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Motivation
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• Strong astrophysical evidence indicates that dark 
matter (DM) exists.

• There is no evidence yet for non-gravitational 
interactions between DM and standard model (SM) 
particles.
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• The LHC provides an opportunity to probe these interactions by directly producing 
DM particles.



Why	Higgs	to	Invisible?
• Higgs boson decays to invisible final states predicted by many beyond the SM 

(BSM) theories, where final state particles can be DM candidates.
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• The Higgs boson (125 GeV) 

measurements are compatible 

with the SM expectation.

• However, present uncertainties can 

accommodate BSM properties.

• BSM Higgs decays affect the total 

Higgs boson width.

• The SM branching ratio H(inv.) is 

≈0.12% for H(ZZ(4ν)).

• Invisibly decaying Higgs boson is a 

hint of new physics.

arXiv.: 1606.02266 

BBSM< 0.34 obs. (0.39 exp.) at 95% CL

http://www.arxiv.org/abs/1606.02266


Direct	Searches
• Higgs boson has to recoil against a visible system.

• Missing transverse energy (MET) has to be present in the final state.
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vector boson fusion (qqH)



VBFH(inv.)
• The final state is characterised by: 

2 jets with large ∆ηjj; large mjj; large MET 
well-separated from any jets.

• Expected backgrounds: 
Z(νν)+jets; W(lν)+jets, where l is missed; 
Top quark, diboson, and QCD multijet.
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• Two different approaches used:
• cut-and-count, results directly translated 

into a limit on the visible cross-section in a 
model independent way;

• shape, improves the sensitivity for a SM-like 
H(inv.).
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Control	Regions
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• The V+jets represent the 
largest backgrounds in 
this search (≈95%), and 
are determined through 
a simultaneous 
maximum-likelihood fit 
across 4 CRs and SR. 

2 muons in dimuon control region

MET in signal region
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Muon	CRs
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• Events selected using the same SR pT
miss

trig.

• 2 oppositely charged µ with pT > 10 GeV:

• at least one with pT > 20 GeV that 

passes tighter ID;

• 60 < mµµ < 120 GeV.

• 1 µ with pT > 20 GeV, passing both tight ID 

and ISO requirements.

• mT < 160 GeV for the muon-MET system.
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Electron	CRs
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• Events selected using pT
single-electron

trig with threshold of 27 GeV and 105 GeV, and 
imposing ISO requirements due to trigger inefficiency for Z-pT > 600 GeV.
• 2 oppositely charged e with pT > 10 GeV:

• at least one with pT > 40 GeV that 
passes tighter ID;

• 60 < mee < 120 GeV.

• 1 e with pT > 40 GeV, passing both tight ID 
and ISO requirements.

• mT < 160 GeV for the electron-MET system, 
and pT

miss > 60 GeV to further reduce QCD
multijet contamination. 
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V+jets Background	Estimation
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• Z(νν) and W+jets backgrounds in the SR are measured primarily via leptonic CRs. 

• Connection between SR and CRs performed via transfer factors (TFs) from MC.

• Background estimates in SR derived via V+jets yields in CRs for each mjj bin.

• TFs account for differences in BR and acceptance (i.e. DY->ll vs. Z(νν)).

• TFs corrected for experimental effects via efficiencies/scale-factors measured in 
data.
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Cut-and-Count	Signal	Region
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Upper	Limits	on	B(H(inv.))

12

• The observed and expected 95% confidence level upper limits on B(H(inv.)) 
assuming SM production rate are:
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for BSM Higgs boson 
benchmark.



Combination	of	H(inv.)	Searches

13

• [11] CMS EXO-16-052

• [12] CMS EXO-16-048

• The overlap between the various searches has been removed.

gluon-gluon fusion (gH) vector boson associated production (VH)

https://arxiv.org/abs/1711.00431
https://arxiv.org/abs/1712.02345


Combination	of	H(inv.)	Searches
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• The observed (expected) 95% confidence level upper limits on B(H(inv.)) assuming 
SM production rate is: 0.24 (0.18).

