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The ET
miss+X searches

• All we see is the X, accompanied by large missing
transverse energy from the DM production

• X can come from ISR, or from a more complicated
interaction involving more than one new states

• X can be a single object (mono-X searches), or a more 
complex final state (e.g. at top-quark pair)
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X ATLAS CMS

Jet Phys. Rev. D 94, 032005 (2016)

CMS-PAS-EXO-16-037 
W or Z (qq) arXiv:1608.02372 (subm. to PLB)

Z(ll) ATLAS-CONF-2016-056 CMS-PAS-EXO-16-038 

Photon JHEP 1606 (2016) 059 CMS-PAS-EXO-16-039

b quark(s) ATLAS-CONF-2016-086 CMS-PAS-B2G-15-007 

Top quark(s) ATLAS-CONF-2016-050 (1-lepton)
ATLAS-CONF-2016-076 (2-lepton) 
ATLAS-CONF-2016-077 (0-lepton)

CMS-PAS-EXO-16-005  (0/1-lepton tt)
CMS-PAS-EXO-16-028 (2-lepton tt)
CMP PAS EXO-16-040 (1 boosted top)

H(gg) ATLAS-CONF-2016-087 CMS-PAS-EXO-16-011 

H(bb) arXiv:1609.04572 (subm. to PLB) CMS-PAS-EXO-16-012 

H(4l) ATLAS-CONF-2015-059 

2015 dataset or ICHEP 2016 dataset

The ET
miss+X searches in Run-2
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Mono-X general strategy
• Define a signal region (SR) by selecting events such as to get an 

enhanced signal-over-BG ratio:
• Select events with a high-pT X and a large ETmiss

• Veto extra objects (e.g.: no e or µ in mono-g)
• Avoid mismeasured objects which could lead to fake ETmiss

(e.g.: no jet pointing in the ETmiss direction, clean against
non-collision BG…)

• Estimate the BG contribution in the SR (data-driven or using MC)

• If no excess in the SR: show the limits on models, following the 
recommendations of the ATLAS/CMS Dark Matter Forum 
(arXiv:1507.00966) and of the LHC DM WG (arXiv:1603.04156)

• Favours the use of simplified models
• Benchmarks with specific couplings
• Limits in the mDM/mMed plane
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ET
miss + jet in ATLAS

Selection:
• Leading central jet within pT > 250 GeV
• 7 inclusive SRs with ETmiss thresholds from

>250 GeV to >700 GeV
• Df(sel. jets, ETmiss)>0.4
• Lepton veto and more than 4 central jets

Main BG from W control regions:

M-H Genest - Searching for DM at the LHC

5



ET
miss + W/Z(hadronic) in ATLAS

Selection:
• ETmiss >250 GeV, pTmiss > 30 GeV and Df(pTmiss, ETmiss)<p/2, Df(jet, ETmiss)>0.6
• Veto on leptons
• Central, pT>200 GeV large-R trimmed jet tagged as a W/Z (mass + D2 selection)

BG estimation via leptonic CRs
(2µ for Z, 1µ + b-jet/no b-jet for top/W)
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Figure 5: Pane (a) shows the limit on the mass scale, M?, of the VV�� EFT model. Pane (b) shows the observed
limit on the signal strength, µ, of the vector-mediated simplified model in the plane of the dark-matter particle mass,
m�, and the mediator mass, mmed; white areas indicate an upper limit at µ � 100.
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Highly boosted W/Z: decay products merged in a ‘fat’ jet
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ET
miss +  jet/Z/W(hadronic) in CMS

Mono-V:
• AK8 jet with pT > 250 GeV, ETmiss > 250 GeV,

mJ in [65-105] GeV, t21 < 0.6 
Mono-jet selects remaining events with:
• AK4 jet with pT > 100 GeV, ETmiss > 200 GeV 
BG estimation via 5 CRs (Zee, Wen, Zµµ, Wµn, g+jets)
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Figure 8: Observed Emiss
T distribution in the monojet (a) and mono-V (b) signal regions com-

pared with the post-fit background expectations for various SM processes. The last bin includes
all events with Emiss

T > 1160 GeV for the monojet category and Emiss
T > 750 GeV for the mono-V

category. The expected background distributions are evaluated after performing a combined
fit to the data in all the control regions. Expected signal distributions from the 125 GeV Higgs
boson decaying exclusively to invisible particles, and a 1.6 TeV axial-vector mediator decay-
ing to 1 GeV dark matter particles, are overlaid. The ratio of data with the postfit background
prediction is shown for both the monojet and mono-V signal regions. The gray bands in these
ratio plots indicate the post-fit uncertainty on the background prediction. Finally, the distribu-
tion of the pulls, defined as the difference between data and the post-fit background prediction
relative to the post-fit uncertainty on the prediction, are also added.

