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• SUSY type DM 

• Mono-X  & Simplified models 

• Searching for the Mediator 

• Conclusion
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Overview
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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
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• DM ‘non-baryonic cold dark matter’ → ‘WIMP Miracle’ → BSM physics
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Why looking for DM
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•  Dark Matter (DM) firmly established 
signal of  new physics 

• Many independent observations: 

- Rotation curves, strong lensing, 
Anisotropy of  CMB,  large-scale 
structure, Type Ia supernovae survey, 
hot gas 

• ΛCDM: ΩΛ ≈ 0.68,  ΩDM ≈ 0.27, Ωb≈ 0.05
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• How to create DM at collider: 

- SM decays to DM: Z→xx, h→x, t→cxx 

- Direct production: XX+SM 

- Associated production with heavier 
exotic: x+E, E→x+SM 

- Heavy exotics pair production: E+E ; 
E→x+SM 

- Exotic resonant decay: E→xx 

- Heavy metastable exotic E→x, no 
decay in detector

4

Theory Landscape
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• How to create DM at collider: 
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- Heavy exotics pair production: E+E ; 
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- Heavy metastable exotic E→x, no 
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Theory Landscape
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Experimental Environment

• Runs and scenarios in this talk:
• Run 1: √8 TeV, ~20 fb
• Run 2: √14 TeV, ~20-300 fb
• HL-LHC:  √14 TeV, ~3000 fb
• HE-LHC:  √33 TeV, O(1000 fb
• FCC : √1000 TeV, O(1000 fb



SUSY Like DM
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The DM Landscape

SUSY

Slide ‘borrowed’  
from T. Tait
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• DM part of  extended sector of  new physics at 
TeV scale, searches: 

• MET + jets, MET + b, MET + 1𝓵, MET + 2𝓵, 
MET + j  MET + j + 𝓵 + b, MET + j + γ… 

• Results interpreted in cMSSM, pMSSM and 
simplified models 

• Often the neutralino is the DM candidate (LSP)

9

SUSY DM
SUSY-Like Scenarios 

11 

•  DM candidate embedded in an extended TeV-scale new physics scenario. 

•  SUSY-like signatures are common in other BSM scenarios. 
•  Discovery could be “straightforward” (depending on mass of heavier exotics). 
•  Measuring the properties (mass, spin,…) will be hard…. 

DM candidate 

R-parity conserving SUSY:  
Lightest superpartner (LSP) 

neutral and stable 

• Details 

- ATLAS: https://
twiki.cern.ch/twiki/bin/
view/AtlasPublic/
SupersymmetryPublicRes
ults 

- CMS: https://twiki.cern.ch/
twiki/bin/view/CMSPublic/
PhysicsResultsSUS 

typical neutralino bounds:  
400-800 GeV

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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• Huge improvement in sensitivity starting now

10

SUSY Projections ATL-PHYS-PUB-2013-011

• Gluinos/stop Run I sensitivities will be surpassed with only 1-4 fb-1 at 13 TeV 

• LHC mass reach will more than double with 300-3000 fb-1 

• Huge increase in discovery potential, cover much natural phase space
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• Studies of  Neutralino DM in 
several simplified models: 

- Pure Wino (mDM~3.1 TeV) 

- Pure Higgsino (mDM~1 TeV) 

- Mixed Scenarios (range of  
mDM fulfills relic density) 

- Coannil. scenarios (up to 
mDM~7.6 TeV) 

• Comparison to other searches 

- Indirect searches: ~2 TeV 

- Direct searches: TeV scale 
DM impeded by neutrino floor  

- LHC: O(100-1000) GeV

11

Neutralino DM arXiv:1404.0682  
M. Low; L.-T. Wang

• Many recent and interesting papers on this subject: 1412.4789 (Bramante et al), 
1410.6287 (Gori et al), 1410.1532 (Acharya et al), 1409.0005 (Curtin et al), 1407.7058 
(Cirelli et al), 1406.4512 (Cohen et al)