Combined VBF-tag Z(ll)H-tag V(qq')H-tag ggH-tag
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DM	Interpretation
• B(H(inv.)) translated into DM-nucleon spin-independent cross-section limits as a 

function of DM mass (90% CL to compare to direct detection experiments).

• Use Higgs-Portal models [9] assuming scalar/fermion DM candidate.

• LHC limits complementary to direct detection experiments.
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Conclusions
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• Direct search for Higgs boson decays to invisible final states has been carried out in 
the VBF production channel.

• A DM interpretation has been provided, translating B(H(inv.)) into DM-nucleon 
spin-independent cross-section limits as a function of DM mass.

HIG-17-023 Observed (Expected) Upper Limit @ 95% CL on B(H(inv.)) 

Cut-and-count 0.53 (0.27)

Shape 0.28 (0.21)

Combination 0.24 (0.18)

Reference Observed (Expected) Upper Limit @ 95% CL on B(H(inv.)) 

HIG-16-016 VBF-only
(C&C Run1+Run2)

0.44 (0.31)

CMS JHEP 02 (2017) 135
arXiv:1610.09218

0.24 (0.23)

ATLAS JHEP 11 (2015) 206
arXiv:1509.00672

0.25 (0.27)

https://arxiv.org/abs/1610.09218
https://arxiv.org/abs/1509.00672


Backup	Slides
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• The dark matter is supposed to be a thermal relic of the 
early Universe.

• The comparison between direct and indirect detection is 
model dependent. 

• A theoretical guidance is needed (LHC DM forum). 

Dark	Matter

arXiv:1603.04156 



19

The	CMS	Experiment
• All the CMS sub-detectors are vital for MET-searches.

  

Tracker
Pixel + Silicon strip
~50% of Photons convert 

EM Calorimeter
Lead tungstate (PbWO4 ) crystals
61 200 (EB) / 7 324 (EE)

Hadron Calorimeter
Scintillating Brass 
Exploit jets from VBF 
production



Signal	Kinematics

20

 [GeV]jjm
0 500 1000 1500 2000 2500 3000 3500 4000

a.
u.

0

0.1

0.2

0.3

0.4

0.5

VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

CMSPreliminary

 (13 TeV)-135 fb

 leading jetsφ Δ
0 0.5 1 1.5 2 2.5 3

a.
u.

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18 VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

CMSPreliminary

 (13 TeV)-135 fb

)
2

,j
1

(jηΔ
0 1 2 3 4 5 6 7 8 9 10

a.
u.

0

0.05

0.1

0.15

0.2

0.25

0.3 VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

CMSPreliminary

 (13 TeV)-135 fb

 [GeV]
T

Jet 2 p
50 100 150 200 250 300 350 400 450 500

a.
u.

0

0.1

0.2

0.3

0.4

0.5 VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

CMSPreliminary

 (13 TeV)-135 fb

PF MET [GeV]
200 400 600 800 1000 1200

a.
u.

6-10

5-10

4-10

3-10

2-10

1-10

1

10 VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

VBF H(inv)
ggF H(inv)
W+jets [EWK]
Z+jets [EWK]
W+jets [QCD]
Z+jets [QCD]

CMSPreliminary

 (13 TeV)-135 fb



Simulation	and	Object	Corrections
• qqH and ggH signals: Powheg2.0 at NLO in QCD, normalised to the σH

inclusive from 
YR4 [arXiv:1610.07922].

• Following POG recommendations, e.g. lepton ID and reco efficiencies, hadronic-tau 
ID, b-tagging efficiencies, jet energy corrections…
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• Z/γ*(ll)+jets
• Z(νν)+jets
• W(lν)+jets
• EWK V+jets
• QCD multijet

LO using 
MadGraph5_aMC@NLO

• ttbar
• single top quark
• WW

NLO QCD using Powheg

LO with Pythia8.205
• WZ
• ZZ

http://www.arxiv.org/abs/1610.07922


NLO Corrections
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• (LO QCD, EWK)-Z+jets and (QCD, EWK)-W+jets are corrected with NLO-QCD k-
factors as a function of boson pT and mjj.