Mono-jetMono-V
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ET
miss + Z(ll)
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Figure 8: Exclusion limits for Mono-Z(! ``) dark matter signals with vector mediator and coupling parameters
g� = 1.0 and gq = 0.25 in the 2-dimensional phase spaces of dark matter and mediator masses (m� and mmed). The
dashed grey line indicates the kinematic threshold where the mediator can decay on-shell into dark matter. The
region below the dashed blue line is excluded at 95% CL based on the background only expectation, and the green
band gives the 1� uncertainty of the expected exclusion limits. The phase space circled by the solid black line
is excluded using data at 95% CL. The 2-dimensional contours are produced by interpolating between the cross-
section limits derived from a limited number of MC samples, and this causes the resulting contours to be slightly
non-smooth.

Limits on �(Z(! ``)H(! invisible)) [fb] Limits on BF(H ! invisible)
Expected Observed Expected Observed

Central Value 58 88 65% 98%
(�1�,+1�) (41, 83) (46%, 93%)
(�2�,+2�) (30, 115) (34%, 100%)

Table 6: The 95% CL upper limits on �(Z(! ``)H(! invisible)) and branching fraction of the H ! invisible
decay. Both expected and observed limits are given, and the ±1� and ±2� variations of the expected limits are
provided as well.
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Selection:
• ee or µµ (ATLAS: close-by) pairs compatible with the Z mass, away from

ETmiss and whose pT is well balanced with the large Etmiss

• jet/ETmiss separation, no b-jet (CMS: no extra jet, no hadronic tau)

BG estimation: 
ZZ (and WZ in CMS) from NNLO-corrected MC
WZ from 3-lepton CR in ATLAS

9.2 Limit on invisible Higgs boson decays 9

Figure 1: Left: Distribution of the Emiss
T after the full selection except that 50 GeV < Emiss

T < 100
GeV. Right: The Emiss

T in the signal region. The error bars represent statistical uncertainty, and
the shaded bands represent systematic uncertainty. The histogram stack correspond to the sum
of all background predictions, the dots are the data, the red line is the prediction for the Z(``)H
(mH = 125 GeV) signal, and the dashed green line is the prediction for the DM signal for the
simplified model with vector mediator with (mc, MV) = (150, 500) GeV. The DM signal yield
is multiplied by a factor three.

Figure 2: The 95% CL observed limits on signal strength sobs/sth in both vector (left) and axial-
vector (right) coupling scenario, for coupling gq = 0.25. The expected exclusion curves for
unity signal strength are shown as a reference.

9.2 Limit on invisible Higgs boson decays 9

Figure 1: Left: Distribution of the Emiss
T after the full selection except that 50 GeV < Emiss

T < 100
GeV. Right: The Emiss

T in the signal region. The error bars represent statistical uncertainty, and
the shaded bands represent systematic uncertainty. The histogram stack correspond to the sum
of all background predictions, the dots are the data, the red line is the prediction for the Z(``)H
(mH = 125 GeV) signal, and the dashed green line is the prediction for the DM signal for the
simplified model with vector mediator with (mc, MV) = (150, 500) GeV. The DM signal yield
is multiplied by a factor three.

Figure 2: The 95% CL observed limits on signal strength sobs/sth in both vector (left) and axial-
vector (right) coupling scenario, for coupling gq = 0.25. The expected exclusion curves for
unity signal strength are shown as a reference.
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ET
miss + photon

Selection:
• High-pT central photon (ATLAS: 150 GeV, loose cut on z0, CMS: 175 GeV, no end-cap)
• Large ETmiss (ATLAS: 150 GeV, CMS: 170 GeV) separated from the jets and the g
• Lepton veto (+ veto on more than 1 jet in ATLAS)
BG estimation:
• Z/W+g from leptonic CRs (ATLAS) or from NLO-corrected MC (CMS)
• Fake photons from data-driven methods
• Non-collision BG negligible (ATLAS) 

or estimated with data (CMS)
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Comparison to direct detection

But one must remember the assumption of the model considered.
It’s not a competition with direct detection: we are complementary!

The LHC is able to probe 
the low masses

The LHC is particularly
relevant in SD
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ET
miss + b quark(s)

If the production of DM goes through a scalar interaction, 
one could enhance the coupling to heavy quarks

Selection:
Large ETmiss separated from the jets, b-jet(s) (ATLAS: 2, CMS: 1 or 2), lepton veto
ATLAS: angular separation of the jets, momentum imbalance of the two b-jets
BG estimation: 
Through leptonic CRs
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ET
miss + top quarks in ATLAS

Hadronic: 
ETmiss , ETmiss signif., ≥ 2 b-jets, 2 high-mass large-R jets, 
mT(b,ETmiss), lepton (incl. tau) veto

Semi-leptonic (e or µ): 
ETmiss , HTmiss signif., ≥ 1 b-jet, mT , amT2 , tau veto 

Di-leptonic (e or µ): 
ETmiss , Z(ll) veto, ≥ 1 b-jet, Df(ETmiss,ll), 
mT2(ll)

BG estimation using dedicated CRs

Dedicated signal regions in top squark searches

Hadronic

Hadronic

Semi-lep.

Semi-lep.

Di-lep.