Direct Collider Searches
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Mono-X

WIMPs at Colliders
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Invisible pp→Monojet+Missing Energy 
_

Goodman, Ibe, Rajaraman, Shepherd, Tait, HBY (2010) PRD, PLB, NPB

p p

spin-dependentspin-independent
arxiv:1008.1783v2 

• Properties of  DM 

- Pair produced (stable) 

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

• ‘Back 2 Back’ events, recoiling SM object balanced with m(xx) (ET
miss):  mono-’X’    

- (mono-madness ensued)
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Mono-X

• Sensitive to different type of  couplings to up/down type quarks, jets, 
photons, spin-dependent and independent couplings, low masses

• Properties of  DM 

- Pair produced (stable) 

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

• ‘Back 2 Back’ events, recoiling SM object balanced with m(xx) (ET
miss):  mono-’X’    

- (mono-madness ensued)

Jet

ETm
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• Comparison with direct detection experiments  
(see arXiv: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

Mono-Jet

151109.4398v1, Fox et al.
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scalar

Mono-Jet
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Mono-Jet

spin-independentspin-dependent

• Spin-Dependent (SIMPLE, Coupp, Ice-Cube)  
 Collider limits stronger for axial vector and tensorcouplings 

• Spin-Independent (Lux, Xenon, CDMSlite)  
Collider limits stronger at low masses, competitive at higher

vector

gluon 

axial- 
vector

arXiv:1408.3583  
Eur. Phys. J. C 75 (2015) 235
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• Lower limits on M* improve by x2  from 8→14 TeV with about same amount of  data. 

• For high luminosities assume with improved performance and systematics 

- Again factor of  two improvement 

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

18

Mono-Jet Projections

D
M

@
L

H
C

 2
0

1
4

A
n

d
re

a
 D

i 
S

im
o

n
e

 -
 U

n
i 

F
re

ib
u

rg

12

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 
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Interplay among SUSY and DM

• Vast majority of  ‘DM signals’ are multijet events, even 1 jet events are 
likely radiate soft jet 

• Study simplified models and light/heavy jets in all-hadronic final states

1 jet

2 jets

3 jets

>3 jets

QCD effects on DM searches: 1310.4491
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DM+b(b)/ttbar

• Monojet provide most  powerful LHC DM limits currently, Mono-photon & mono-W/Z  
probe more specific coupling 

• Heavy flavor  jets: Third generation couples enhanced, probe inclusive final states, 
potentially sensitive to Fermi-LAT excess
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arXiv:1410.4031

• Initial projections confirmed, best sensitivity for scalar operators with DM+HF 

• Future collider competitive with direct searches at high masses
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Simplified Models Analyses

• Monojet searches probe mostly  
dominantly resonantly enhanced region 

• Inclusive searches places fewer 
constraints on phase space 

• Simplified models allow comparison 
to underground and satellite 
searches

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-

before bkgd subtraction after bkgd subtraction • Also allow to compare to e.g. SUSY and 
dijet searches 

• Example:  

• GC excess as pseudoscalar 
mediator 

• Spin-dependent axial coupling 
arXiv:1402.6703Potential signal from annihilating DM

arXiv:1410.4031
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-2.5°

22

Fermi-LAT excess

Berlin, Hooper, McDermott, arXiv: 1404.0022 

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

• Just starting to probe, great strides expected
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Simplified Model Reach

• Using published results to study 
sensitivity in simplified models for 
monojet and MT2 type searches  

• Collider searches powerful and 
complementary

• Inclusive searches posses 
significantly better expected 
sensitivity  

• Collider searches can go beyond 
direct searches all the way to the 
neutrino floor.

arXiv:1505.07826  
arXiv: 1407.8257

arXiv:1505.07826

 
arXiv: 1407.8257



Searching for the Mediator
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H→inv. Prospects

Limits for scalar (fermion) DM:  
~ 10-41 (10-45)cm2 

5
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FIG. 3. Upper limits on �ZH ⇥ BR(H ! inv.) at 95%
CL for a Higgs boson with 110 < mH < 400 GeV, for the
combined 7 and 8 TeV data. The full and dashed lines show
the observed and expected limits, respectively.

