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Introduction 

► Dark matter constitutes ~26% of 
the energy content of the universe 
 

► Many independent sources of 
evidence 
 

► Its underlying nature is unknown. 
Requires new physics beyond the 
standard model 
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► Three complementary strategies for 
searching for DM 
 

► Collider searches are particularly sensitive 
to light DM (<10 GeV) and spin dependent 
interactions 

Its nature is unknown and 
its presence has so far 
only 
been inferred indirectly 
through its gravitational 
effects 

The three are 
complimentary. In 
particular collider searches 
offer advantages such as 
much more sensitive to 
light DM and can probe 
mediator 



DM searches at LHC 

► Weakly interacting DM particles may be produced in high energy p-p collisions 
at the LHC 

 

► DM at the LHC is detected through the missing transverse energy it creates in 
an event as it recoils against some object X (jet, photon, boson…) 

► “mono-X” or “MET+X” signatures 

 

► Use simplified models* to interpret results 

► Pair-produced fermionic DM via a massive (vector, axial-vector, scalar, or 
pseudoscalar) boson 

► Minimal set of parameters 
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WIMPs 

momentum imbalance  

These are benchmarks that 
capture certain characteristic 
features of 
DM signal at LHC 
• Assume one pair of 
fermionic DM, and a massive 
boson that 
mediates the interaction 
between DM and SM quarks 

Mmed Mχ 

gq gχ 

Simplified models (potential 
q: DMSimp) 
Spin-1, spin-0 
Reference DMF/DMWG 

(*) ATLAS/CMS Dark Matter Forum 
1507.00966 



Mono-jet/Mono-V(had) 

► Look for large MET, at least one high pT jet, and veto leptons, photons and b-jets 

 

 

 

 

 

 

 

 
 

► Mono-V:  

► MET > 250 GeV 

► Leading AK8 jet pT > 250 GeV, |η| < 2.4, mass [mW-15, mZ+15],                            
N-subjettiness τ2/τ1 < 0.6 

 

► Mono-jet:  

► MET > 200 GeV 

► Leading AK4 jet pT > 100 GeV, |η| < 2.5 
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EXO-16-037 
12.9 fb-1 (2016) 

mono-jet mono-V 
If a 
144 V boson has pT > 250 GeV, its 
hadronic decay is more likely to be 
reconstructed as a single 
AK8 jet than as two AK4 jets. 
 
2-prong vs 1-prong 

R = 0.4 

R = 0.8 

In general most sensitive channel 
 
Veto lep/pho since had final state 
Veto b-jets to suppress top bkg 
 
Mono-V smaller xs 
 
N-sub measure of how consistent 
jet is with coming from a N-prong 
decay, look for values consistent 
with 2-prong 
Mass consistent with W/Z boson 

The jet mass is computed after pruning [64], 
which involves reclustering of the jet 
constituents using the Cambridge–Aachen 
algorithm [65, 66] and removing the soft 
constituents in every recombination step, 
thereby improving the jet mass resolution.  
 
The requirements on the t2/t1 ratio and the jet 
mass result in a 70% efficiency for tagging jets 
originating from V bosons, and a 5% probability 
of misidentifying a QCD jet as a V jet 



Mono-jet/Mono-V(had) 
► Dominant background processes are Z(vv)+jets (60%) and W(lv)+jets (30%) 

► Need precise estimation of these backgrounds 

► Use five control regions in data 

► Z(μμ)+jets, Z(ee)+jets, γ+jets to estimate Z 

► W(μν)+jets, W(eν)+jets to estimate W 

► Estimate background and extract signal strength by performing a simultaneous fit 
over all mono-jet and mono-V control and signal regions 
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EXO-16-037 
12.9 fb-1 (2016) 

mono-jet mono-V 



Mono-photon 

► Select events with a barrel photon with pT > 175 GeV, MET > 170 GeV, veto 
leptons 
 

► Dominant backgrounds are Z(νν)γ and W(lν)γ 

► Estimated using MC with NNLO QCD and NLO EWK corrections, and 
verified in control regions in data 

 

► Cut-and-count analysis 
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misID and non-collision 
background estimated from data 
 