• QCD k-factors derived in VBF phase space.

• The QCD-Z+jets and QCD-W+jets are also corrected with pT-dependent NLO EWK
corrections (from theoretical calculation).

 [GeV]
T

boson p
200 400 600 800 1000

k-
fa

ct
or

0.5

1

1.5

2

2.5
 < 500jj200 < M

 < 1000jj500 < M

 < 1500jj1000 < M

 < 5000jj1500 < M

CMS Simulation W+jets

• Large NLO-QCD corrections for 
QCD-V+jets as shown in the plot.

• Important impact on the analysis:

• e.g. change the Z/W ratio.

• Smaller NLO-QCD corrections for 
EWK-V+jets (as expected), ranging 
between 3-10%



Trigger	Selection
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• At L1, pT
miss-based triggers ([60,90] GeV) are used to select signal region (SR) events.

• At HLT, triggers with thresholds of 110 or 120 GeV are used, applied to pT
miss

trig and 
HT

miss
trig without including muons (same triggers for muon control regions (CR)).

• Since the L1 decision is blind to hadronic activity in HF, leading OR trailing jet with 
|η| < 3. 

• Trigger efficiency parametrised vs offline HT
miss, stable as a function of jets 

kinematics (B = jet |η| < 3, F = jet |η| > 3 i.e. HF).



V+jets Background	Estimation
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• Z/W constraint used to improve the precision on Z(νν) estimate, exploiting the 
larger statistical power of the single-lepton CRs.

• Z/W ratio between CRs: important to cross-check the effect of higher order 
corrections and if data-to-MC differences are covered by the uncertainties.

• Z/W ratio affected mainly by theoretical systematics.
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• Gray bands include both the pre-fit systematic uncertainties and the statistical 
uncertainty in the simulation. 



QCDEstimation
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• A QCD multijet enriched CR with inverted ∆φ and pT
miss SR selections is used to 

estimate this background from data.

• The contamination from V+jets backgrounds in the low-∆φ region is estimated 
from simulation and subtracted (20% unc.) from the event yield measured.

• The QCD multijet MC statistical uncertainty varies between 40-100% as a function 
of mjj.



Systematic	Uncertainties
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• Systematic uncertainties are modelled as constrained nuisance parameters.

• Z(νν)+jets and W(lν)+jets backgrounds uncertainties enter in the likelihood as 
variations of the TFs.

• Systematic uncertainties on minor backgrounds detailed in backup.

• Before the fit, the total uncertainty in the background estimation in SR is [4.5,6]% 
as a function of mjj.



Additional	Uncertainties
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Source Uncertainty
QCD multijet 30% + conservative 50% from ∆φ method validation

Diboson normalisation 15%

Top quark normalisation 10%

Modelling of the Top quark p
T

distribution in simulation 10%

b-jet veto for Top quark 3%

b-jet veto for other simulated processes ≈1%

JES 8-15%

Integrated luminosity 2.5%



Event	Selection
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• Both for cut-and-count and shape, 
selection and binning optimised wrt
best exclusion limit on B(H(inv.)).

• Optimisation studies performed on ∆ηjj, 
∆φjj, and mjj.

• Among the various variables, mjj most 
sensitive.
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Control	Regions
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• The V+jets represent the largest backgrounds in this search (≈95%).

• The V+jets backgrounds are determined through a simultaneous maximum-
likelihood fit across 4 CRs and SR. 

• pT
miss calculated excluding the pT of the identified leptons (proxy for SR).

• Specific lepton(s) selections used to construct the CR.

• SR selection applied.