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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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

• 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 translated 
constraints on Higgs portal DM  

arXiv:1402.3244 (ATLAS) 
arXiv:1404.1344 (CMS)
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• Taking advantage of  data driven methods and large data sets 
systematics become small: 6% (2%) for 300 (3000)fb-1 

• Inv. BR of  ~20% (10%) may be excluded with 300 fb-1 (3000 fb-1)  

• Translate into constraints on Higgs portal DM

26

H→inv. Prospects arXiv:1309.7925  
H. Okawa, J. Kunkle, E. Lipeles

Improvements by two orders of magnitude! 

300fb-1 3000fb-1
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Conclusion arXiv:1310.8621

• DM searches at collider are very powerful 

- (HL-)LHC has great discovery potential 

- Multi-pronged approach: 

- SUSY searches 

- Direct collider searches 

- Precision measurements (Higgs, Dijet,
…) 

• Future collider may be needed to probe all or 
largest part of  allowed phase space 

• DM can only be discovered in an 
interdisciplinary effort 

• Different sensitivities and uncertainties for  
(In-)Direct and Collider searches 

• To identify DM need to discover in more 
than just one way 

• DM searches one of  the most exciting areas 
these days
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- (HL-)LHC has great discovery potential 

- Multi-pronged approach: 

- SUSY searches 

- Direct collider searches 

- Precision measurements (Higgs, Dijet,
…) 

• Future collider may be needed to probe all or 
largest part of  allowed phase space 

• DM can only be discovered in an 
interdisciplinary effort 

• Different sensitivities and uncertainties for  
(In-)Direct and Collider searches 

• To identify DM need to discover in more 
than just one way 

• DM searches one of  the most exciting areas 
these days

Need perhaps a bit madness
 to conquer the river.



Björn Penning ● LISHEP 2015 Manaus ● August 4, 2015 29

Backup
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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

30

Simplified DM Models arXiv:1407.8257 
Buchmueller et al

Collider 

Direct Detection 
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Sensitivity for GC with 8 TeV data

• Sensitivity in mediator and DM 
mass and couplings compared for 
monojet and MT2 

• Study based on Delphes 
simulation of  published searches

• MT2 possesses significantly better 
expected sensitivity  

• See arXiv:1505.07826 for details 

• Also see arXiv:1407.8257  
for general power of  MET+j for DM 
searches

arXiv:1505.07826  
arXiv: 1407.8257
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Simplified Models Monojet Projections

• HL-LHC reaches 
impressive 
sensitivity 

• Clearly future 
high energy 
collider can go 
beyond the 
neutrino floor 
construing 
direct searches

arXiv:1407.8257 
Buchmueller et al
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• ET
miss or ET

miss+jet trigger 

• Require large ET
miss  and  pT(jet1) 

- 1 or 2 jets, no leptons 

- Angular selections to remove QCD

33

Mono-Jet arXiv:1408.3583 (CMS) 
ATLAS-CONF-2012-147

DM

Exp. Bkgd 
Data

1040 +/- 100 
934

Yield (ETmiss>500 GeV)

• Main background processes: 

- Z→νν, W+jets 

• Typically use ET
miss as discriminating 

variable
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• 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 

34

H→inv. Prospects arXiv:1402.3244 (ATLAS) 
arXiv:1404.1344 (CMS)
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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].

5

 [GeV]Hm
150 200 250 300 350 400

in
v.

) [
fb

]
→

H
 B

R
(

× 
ZH
σ 

0

100

200

300

400

500

600
,SMZHσ

Observed 95% CL limit

Expected 95% CL limit

σ1±

σ2±

ATLAS

ZH → ℓℓ + inv.

