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1 Introduction

Invisible decays of the Higgs boson are predicted in several proposed extensions of the Stan-
dard Model (SM). For example, the Higgs boson can decay to neutralinos in supersymmetric
models [1] , or graviscalars in models with extra dimensions [2, 3] . In general, interactions
of the Higgs boson with the unknown dark matter (DM) sector may introduce invisible decay
modes, and bounds on these decays can constrain DM models [4–6].

In this note we describe the combination of the results of the CMS analyses searching for an
invisibly decaying Higgs boson using the data from Run 1 of the LHC [7–9]. To identify an
invisibly decaying Higgs boson it must be produced in association with other particles. The
searches used cover the three associated production modes of the Higgs boson with the high-
est standard model (SM) cross sections. All of the searches use events with a large missing
transverse momentum, defined as the negative vector sum of the reconstructed momenta of
particles in the transverse plane, in association with one or more high energy, reconstructed
objects.

The analysis with the best sensitivity targets the vector boson fusion (VBF) mode, where the
Higgs boson is produced in association with two quarks, as shown in Fig. 1 (left). This analysis
benefits from a large SM cross section, but also suffers from large backgrounds due to its two
jets plus missing transverse energy (Emiss

T ) final state.

There is also an analysis targeting the gluon fusion (ggH) production mode, as shown in Fig. 1
(center). This production mode has the highest SM cross section, however it normally results
in the Higgs boson being created alone, and thus leaving no characteristic signature in the
detector if it decays invisibly. Therefore, the only way to detect this production mode is to look
for events with initial state radiation and Emiss

T . These “monojet” events provide an identifiable
topology and their SM cross section is still approximately 10 times that of VBF, however, the
signal acceptance after selection to remove background is small.

Finally there are several analyses with categories targeting the vector boson, V, (W or Z) associ-
ated production mode, VH, as shown in Fig. 1 (right). This production mode has a smaller SM
cross section, but the presence of the V-boson provides a variety of identifiable final states with
relatively low backgrounds. We consider the case where the V decays hadronically, referred
to as V(had)H-tagged, and ZH production where the Z boson decays to electrons and muons,
referred to as Z(``)H(inv), or bb, referred to as Z(bb)H(inv).

Figure 1: Example Feynman diagrams for Higgs production in the VBF (left), ggH (center) and
VH (right) channels. The Higgs boson is assumed to decay invisibly.
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Fig. 1 The Feynman diagrams for Higgs production in the VBF (left), Z(ℓℓ)H (center) and Z(bb)H (right) channels. The Higgs boson is assumed
to decay invisibly

tion with two quarks, as shown in Fig. 1 (left). Although
the VBF signal benefits from a relatively large SM cross
section, the final state of two jets plus missing transverse
energy (Emiss

T ) suffers from large backgrounds. However,
the backgrounds can be controlled by utilizing the distinct
topology of the VBF process, in which the two jets are
produced in a forward/backward configuration, with large
invariant mass, and are well separated in rapidity. In addi-
tion, hadronic activity in the rapidity gap between the two
scattered quarks is reduced, due to the absence of color flow
in the VBF process. The ZH signal, shown in Fig. 1 (center)
and (right), provides a complementary search to the VBF
analysis. Despite a lower SM production cross section, the
final state of a Z boson with large Emiss

T provides a clear
topology with much lower backgrounds. We maximize the
sensitivity of the search by including decays of the Z boson to
leptons and bb quark pairs, which we refer to as Z(ℓℓ)H(inv),
and Z(bb)H(inv), respectively, where ℓ represents either an
electron or a muon. The Higgs boson production modes
we consider here rely only on the Higgs boson coupling to
the electroweak vector bosons. New physics that introduces
invisible decays of the Higgs boson may also modify these
couplings.