Di-lep.
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ET
miss + top quarks in CMS

Hadronic: 
ETmiss , ≥ 1 or 2 b-jet, MVA resolved-hadronic-top 
tagger: categorize by number of top tags

Semi-leptonic (e or µ): 
ETmiss , ≥ 1 b-jet, mT, mT2W

Di-leptonic (e or µ): 
ETmiss, Z(ll) veto, ≥ 1 b-jet, Df(ETmiss,ll)

Semi-lep. Di-lep.
Hadronic

Combination of the three 
channels

Fit to the ETmiss distributions 
to extract the signal
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Summary: scalar mediator

ETmiss + top quark searches competitive with mono-jet/V at low MMed
Future combination possible
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ET
miss + boosted top quark

Can also probe more exotic models producing 
one top in the final state, e.g. this FCNC process:

Selection:
ETmiss > 250 GeV
High-pT (>250 GeV) large jet (CA15) tagged as a top (mJ, t32, subjet b-tag) 
Veto b-jets which are far away from the large jet and leptons (incl. t)

BG estimation from leptonic CRs
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ET
miss + Higgs

Selection (2HDM interpretation):
• pT,g1/mgg> 0.35 (CMS: > 0.5), pT,g12/mgg> 0.25
• 105 < mgg < 160 GeV (CMS: 120 < mgg < 130 GeV)
• ETmiss significance > 7 GeV1/2 (CMS: ETmiss >105 GeV)
• pT,gg > 90 GeV

BG estimation in mass sidebands

h→!!: low BR but clean signal 
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Higgs as a portal
What if the Higgs can decay to DM?

Multiple topologies can be used:

ETmiss + jet VBF + ETmiss ETmiss + Z
• Large ET

miss away from jets
• 2 high-pT forward jets, in opposite 

hemisphere, large mjj. 
• Central jet veto. 

CMS Run-1 + 2015 (arXiv:1610.09218):
If SM prod, BR(hàinv) < 0.24 (expected: 0.23)

ATLAS Run-1 (JHEP 01 (2016) 172):
BR(hàinv) < 0.23 (expected: 0.24)
(including visible decay rate measurements)

h mediator 

Band: h-nucleon coupling
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Searching for the mediators

• Look for a bump in the dijet mass over a smoothly falling
background

• To probe low masses, need some trick to by-pass the huge 
trigger rate wall:

• Use an ISR object on which to trigger (e.g. a photon)
• Do the analysis at trigger level (TLA) :

• Bandwith = rate x size è reduce size

R
es

on
an

ce
!
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Searching for the mediators
ATLAS CMS

Low-mass (ISR) ATLAS-CONF 2016-070 CMS-PAS-EXO-16-030 

Low-mass (TLA) ATLAS-CONF 2016-030
CMS-PAS-EXO-16-032 

High-mass ATLAS-CONF 2016-069 

2015 dataset or ICHEP 2016 dataset
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Summary: axial-vector mediator
:
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Mono-jet / dijet interplay
gq=0.25, gDM=1 gq=0.1, gDM=1.5

The interplay depends on the couplings…
Complementary approaches to probe the DM parameter

space thoroughly
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Summary
• Many new results by CMS and ATLAS this summer

• No significant excess seen
• Complementary to other DM searches

• Quickly evolving field; lively discussions in the LHC DM WG

• New focus in run-2 on simplified models
• Using various complementary searches / combinations to probe the 

parameter space

• Results being prepared with the full dataset
(36-38 fb-1) recorded in 2016 

Stay tuned!
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ET
miss + h(bb) in CMS

CMS:
• Resolved: 2 AK4 b-tagged jets, pT(bb) / ETmiss > 150 / 170 GeV 
• Boosted: 1 AK8 jet with subjets b-tagged, pTj / ETmiss > 200 GeV 
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• The two b-jets from Higgs decay can be resolved or merged into a fat jet, 
depending on the boost : cover both possibilities

• The main BG is top pairs, Z(nn)+jets, W+jets
• Use mass sidebands + leptonic CRs

ET
miss + h(bb) in ATLAS

Resolved Boosted
150 < ET

miss < 500 GeV (split in 3 regions) ET
miss > 500 GeV

≥ 2 jets, ranked by b-tagging, centrality and pT ≥ 1 large-R jet associated with ≥ 2 track jets

The 2 highest ranked reconstruct the Higgs mass Split in different b-tagging categories

Large pT sum of the jets, jh,1 or jh,2 has pT>45 GeV Shape fit of the large-R mass distribution

Df(jets, ET
miss)>20° pT

miss > 30 GeV

pT
miss > 30 GeV and Df(pT

miss, ET
miss)<p/2

Df(ET
miss,hbb)>120°

Df(jh,1, jh,2)<140°

Veto on leptons
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ET
miss + h(bb) in ATLAS
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Resolved top tagger in CMS
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Higgs portal
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ET
miss + VBF in CMS

Selection:
• pT,j1(j2) > 80 (70) GeV, Dh(j1,j2)>3.6, mjj > 1.1 TeV
• ETmiss > 200 GeV and Df(jet,ETmiss) > 2.3

BG estimation through W/Z CRs

CMS-PAS-HIG-16-016 
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CMS dijet searches

High mass With trigger With ISR
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