 
Must contend with non-collision 
backgrounds from beam halo or 
ECAL spikes producing spurious 
photon+MET signature 
● ~10% of bkg, difficult to 
estimate precisely 

EXO-16-039 
12.9 fb-1 (2016) mono-photon will lead to 

less stringent constraints 
than mono-jet but cleaner 
[much cleaner final 
state/less bkg] and 
potentially probes differnt 
couplings 

(LO in QCD these samples are 
weighted event by event 
with a product of two factors. The 
first factor matches the distribution 
of the generator-level pg 
163 T 
164 to that calculated at next-to-
next-to-leading order (NNLO) in 
QCD using the DYRES [22] cal165 
culator. The second factor, taken 
from Refs. [23, 24], further corrects 
this distribution to account 
166 for next-to-leading order (NLO) 
electroweak effects. 
 
Notice just overall factors, not e.g. 
pt-dependent 

Control regions: single and double 
muon (+gamma instead of +jets) 
 
Checked gives consistent result 
with MC, but CRs have low stats 

A total of 400 events are observed 
in data, which is in agreement with 
the total expected SM 
239 background of 385.635.4 
events 



Mono-Z(ll) 

► Select events with ee/µµ within Z mass 
window, MET > 100 GeV, veto additional 
leptons, b-tagged jets and high pT jets 

 

 

► Dominant backgrounds are Z(ll)Z(νν) (60%) 
and Z(ll)W(lν) (25%) 

 

 

► ZZ and ZW background estimated with MC 
simulation with higher order (NLO/NNLO) 
corrections 

 

 

► Perform a binned fit to the MET shape 
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● MET shape analysis 
 
a fit to the shape of the Emiss T 
distribution, to discriminate 
between the signal and 
backgrounds. 

EXO-16-038 
12.9 fb-1 (2016) 

We estimate 
these non-resonant 
backgrounds using a 
data control sample, 
consisting of events 
with an 
opposite-sign different-
flavor dilepton pair (em) 
that otherwise passes 
the full selection. 
 
Basically just switch 
same-flavour 
requirement to 
different-flavour 

The ZZ and WZ backgrounds are modeled 
using MC simulation, and normalized to 
their respective 
NLO cross sections. 
 
We apply Df(Z, Z)-dependent K-factors to 
correct the ZZ differential cross section 
from NLO 
to next-to-next-to-leading order (NNLO) in 
QCD. Furthermore, we apply NLO EW K-
factors 
as a function of the pT of the trailing boson, 
following the calculations [45–47]. 
Electroweak corrections 
to WZ are also available, but considered 
small and not applied, according to Ref. 
[47]. 
We apply a flat K-factor of 1.1 to correct the 
WZ cross section from NLO to NNLO in QCD 
[48]. 

Smaller non-resonant 
backgrounds (e.g. tt, WW) 
estimated using a eµ data 
control sample 



DM+tt/bb 

► Assuming minimal flavour violation, spin-0 
(scalar and pseudoscalar) mediators couple 
to quarks with Yukawa structure → couple 
preferentially to heavy quarks 

 

► 4 final states analysed: tt (hadronic, 
semileptonic, dileptonic) and bb 

 

► tt hadronic 

► MET > 200 GeV 

► Multivariate top-tagger to identify 
hadronic top decays to 3 jets 

► Categorize by number of resolved 
top tags 

► Dominant background is tt(1l) 

 

 

8 

Q: what is efficiency of RTT? 
 
The predicted rates of the bb + 
c¯c 189 process, 190 which is 
generated in the 4-flavor scheme, 
are adjusted to match the cross 
sections calculated 191 in the 5-
flavor scheme [15, 43]. 

Coupling to quarks proportional to 
the quark mass (like the SM Higgs 
boson) 

Additional selections are used to define eight 
independent regions of data sensitive to DM 
signals: 
two b¯b+pmiss 
T , one semileptonic t¯t+pmiss 
T , three dileptonic t¯t+pmiss 
211 T , and two all-hadronic 
t¯t+pmiss 
212 T regions. Control regions (CRs) enriched 
in various background processes are also 
de213 
fined and are used to improve background 
estimates in the signal regions (SRs). In the 
CRs, 
214 individual signal selection requirements 
are inverted to enhance background yields 
and to pre215 
vent event overlaps with the SRs. The 
selections used to define the SRs and CRs are 
described 
216 in Sections 4.1 and 4.2 and summarized in 
Tables 1 and 2, respectively. 

