit on B(H ! inv) for mH = 125 GeV, in the
scenarios where the DM candidate is a scalar, a vector, or a Majorana fermion.
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Figure 13: Upper limits on the spin-independent DM-nucleon cross section s

SI
c�N in Higgs-

portal models, derived for mH = 125 GeV and B(H ! inv) < 0.51 at 90% CL, as a function
of the DM mass. Limits are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which enters as a parameter,
and is taken from a lattice calculation, while the dashed and dot-dashed lines represent lower
and upper bounds on this parameter. Other experimental results are shown for comparison,
from the CRESST [71], XENON10 [72], XENON100 [73], DAMA/LIBRA [74, 75], CoGeNT [76],
CDMS II [77], COUPP [78], LUX [79] Collaborations.

10 Summary

A search for invisible decays of Higgs bosons has been performed, using the vector boson fu-
sion and associated ZH production modes, with Z ! `` or Z ! bb. No evidence for a signal
is observed in any channel. Using a CLs method, upper limits are placed on the Higgs boson

arXiv:1402.3244 (ATLAS) 
arXiv:1404.1344 (CMS)DM+Higgs
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arXiv:1309.7925  
H. Okawa, J. Kunkle, E. Lipeles

Improvements by two orders of magnitude! 

300fb-1 3000fb-1

• Analysis based on associated ZH production 

• SM cross section predictions for mH=125 GeV 

• Upper limits on σ x BR(H→inv) as function of  
mH 

DM+Higgs
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spin-independentspin-dependent

1109.4398v1, Fox et al.

• Spin-Dependent (SIMPLE, Picasso)  
 Atlas limits stronger for axial vector (D8) and tensor (D9) couplings 

• Spin-Independent (XENON100, CDMSII, CoGent)  
Atlas limits stronger for scalar (D1) and vector (D5) at low mχ
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.

681109.4398v1, Fox et al.

mono-jet mono-photon

• ATLAS results

vector
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• Comparing to annihilations from galactic high energy gamma 
ray observations by FERMI LAT
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• Comparing to annihilations from galactic high energy gamma 
ray observations by FERMI LAT

1109.4398v1, Fox et al.
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• Comparing to annihilations from galactic high energy gamma 
ray observations by FERMI LAT
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• Comparing to annihilations from galactic high energy gamma 
ray observations by FERMI LAT

1109.4398v1, Fox et al.

vectorial

axial-
vectorial
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• Long life-time of  b/c-hadrons → displaced 
vertex 

• ATLAS uses multivariate method, exploiting 
information of  displaced vertex, track impact 
and PV association probability 

• Typically 50-60% efficient for 0.5-1.5% fake rate

71
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• Lower limits at 90% C.L. on the suppression scale of  M* set for different operators  
(arXiv:1008.1783v2, Goodman et al. )

• Distinct acceptances for scalar, vector, axial-vector quark-quark to WIMP-WIMP interaction, 
and a gluon-gluon to WIMP-WIMP (D1, D5, D9, D11) operators. 

• Above the thermal relic line additional coupling have to exist
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characterize strength of  interaction

Results

Suppression scale limits

M

⇤: the suppression scale of the contact interaction, M⇤ = M/
p
g1g2

Grey region is where the EFT approach is not valid

More thorough validity studies: talk by Johanna Gramling later today

Values below the solid observed limit line are excluded

Green line is the WIMP relic abundance: above the line is excluded if

the WIMP is to naturally explain the observed relic density
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• Mono-W small rate for same 
couplings up/down-type quarks 

• W boson emission may become 
dominan for opposite sign couplings 

• fn/fp  = ratio of  proton/neutron 
coupling 

• For -0.72 < fn/fp < -0.66 DAMA- and 
CoGeNT, and XENON are consistent
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Y. Bai, T. Tait; arXiv:1208.4361
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section is dσ/dER = σ̂AmA/(2v2µ2
A), with

σ̂A=
µ2
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[fpZF p
A(ER) + fn(A−Z)Fn