In the following sections of this article, we present a brief
overview of the Compact Muon Solenoid (CMS) experimen-
tal apparatus, physics object reconstruction and datasets in
Sects. 2 to 4, followed by a description of the event selec-
tion and background estimation for each of the three search
channels in Sects. 5 to 7. We then present the results of the
searches, and their combination, as upper limits on the pro-
duction cross section times invisible branching fraction in
Sect. 8. In Sect. 9 we interpret these cross section upper limits
in terms of a Higgs-portal model of dark matter interactions,
and we summarize our conclusions in Sect. 10.

2 The CMS apparatus

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic

field of 3.8 T. Within the volume of the superconducting
solenoid are a silicon pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter (ECAL), and a brass-
scintillator hadron calorimeter, each composed by the barrel
and endcap detectors. Muons are measured with detection
planes made using three technologies: drift tubes, cathode
strip chambers, and resistive-plate chambers, embedded in
the steel flux-return yoke outside the solenoid. Extensive for-
ward calorimetry complements the coverage provided by the
barrel and endcap detectors. Data are selected online using a
two-level trigger system. The first level, consisting of custom
made hardware processors, selects events in less than 1µs,
while the high-level trigger processor farm further decreases
the event rate from around 100 kHz to a few hundred Hz
before data storage. The CMS experiment uses a right-
handed coordinate system, with the origin at the nominal
interaction point, the x axis pointing to the center of the LHC,
the y axis pointing up (perpendicular to the LHC plane), and
the z axis along the counterclockwise-beam direction. The
polar angle θ is measured from the positive z axis and the
azimuthal angle φ is measured in the x–y plane. The pseu-
dorapidity, η, is defined as − ln[tan(θ/2)]. A more detailed
description of the CMS apparatus can be found in Ref. [23].

3 Data samples and Monte Carlo simulation

The analyses presented here all use the 8 TeV data sample col-
lected by the CMS Collaboration during 2012, corresponding
to an integrated luminosity of 19.5 fb−1 in the VBF channel,
19.7 fb−1 in the Z(ℓℓ)H(inv) channel, and 18.9 fb−1 in the
Z(bb)H(inv) channel. The Z(ℓℓ)H(inv) channel also uses
the 7 TeV dataset collected during 2011, corresponding to
4.9 fb−1. The uncertainty assigned to the luminosity mea-
surement is 2.6 % (2.2 %) at

√
s = 8 (7) TeV [24]. Back-

grounds arising from sources other than pp collisions are
suppressed using a set of filters that remove events due
to anomalous calorimeter signals, beam halo identified in
the muon endcaps, inoperable calorimeter cells, and track-
ing failure. We further require a well reconstructed vertex
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particles in the transverse plane, in association with one or more high energy, reconstructed
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The analysis with the best sensitivity targets the vector boson fusion (VBF) mode, where the
Higgs boson is produced in association with two quarks, as shown in Fig. 1 (left). This analysis
benefits from a large SM cross section, but also suffers from large backgrounds due to its two
jets plus missing transverse energy (Emiss

T ) final state.

There is also an analysis targeting the gluon fusion (ggH) production mode, as shown in Fig. 1
(center). This production mode has the highest SM cross section, however it normally results
in the Higgs boson being created alone, and thus leaving no characteristic signature in the
detector if it decays invisibly. Therefore, the only way to detect this production mode is to look
for events with initial state radiation and Emiss

T . These “monojet” events provide an identifiable
topology and their SM cross section is still approximately 10 times that of VBF, however, the
signal acceptance after selection to remove background is small.

Finally there are several analyses with categories targeting the vector boson, V, (W or Z) associ-
ated production mode, VH, as shown in Fig. 1 (right). This production mode has a smaller SM
cross section, but the presence of the V-boson provides a variety of identifiable final states with
relatively low backgrounds. We consider the case where the V decays hadronically, referred
to as V(had)H-tagged, and ZH production where the Z boson decays to electrons and muons,
referred to as Z(``)H(inv), or bb, referred to as Z(bb)H(inv).