EXO-16-005 
2.2 fb-1 (2015) 

Background estimation , 
control regions in data 

hadronic (2 top-tags) 

the dominant residual 
background is semileptonic SM 
272 t¯t production. By contrast, 
selected signal typically includes 
events in which both top quarks 
273 decay hadronically. The 
resolved top quark tagger (RTT, 
introduced in Section 2) is 
employed 
274 to suppress the 
semileptonic background by 
identifying potential hadronic 
top quark decays. 
275 The RTT is applied to the all-
hadronic search region to define 
a category of events with two 
276 hadronic top quark decays. >=4 jets, >= 1 b-tagged, 

veto leptons 



DM+tt/bb 
► tt semileptonic 

► MET > 160 GeV 

► Exactly one lepton (e or μ) 

► Dominant background is tt(2l) 
 

► tt dileptonic 

► MET > 50 GeV 

► Exactly two leptons (ee, eμ, or μμ) 

► Dominant background is tt(2l) 
 

► bb 

► MET > 200 GeV 

► >= 1 b-tagged jet 

► Dominant backgrounds are Z(vv)+jets, 
W(lv)+jets, tt(1l) 
 

► Overlaps between channels are taken care 
of and a simultaneous fit over all channels 
is performed to extract limits on a 
combined DM+tt and DM+bb signal 
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MET>50 GeV for higher 
signal acceptance of 
low mass scalar models 

EXO-16-005 
2.2 fb-1 (2015) 

• MT > 160 GeV : Kill 
W+jets tt(1ℓ) 
• MT2(W) > 200 GeV : Kill 
tt(2ℓ) 
>= 3 jets, >= 2 b-tagged 
 

bb (1 b-tag) 

dileptonic eµ 

A single b tag category provides high 
efficiency for b¯b+c¯c 290 signal 
291 and requires at most two jets. At 
least one of these jets must have pT > 
50GeV, and exactly one 
292 must satisfy b tagging 
requirements. A second category 
allows exactly two b-tagged jets. This 
SR partially recovers b¯b +c¯c signal 
that is not selected in the single b tag 
category, and t¯t+c¯c 293 
signal that is not selected in the all-
hadronic t¯t+pmiss 
294 T categories. 



Mono-top 

► Select events with MET > 250 GeV 
and a boosted hadronic top. Veto 
leptons, photons, and additional b-
tagged jets 

 

► Top-tagging: R=1.5, mass 110-210 
GeV, τ3/τ2, subjet b-tag 

 

► Dominant backgrounds are tt, 
Z(νν)+jets, and W(lν)+jets 

► Estimate with seven control 
regions in data 

 

► MET shape analysis 
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– Larger jet cone to cover 
broader range of top pT 
spectra 
 
Analysis Similar to  monojet/V 

● Mono-top DM models involve 
BNV or FCNC 

pTjCA15 > 250 GeV, mass 110-
210 GeV, !32, subjet b-tag 
 
Exactly one fat jet 
Veto leptons, photons, 
additional b-jets 
 
Top tagging 13% efficiency 

Use PUPPI for pileup removal: 
JHEP10(2014)059 
 
• FCNC vector up to 1.5 TeV, 
charged scalar 900-2700 GeV 
excluded 

EXO-16-040 
12.9 fb-1 (2016) 

This decay channel has the largest 
branching fraction and is fully 
reconstructible 

These backgrounds are estimated 
using constraints from seven control 
regions, defined by selections for 
dimuon, dielectron, g + 
jets , single muon (b-tagged and anti-
b-tagged), and single electron (b-
tagged and anti-b-tagged) 
events. 
 