• Hadronic-τ, γ, and additional muon or electron rejected.
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Muon	CRs
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• Events selected using the same SR pT
miss

trig.

• 2 oppositely charged µ with pT > 10 GeV:

• at least one with pT > 20 GeV that 

passes tighter ID;

• 60 < mµµ < 120 GeV.

• 1 µ with pT > 20 GeV, passing both tight ID 

and ISO requirements.

• mT < 160 GeV for the muon-MET system.

Shape pre-fit Cut-and-count pre-fit
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• Events selected using pT
single-electron

trig with threshold of 27 GeV and 105 GeV, and 
imposing ISO requirements due to trigger inefficiency for Z-pT > 600 GeV.
• 2 oppositely charged e with pT > 10 GeV:

• at least one with pT > 40 GeV that 
passes tighter ID;

• 60 < mee < 120 GeV.

• 1 e with pT > 40 GeV, passing both tight ID 
and ISO requirements.

• mT < 160 GeV for the electron-MET system, 
and pT

miss > 60 GeV to further reduce QCD
multijet contamination. 

Shape pre-fit Cut-and-count pre-fit



Shape	Signal	Region
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• Data in SR are excluded (left) and included (right) in the fit assuming the absence 

of any signal.
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• Data in SR are excluded in the fit assuming 
the absence of any signal.

• Both can be used in the simplified likelihood
approach to reinterpret the analysis results 
in different models.  

https://cds.cern.ch/record/2242860


Upper	Limits	on	B(H(inv.))
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• The observed and expected 95% confidence level upper limits on B(H(inv.)) 
assuming SM production rate are:
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• Upper limits vs. mH
for SM-like Higgs 
boson benchmark.



Combination	of	H(inv.)	Searches
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• The observed (expected) 95% confidence level upper limits on B(H(inv.)) assuming 
SM production rate is: 0.24 (0.18).
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• The 95% confidence level upper limit on B(H(inv.)) is expressed as for different 
assumptions on production (non-SM).  

• It shows the result parametrising production cross-sections in terms of coupling 
strength modifiers, κF and κV, which scale the coupling of the Higgs boson to SM 
fermions and vector bosons.
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(arXiv.: 1606.02266)

• The 95% confidence level upper 
limit on B(H(inv.)) varies 
between 17-29% within LHC
couplings constraints.

Combination	of	H(inv.)	Searches
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Trigger	Efficiency
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• We measure the trigger efficiency in W(µν) MC using no reference trigger (i.e. all 
events that pass the offline criteria) vs. using single-muon reference trigger. 

• No bias due to the choice of the reference trigger observed.
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Trigger	Efficiency
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• Simulated efficiencies not used as the emulation of L1 ETM trigger is not very 
accurate.

• Good agreement above 250 GeV of threshold.
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Trigger	Efficiency
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• Inefficiency in the FB category at ∆ηjj and mjj is the reflection of the inefficiency 
seen in the low HT

miss turn-on curves. 

• HT
miss observable was chosen as reweighing observable since it was proven to be 

stable against different inefficiencies based on jet kinematics.
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• To show the sensitivity of the efficiency on PU conditions, we derive the efficiency 
in a couple of coarse bins based on the number of reconstructed vertices.
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VBF Signal	Events
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• Small azimuthal separation |∆φjj| comes from a combination between the JP

properties of the Higgs boson and the high pT regime explored by this search.
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Signal	Efficiency	vs.	mH
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Lepton	η distribution	discrepancies	in	CRs

• Disagreement coming from the addition of forward jets (large uncertainties). 

• Cross-check: relaxing selection to a mono-jet phase space (single jet in central 
region), the disagreement is recovered in single-lepton CRs.
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Data-MC	Disagreement	in	Trailing	Jet	pT

• Comparing shapes between LO V+jets, V+jets + weights (used in the analysis), and 

NLO V+jets for both Z+jets and W+jets productions, a discrepancy compared to NLO

MC is expected, even though we correct the boson pT and Mjj to match higher order 

predictions.