Figure 1: Example Feynman diagrams for Higgs production in the VBF (left), ggH (center) and
VH (right) channels. The Higgs boson is assumed to decay invisibly.
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Fig. 1 The Feynman diagrams for Higgs production in the VBF (left), Z(ℓℓ)H (center) and Z(bb)H (right) channels. The Higgs boson is assumed
to decay invisibly

tion with two quarks, as shown in Fig. 1 (left). Although
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section, the final state of two jets plus missing transverse
energy (Emiss

T ) suffers from large backgrounds. However,
the backgrounds can be controlled by utilizing the distinct
topology of the VBF process, in which the two jets are
produced in a forward/backward configuration, with large
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tion, hadronic activity in the rapidity gap between the two
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in the VBF process. The ZH signal, shown in Fig. 1 (center)
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analysis. Despite a lower SM production cross section, the
final state of a Z boson with large Emiss

T provides a clear
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overview of the Compact Muon Solenoid (CMS) experimen-
tal apparatus, physics object reconstruction and datasets in
Sects. 2 to 4, followed by a description of the event selec-
tion and background estimation for each of the three search
channels in Sects. 5 to 7. We then present the results of the
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duction cross section times invisible branching fraction in
Sect. 8. In Sect. 9 we interpret these cross section upper limits
in terms of a Higgs-portal model of dark matter interactions,
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planes made using three technologies: drift tubes, cathode
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polar angle θ is measured from the positive z axis and the
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the 7 TeV dataset collected during 2011, corresponding to
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surement is 2.6 % (2.2 %) at
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T ) final state.
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in the Higgs boson being created alone, and thus leaving no characteristic signature in the
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T . These “monojet” events provide an identifiable
topology and their SM cross section is still approximately 10 times that of VBF, however, the
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ggH	  (mono-‐jet)	  -‐mode	  :	  
	  	  	  	  	  -‐	  CMS	  :	  Powheg	  (pT-‐rewighted	  to	  NLO)	  
	  	  	  	  	  -‐	  ATLAS	  :	  Powheg-‐Box	  (NLO,	  pT-‐reweighted	  to	  NNLO+NNLL)	  

Backgrounds	  :	  
W/Z	  +	  jets	  :	  Sherpa	  (ATLAS)	  /	  MarGraph	  (CMS)	  
top	  :	  Powheg-‐Box	  (ATLAS)	  /	  MadGraph	  (CMS)	  

Use	  data-‐driven	  approach	  	  
as	  much	  as	  possible.	  
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Vector	  Boson	  Fusion	  mode	  

Unique	  topology	  :	  	  MET	  +	  VBF-‐jets	  

§  Large	  Missing	  ET	  (MET)	  
§  Two	  jets	  in	  opposite	  direcAon	  with	  	  
	  	  	  	  	  	  	  	  	  	  	  -‐	  large	  separaAon	  in	  eta	  
	  	  	  	  	  	  	  	  	  	  	  -‐	  large	  di-‐jet	  mass.	  

§  CMS	  :	  VBF-‐trigger	  
	  	  	  	  -‐	  MET	  >	  65	  GeV	  +	  2	  jets	  (>	  40	  GeV)	  
	  	  	  	  -‐	  Δη	  >	  3.5	  +	  Mjj	  >	  800	  GeV	  
	  
	  
§  ATLAS	  :	  MET	  trigger	  >	  80	  GeV	  
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Fig. 2 Distributions of Mjj,
!ηjj (top left), !φjj (top right),
and central jet pT (bottom right)
in background and signal MC
simulation. The distributions are
shown after requiring two jets
with pT

j1, pT
j2 > 50 GeV,

|η| < 4.7, ηj1, ηj2 < 0,
Mjj > 150 GeV, and
Emiss

T > 130 GeV. The arrows
correspond to the thresholds
applied for the final selection,
after optimization
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100 % and produced via the VBF process with SM couplings,
is reconstructed with an efficiency of (6.8 ± 0.3) × 10−3,
corresponding to a yield of 210 ± 29(syst) events. The
requirements on the VBF tag jet pT and topology, Mjj, and
Emiss

T are all correlated and affect the signal efficiency by
comparable amounts. A small signal yield from the gluon-
fusion process is also expected, where the VBF require-
ments may be satisfied by initial-state radiation. Based on
powheg simulation, we estimate this to be 14 ± 10(syst)
events.