A(ER)]
2
, (2)

where fp,n are the couplings to protons and neutrons,
normalized by the choice of mass scaleM∗, and F p,n

A (ER)
are the proton and neutron form factors for nucleus A.
F p
A(ER) and Fn

A(ER) are not identical. F p
A(ER) is

what has typically been measured, but Fn
A(ER) may also

be probed, for example, through neutrino and electron
parity-violating scattering off nuclei [14]. However, since
the isospin violation from this effect is small compared to
the potentially large effects of varying fn/fp, we will set
both form factors equal to FA(ER). With this approxi-
mation, the event rate simplifies to R = σAIA, where

σA =
µ2
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∗

[fpZ + fn(A− Z)]2 (3)

IA = NTnX
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A(ER) , (4)

and σA is the zero-momentum-transfer SI cross section
from particle physics, and IA depends on experimental,
astrophysical, and nuclear physics inputs. If fn = fp,
we recover the well-known relation R ∝ A2. For IVDM,
however, the scattering amplitudes for protons and neu-
trons may interfere destructively, with complete destruc-
tive interference for fn/fp = −Z/(A− Z).
We assume that each detector either has only one el-

ement, or that the recoil spectrum allows one to distin-
guish one element as the dominant scatterer. But it is
crucial to include the possibility of multiple isotopes. The
event rate is then R =

∑

i ηiσAi
IAi

, where the sum is
over isotopes Ai with fractional number abundance ηi.
IVDM and current data. It will be convenient

to define two nucleon cross sections. The first is σp =
µ2
pf

2
p/M

4
∗
, the X-proton cross section. In terms of σp,

R = σp
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i

ηi
µ2
Ai
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p

IAi
[Z + (Ai − Z)fn/fp]

2 . (5)

The second is σZ
N , the typically-derived X-nucleon cross

section from scattering off nuclei with atomic number
Z, assuming isospin conservation and the isotope abun-
dances found in nature. With the simplification that the
IAi

vary only mildly for different i, we find

σp

σZ
N

=

∑

i ηiµ
2
Ai
A2

i
∑

i ηiµ
2
Ai
[Z + (Ai − Z)fn/fp]2

≡ FZ . (6)

If one isotope dominates, the well-known result, FZ =
[Z/A+ (1− Z/A)fn/fp]−2, is obtained.
In Fig. 1 we show regions in the (mX ,σZ

N ) plane and
the (mX ,σp) plane for fn/fp = −0.7 that are favored and
excluded by current bounds. These include the DAMA
3σ favored region [15, 16], assuming no channeling [17]
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.
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• Jets boosted, reconstructed as single large radius jet 

• Using ‘Cambridge-Aachen’ algorithm for jet reconstruction

75

spin-independent
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• Jets boosted, reconstructed as single large 
radius jet 

• Using ‘Cambridge-Aachen’ algorithm for jet 
reconstruction 

- pT>250 GeV, |η|<1.2 

- 50 GeV < Mjets< 120 GeV 

- √(y)<0.4, where √(y)<min(pT
1, pT

2) ΔR1,2 / Mjets  
(balancing of  two leading subjets)
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• Further selections: 

- <=1 regular jet 

- separated from large radius jet 
and ET

miss 

- Signal Regions: 
ET

miss> 350, 500 GeV
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low ETmiss spin-independent

• Unfortunately no excess over SM found 

• Converting into limits on WIMP-Nucleon scattering cross section 

• Spin independent limits improve by three orders of  magnitude if  up/
down have opposite sign
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Large-R Jet Reconstruction

• For highly boosted objects objects, decay 
products have narrow dR distribution

• To recover efficiency & resolution:

• Use a single large R Cambridge/Aachen jet 
encompassing all decay products

• Revert last step of clustering and look for 
two low mass, symmetric sub-jets

• Recluster constituents of sub-jets, keep 3 
hardest new sub-jets

• Process greatly improves jet mass 
measurement, QCD separation
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