• The trend is very similar to the one observed in data.
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C&C and	PU	Jet	ID

https://indico.cern.ch/event/559594/contributions/2257924/attachments/1317046/1973307/PUID_JMAR_2016_07_26_v1.pdf
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∆φjj ≈	3	Region	in	SR
• Shapes of the most relevant kinematic observables compared dividing SR data in 3 

exclusive samples: ∆φjj [0,0.2], ∆φjj [0.2,0.5], and ∆φjj [0.5,0.8].

Ø No spikes has been observed in the ∆φjj [0.2,0.5].

• Jet kinematics becomes softer while lowering ∆φjj requirement. 

Ø Cross-check: single-muon data events as well as Z(νν) MC confirmed that jets 
and HT get softer for events with a small ∆φjj.

• Results summarised in the following set of slides [VBF_data_to_data].
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https://twiki.cern.ch/twiki/pub/CMS/HIG17023/VBF_data_to_data.pdf
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Pre-Fit	vs.	Post-Fit	TFs Comparison
• Pre-fit TFs compared with post-fit TFs, coming from either the CR-only fit or the 

CRs+SR b-only fit. 

Ø All the observed trends can be explained in terms of the shift observed in the 
nuisance parameters (details in ANs).

• Studies summarised in the following set of slides [transfer_factor_comparison].

https://twiki.cern.ch/twiki/pub/CMS/HIG17023/Transfer_factor.pdf
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V+jets Background	Estimation
• The fractions of events for W+jets events with one lepton below the pT threshold 

are found to be flat across mjj, therefore normalization accounting would be 
applicable.
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C&CUncertainty	Impact	– S+B Fit
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Pull  Impactσ+1  Impactσ-1
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C&C Likelihood	Scan

r
0.2− 0.1− 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

 ln
 L

Δ
- 2

 

0

1

2

3

4

5

6

7

8

 0.122−
 0.126+r = 0.313 
 0.135−
 0.121+r = 0.000 
 0.153−
 0.139+r = 0.000 

CMS
Internal

Observed
preFit
postFit



60

C&CNuisance	Pulls
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CMS_VBFHinv_SR_wtau_qcd_norm
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CMS_VBFHinv_WECR_top_norm
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CMS_VBFHinv_top_xsunc
CMS_VBFHinv_trigweight
CMS_VBFHinv_vv_xsunc

CMS_VBFHinv_zee_ewk_norm
CMS_VBFHinv_zee_qcd_norm
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Comparison	between	CR-only	and	CRs+SRBackgrounds	from	B-only	Fit	and	S+BFit	
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Comparison	between	CR-only	and	CRs+SRBackgrounds	from	B-only	Fit	and	S+BFit	
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Goodness	Of	Fit
• Running first on data on CRs and SR: 

Ø Best fit test statistic: 4.86766 (red line). 

• Running then on 500 toy MC datasets to determine the distribution of the 
goodness of fit indicator:
Ø mean expected limit: r < 3.37701 +/- 0.113894 @ 95%CL (500 toyMC) median 

expected limit: r < 2.69243 @ 95%CL (500 toyMC)
68% expected band : 1.12946 < r < 5.87749
95% expected band : 0.367177 < r < 10.4835 

htemp__1
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• The limit is computed using the modified frequentist approach CLs (confidence 
level) [2,3] based on asymptotic formulas [4,5], exploiting a simultaneous 
maximum likelihood fit to the signal region as well as the control regions, in which 
the systematic uncertainties are incorporated as nuisance parameters.

• Perform a single bin counting experiment assuming B(H → inv.) = 100%.

• CLS statistic is used, which is the number of times more likely the signal 
hypothesis is than the background hypothesis.

• Excluding signal models which are less than 5% likely to give data means to 
exclude everything with CLS+B < 5%.

CLSmethod
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Feynman	diagrams	for	the	combination	of	H(inv.)	searches