5.3 Background estimation

The Z(νν)+jets background is estimated from data using
observable Z(µµ) decays. We define a Z control region as
for the signal region, with the following changes to the event
selection: the lepton veto is replaced with a requirement of
an oppositely charged pair of well reconstructed and iso-
lated muons each with pT > 20 GeV, and invariant mass
60 < Mµµ < 120 GeV, a veto is applied on any additional
leptons with pT > 10 GeV, and the Emiss

T is recomputed
after removing the muons from the Z boson decay. The num-
ber of Z(νν) events in the signal region is then predicted
using:

N s
νν = (N c

µµobs − N c
bkg) · σ (Z → νν)

σ (Z/γ ∗ → µµ)
· εs

ZMC

εc
ZMC

. (1)

The ratio of cross sections, σ (Z → νν)/σ (Z/γ ∗ →
µµ) = 5.651 ± 0.023(syst) is calculated with mcfm [57]
for mZ/γ ∗ > 50 GeV, the mass range of the MC sam-
ple. The selection efficiencies in the signal region, εs

ZMC =
(1.65 ± 0.27(syst)) × 10−6, and the control region, εc

ZMC =
(1.11 ± 0.17(syst)) × 10−6, are estimated from DY(ℓℓ)+jets
simulation, ignoring the muons when computing the effi-
ciency in the signal region. The observed yield in the control
region is N c

µµobs = 12 events. The background in the con-
trol region—estimated from tt, diboson and single-top MC
samples—is N c

bkg = 0.23 ± 0.15(syst) events. The result-
ing estimate of the Z(νν) background in the signal region
is 99 ± 29(stat) ± 25(syst) events. The source of systematic
uncertainty in the background estimates will be described in
Sect. 5.4. Figure 3 shows the Emiss

T and dijet invariant mass,
Mjj, distributions with a relaxed set of criteria for the Z con-
trol region, with Mjj > 1,000 GeV and no requirements on
!ηjj, !φjj, or CJV. In this figure, the simulated background is
normalized to the data. It should be noted that our estimates
of the dominant V+jets background are insensitive to the
overall normalization of the simulation, which cancels in the
ratio.
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Analysis	  strategy	  :	  
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	  	  	  	  -‐	  relaAvely	  lower	  for	  VBF,	  
	  	  	  	  -‐	  but	  also	  save	  ggH	  mode.	  
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Figure 1: Example Feynman diagrams for the VBF H(! invisible) signal and the vector-boson backgrounds.

shower and hadronization, and Jimmy [66] to model the underlying event, whereas the WW, WZ, and ZZ
(! ``qq, ⌫⌫qq) processes are generated together with EW W+jets and Z+jets samples. Diboson WW, WZ
and ZZ (! ``qq, ⌫⌫qq) samples generated using Sherpa-1.4.5 with CT10 PDFs and normalized to NLO
in QCD [67] are used as a cross-check. Multijet and �+jet samples are generated using Pythia-8.165 with
CT10 PDFs.

4 Event selection

The data used in this analysis were recorded with an Emiss
T trigger during periods when all ATLAS sub-

detectors were operating under nominal conditions. The trigger consists of three levels of selections. The
first two levels, L1 and L2, use as inputs coarse-spatial-granularity analog (L1) and digital (L2) sums
of the measured energy. In the final level, calibrated clusters of cell energies in the calorimeter [68] are
used. At each level, an increasingly stringent threshold is applied culminating in the requirement that
Emiss

T be at least 80 GeV. Because of further corrections made in the o✏ine reconstructed Emiss
T and the

resolutions of the L1 and L2 calculations, this trigger is not fully e�cient until the o✏ine Emiss
T is greater

than 150 GeV.