-1 L dt = 4.5 fb∫ = 7 TeV, s
-1 L dt = 20.3 fb∫ = 8 TeV, s

FIG. 3. Upper limits on �ZH ⇥ BR(H ! inv.) at 95%
CL for a Higgs boson with 110 < mH < 400 GeV, for the
combined 7 and 8 TeV data. The full and dashed lines show
the observed and expected limits, respectively.

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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• For energies larger than the mediator 
mass, probing more structure of  the s-
matrix  

- Depending on details for the mediator 

- Then the mediator itself  can be 
discovered  

• Typical examples of  mediator Φ:  

- Φ = Higgs (spin 0)  

- MΦ~100 GeV  

- gSM~(100 MeV)/(100 GeV)  

- σn~10-43-10-45 cm-2 

• Φ = Z’ (spin 1)  

- σn~10-36-10-39 cm-2 

35

Searching for the Mediator
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•  For energies larger than the mediator mass, 
probing more structure of the s-matrix 
  Depending on more details of the mediator. 
  However, in that case the mediator itself 

can be searched directly!  
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• Lower limits at 95% C.L. on the suppression scale of  M* set for 
different operators (arXiv:1008.1783v2, Goodman et al. )

36

Limit SettingSearch for DM with Heavy Quarks and Emiss
T with ATLAS 11
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�
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couplings g

q
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�
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Table 3 Expected number of signal events for selected signal samples as a function of m
�

and m
�

, if applicable. The uncertainties
correspond to statistical and systematic uncertainties added in quadrature. The mass scale M⇤ is set to be 100/40/600 GeV for the
D1/C1/D9 operators, corresponding to approximately the expected limit.

Signal sample m
�

[GeV] SR1 SR2 SR3 SR4

Expected signal – D1 100 8± 1 32± 6 24± 2 28± 4
Expected signal – D1 200 6± 1 18± 3 12± 1 17± 2
Expected signal – D1 700 0.12± 0.02 0.6± 0.1 0.42± 0.03 0.7± 0.1
Expected signal – C1 100 9± 1 45± 7 25± 2 24± 6
Expected signal – C1 200 2.8± 0.5 15± 3 9± 1 11± 2
Expected signal – C1 700 0.04± 0.01 0.19± 0.03 0.12± 0.01 0.18± 0.02
Expected signal – D9 100 107± 17 57± 10 1.8± 0.2 1.5± 0.4
Expected signal – D9 200 72± 11 44± 7 1.3± 0.1 1.0± 0.2
Expected signal – D9 700 7± 1 5± 1 0.16± 0.01 0.12± 0.01

m
�

[GeV] m
�

[GeV] SR1 SR2 SR3 SR4
Expected signal – b-FDM 35 300 168± 23 95± 14 – –
Expected signal – b-FDM 35 600 83± 10 44± 5 – –
Expected signal – b-FDM 200 600 36± 4 31± 4 – –
Expected signal – b-FDM 1 600 964± 122 288± 40 – –