B-tagged for tt 
Anti-b-tagged for W 



Mono-Higgs(bb/γγ) 

► Interpretation in the context of a                                             
2HDM 

 

► H(bb) 

► Two regimes of bb system 

► Resolved: 2 AK4 jets,                                     
pT

jj > 150 GeV, MET > 170 GeV 

► Boosted: 1 AK8 jet,                                                        
pT

j > 200 GeV, MET > 200 GeV 

► 100 < mbb < 150 GeV 

► Dominant backgrounds are Z(νν)+jets, 
W(lν)+jets, tt 

► Estimated with control regions in data 
 

► H(γγ) 

► MET > 105 GeV 

► 120 < mγγ < 130 GeV 

► Dominant backgrounds are γγ and γ+jets  

► Estimated with mγγ sidebands 
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EXO-16-012 
2.3 fb-1 (2015) 

Photon pt req 30/18 GeV? 
Separate results (not in 
summary) 

Interpretation in the context of a 
2HDM, where a Z’ vector boson 
is produced resonantly and 
decays into an SM-like Higgs 
boson h and an intermediate 
heavy pseudoscalar particle A, 
which in turn decays into a pair 
of DM particles 
 
bb: met shape (resolved and 
boosted fit separately) 
gg: cut and count 
 
CRs: invert inv mass cut 

H→bb (boosted) 

H→γγ 

two events are observed 
480 in the mgg sidebands and are 
used to evaluate the magnitude 
of the nonresonant background 
481 as described in Section 5.2.2. 
This yields an expected number of 
0.38  0.27(stat) nonresonant 
482 background events in the SR. 
Expected resonant background 
contributions are taken from the 
483 simulation as detailed in 
Section 5.2.2 and are 0.057  
0.006(stat) events 
 
Zero events are observed in the 
SR in the data. 

Interesting because Higgs 
could well provide portal 
to DM 



Spin-1 limits 

► 95% CL exclusion regions in the mediator-DM mass plane for different MET+X 
searches for spin-1 mediators 

 

► Mediator couplings of gq = 0.25, gDM = 1 
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Axial-vector Vector 

No surprise 
as you may 
have heard, 
no excess 
found 
unfortunatel
y, so set 
limits 



Spin-1 limits compared to DD 

► Comparison with direct detection experiments 
 

► Convert collider limits on mediator and DM masses to a limit on DM-nucleon 
scattering cross section* 

► Collider constraints most stringent at low mDM and for σSD 
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Spin independent (vector) Spin-dependent (axial-vector) 

(*) LHC DM Working Group 
1603.04156 



Spin-0 limits 

► 95% CL exclusion regions in the mediator-DM mass plane for different MET+X 
searches for spin-0 mediators 

 

► Mediator couplings of gq = gDM = 1 
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Scalar Pseudoscalar 

Scalar 
 
tt+DM search is 
competitive with 
mono-jet/V for spin-
0 mediators at low 
mass 

PS in particular interesting since 
DD are not sensitive to PS 
Because velocity-suppressed 

S: monojet more sensitive for 
med>100 GeV, tt starting to 
exclude smallest masses 
 
PS: monojet most sensitive over 
entire range, excludes med up to 
400 GeV 
 



Summary 

► Searches for dark matter have been performed in various MET+X 
final states at CMS at 𝑠 = 13 TeV 

 

► No excess has been found yet and limits are set on a variety of 
simplified models 

 

► LHC searches are complimentary to direct and indirect detection 
experiments 

 

► Results with the full 2016 dataset (36 fb-1) to come soon – stay 
tuned! 
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• Expect updates with 
the full 2016 data and 
combinations of different 
mono-X channels 
 
Also 2017/2018 
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BACKUP 



MET+X searches at CMS 
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X Dataset CMS Documentation 

jet or V (had) 12.9 fb-1 (2016) EXO-16-037 

photon 12.9 fb-1 (2016) EXO-16-039 

Z (ll) 12.9 fb-1 (2016) EXO-16-038 

tt/bb 2.2 fb-1 (2015) EXO-16-005 

t (had) 12.9 fb-1 (2016) EXO-16-040 

Higgs (γγ) 2.3 fb-1 (2015) EXO-16-011 

Higgs (bb) 2.3 fb-1 (2015) EXO-16-012 

► Various 13 TeV “MET+X” 
analyses and results 
from CMS will be 
presented today 



Spin-0 limits compared to DD 
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Summary of largest excluded masses 
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Mono-Higgs(bb/γγ) 
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