Jets are reconstructed from calibrated energy clusters[69, 70] using the anti-kt algorithm [71] with radius
parameter R = 0.4. Jets are corrected for pileup using the event-by-event jet-area subtraction method [72,
73] and calibrated to particle level by a multiplicative jet energy scale factor [69, 70]. The selected jets are
required to have pT > 20 GeV and |⌘| < 4.5. To discriminate against jets originating from minimum-bias
interactions, selection criteria are applied to ensure that at least 50% of the jet’s summed scalar track pT,
for jets within |⌘| < 2.5, is associated with tracks originating from the primary vertex, which is taken to
be the vertex with the highest summed p2

T of associated tracks. Information about the tracks and clusters
in the event is used to construct multivariate discriminators to veto events with b-jets and hadronic ⌧-jets.
The requirements on these discriminators identify b-jets with 80% e�ciency (estimated using tt̄ events)
[74–76], one-track jets from hadronic ⌧ decays with 60% e�ciency (measured with Z ! ⌧⌧ events), and
multiple-track jets from hadronic ⌧ decays with 55% e�ciency [77].

Electron candidates are reconstructed from clusters of energy deposits in the electromagnetic calorimeter
matched to tracks in the inner detector [78]. Muon candidates are reconstructed by requiring a match
between a track in the inner detector and a track in the muon spectrometer [79].

The selection defines three orthogonal signal regions (SR), SR1, SR2a and SR2b. They are distinguished
primarily by the selection requirements on the invariant mass m j j of the two highest-pT jets and their
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Event	  selecAon	  
CMS	  :	  
§  MET	  >	  90	  GeV	  
§  Δη	  >	  3.6,	  Mjj	  >	  1200	  GeV,	  
§  Δφ(MET,jet)	  >	  2.3,	  METSig(*)	  >	  4	  Table 8: Estimates of the expected yields and their total uncertainties for SR1 and SR2 in 20.3 fb�1 of 2012 data.

The Z(! ⌫⌫)+jets, W(! `⌫)+jets, and multijet background estimates are data-driven. The other backgrounds
and the ggF and VBF signals are determined from MC simulation. The expected signal yields are shown for
mH = 125 GeV and are normalized to BF(H ! invisible) = 100%. The W+jets and Z+jets statistical uncertainties
result from the number of MC events in each signal and corresponding control region, and from the number of data
events in the control region.

Signal region SR1 SR2a SR2b
Process
ggF signal 20±15 58± 22 19± 8
VBF signal 286±57 182± 19 105±15
Z(! ⌫⌫)+jets 339±37 1580± 90 335±23
W(! `⌫)+jets 235±42 1010± 50 225±16
Multijet 2± 2 20± 20 4± 4
Other backgrounds 1±0.4 64± 9 19± 6
Total background 577±62 2680±130 583±34
Data 539 2654 636

Table 9: Summary of limits on BF(H ! invisible) for 20.3 fb�1 of 8 TeV data in the individual search regions and
their combination, assuming the SM cross section for mH = 125 GeV.

Results Expected +1� �1� +2� �2� Observed
SR1 0.35 0.49 0.25 0.67 0.19 0.30
SR2 0.60 0.85 0.43 1.18 0.32 0.83
Combined Results 0.31 0.44 0.23 0.60 0.17 0.28

where the acceptance A is the fraction of events within the fiducal phase space defined at the MC truth
level using the SR1 selections in Section 4, N the accepted number of events, L the integrated luminosity
and ✏ the selection e�ciency defined as the ratio of selected events to those in the fiducial phase space.
Only the systematic uncertainties on the backgrounds and the integrated luminosity are taken into account
in the upper limit on �fid, shown in Table 10. In SR1, the acceptance and the event selection e�ciency,

Table 10: Model-independent 95% CL upper limit on the fiducial cross section for non-SM processes �fid in SR1.