M⇤ ⇡ M/
p
g2g2

Search for DM with Heavy Quarks and Emiss
T with ATLAS 7

on m� and the mediator mass. The uncertainties from357

the PDF are computed by comparing the rates obtained358

with the default PDF set (CTEQ6L1) with those ob-359

tained with two alternative sets (MSTW2008LO and360

NNPDF21LO [56, 57]). The uncertainties on the sig-361

nal acceptance from PDF and scale variations are es-362

timated to be approximately 10% for the D1, C1, and363

D9 operators for m�=10 GeV and approximately 6%364

for b-FDM models.365

The validity of the e↵ective field assumption de-366

pends on the momentum transfer of the process mo-367

delled, which should be below the energy scale of the368

underlying interactions [58]. To account for this, the369

momentum transfer m(��) = Q
tr

in the events is re-370

quired to be less than the energy scale probed. Specif-371

ically, Q
tr

must be smaller than the mass M of the372

heavy mediator. For an ultraviolet completion this im-373

plies M⇤ = M/
p
gqg�. Along with perturbativity of the374

couplings gqg� < 4⇡ this leads to the following validity375

requirements: Q
tr

< 4⇡
�
M3

⇤/mq

�
1/2

(D1), Q
tr

< 4⇡M⇤376

(D9), Q
tr < 4⇡M2

⇤/mq (C1).377

4 Results378

Table 2 shows the expected background from various379

sources in the four signal regions as well as the observed380

yields in data. The expected signal yields for the oper-381

ators D1, C1, and D9, as well as for the b-FDM model382

are also shown. Also given is the 95% C.L. upper limit383

on the number of beyond-the-SM events. The yields for384

the b-FDM model are obtained assuming m�=10 GeV385

and mediator mass m� = 600 GeV. The equivalent pro-386

duction cross-section for DM produced via the D1 oper-387

ator in association with b(t)-quarks and m� = 10 GeV388

is 38 (221) fb. The cross-section for b-FDM models with389

m� = 600 GeV and m� = 10 GeV is 134 fb.390

Figure 3 shows the Emiss

T

distributions for (a) SR1,391

(b) SR2, and (d) SR4 and (c) the R variable for SR3.392

The probabilities of the background-only hypothesis, p-393

values, for the signal regions SR1, SR2, SR3, and SR4394

are 0.21, 0.43, 0.24, and 0.13, respectively.395

As no significant excess is observed, limits on the396

signal yield are set using a profile likelihood ratio test397

following the CLs prescription [59]. These are then con-398

verted into limits on the e↵ective mass scale, M⇤, and399

on the �–nucleon cross-section [12]. Figure 4 shows the400

90% confidence level (CL) exclusion curves for the ef-401

fective mass scale M⇤ as a function of m�.402

The results for the operators D1, C1, and D9 are403

presented individually for all four signal regions. The404

best limits on the D1 and C1 operators are obtained405
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Fig. 5 Spin-independent upper limits on the �–nucleon cross-
section (�SI
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�

. The yellow and green curves represent the exclusion
limits recently set by the LUX and Super-CDMS collabora-
tions [6, 7].

using SR4, while SR1 provides the best limits on the 406

D9 operator, as shown in Fig. 4. 407

Figures 5 and 6 show the corresponding 90% C.L. 408

exclusion curves for the spin-independent and spin-depen- 409

dent �–nucleon cross-section for the scalar (D1) and 410

tensor (D9) operators as a function ofm� for the strongest 411

results obtained in any signal region. The most strin- 412

gent limits set by direct detection experiments [6–9] are 413

also shown. Only m� which fullfil the e↵ective field the- 414

ory validity constraints are shown in Figs. 5 and 6. 415

The limits shown are especially strong in the low- 416

mass region where several collaborations [25,60–62] have 417

recently claimed possible observations of DM. The re- 418

sults reported in this article represent the first ATLAS 419

limits on the scalar operator C1 and they significantly 420

improve the sensitivity to �–nucleon interactions medi- 421

ated by the scalar operator D1 compared to previous 422

ATLAS results [14, 16, 18,19]. 423

Figure 7 shows the exclusion curves observed and 424

expected3 for the b-FDM model as a function of the 425

mediator and DM masses. For each point in (m�, m�), 426

the signal region with the best expected sensitivity is 427

used. For a DM particle of approximately 35 GeV, as 428

suggested by the interpretation of data recorded by the 429

3 The +1� uncertainty band su↵ers from a coarse signal
binning in m

�

. Therefore for m
�

= 80 GeV the CL
s

value is
set to 0.99 to avoid extrapolation beyond this mass.

coupling strength:

validity requirement

• Determine μ → calculate g → calculate  M* 

• All the usual caveats of  validity apply. DM+HF better validity 
than mono-jet.