SR1 Expected +1� �1� +2� �2� Observed
Fiducial cross section [fb] 4.78 6.32 3.51 8.43 2.53 3.93

estimated from simulated VBF H ! ZZ ! 4⌫ events, are (0.89 ± 0.04)% and (94 ± 15)% respectively.
The uncertainties have been divided such that the theory uncertainties are assigned to the acceptance and
the experiment uncertainties are assigned to the e�ciency.

17

ATLAS	  :	  
§  MET	  >	  150	  GeV	  
§  Δη	  >	  4.8,	  Mjj	  >	  1000	  GeV,	  
§  Δφ(MET,jet)	  >	  1.6	  for	  j1,	  otherwise	  >1	  
§  Δφ(j,j)	  <	  2.5,	  3rd	  Jet	  Veto	  (pT	  >	  30	  GeV)	  

enhance	  VBF	  mode	   These	  categories	  are	  
	  less	  sensiAve.	  

(*)	  MET	  significance	  is	  defined	  as	  
  

MET

Σ ET
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§  Δφ(MET,jet)	  >	  2.3,	  METSig(*)	  >	  4	  Table 8: Estimates of the expected yields and their total uncertainties for SR1 and SR2 in 20.3 fb�1 of 2012 data.

The Z(! ⌫⌫)+jets, W(! `⌫)+jets, and multijet background estimates are data-driven. The other backgrounds
and the ggF and VBF signals are determined from MC simulation. The expected signal yields are shown for
mH = 125 GeV and are normalized to BF(H ! invisible) = 100%. The W+jets and Z+jets statistical uncertainties
result from the number of MC events in each signal and corresponding control region, and from the number of data
events in the control region.
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Z(! ⌫⌫)+jets 339±37 1580± 90 335±23
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Table 9: Summary of limits on BF(H ! invisible) for 20.3 fb�1 of 8 TeV data in the individual search regions and
their combination, assuming the SM cross section for mH = 125 GeV.

Results Expected +1� �1� +2� �2� Observed
SR1 0.35 0.49 0.25 0.67 0.19 0.30
SR2 0.60 0.85 0.43 1.18 0.32 0.83
Combined Results 0.31 0.44 0.23 0.60 0.17 0.28

where the acceptance A is the fraction of events within the fiducal phase space defined at the MC truth
level using the SR1 selections in Section 4, N the accepted number of events, L the integrated luminosity
and ✏ the selection e�ciency defined as the ratio of selected events to those in the fiducial phase space.
Only the systematic uncertainties on the backgrounds and the integrated luminosity are taken into account
in the upper limit on �fid, shown in Table 10. In SR1, the acceptance and the event selection e�ciency,

Table 10: Model-independent 95% CL upper limit on the fiducial cross section for non-SM processes �fid in SR1.

SR1 Expected +1� �1� +2� �2� Observed
Fiducial cross section [fb] 4.78 6.32 3.51 8.43 2.53 3.93

estimated from simulated VBF H ! ZZ ! 4⌫ events, are (0.89 ± 0.04)% and (94 ± 15)% respectively.
The uncertainties have been divided such that the theory uncertainties are assigned to the acceptance and
the experiment uncertainties are assigned to the e�ciency.

17

ATLAS	  :	  
§  MET	  >	  150	  GeV	  
§  Δη	  >	  4.8,	  Mjj	  >	  1000	  GeV,	  
§  Δφ(MET,jet)	  >	  1.6	  for	  j1,	  otherwise	  >1	  
§  Δφ(j,j)	  <	  2.5,	  3rd	  Jet	  Veto	  (pT	  >	  30	  GeV)	  

enhance	  VBF	  mode	   These	  categories	  are	  
	  less	  sensiAve.	  

(*)	  MET	  significance	  is	  defined	  as	  
  

MET

Σ ETSignal	  fracAon	  (VBF	  v.s.	  ggH)	  is	  similar.	  
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and the ggF and VBF signals are determined from MC simulation. The expected signal yields are shown for
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result from the number of MC events in each signal and corresponding control region, and from the number of data
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VBF signal 286±57 182± 19 105±15
Z(! ⌫⌫)+jets 339±37 1580± 90 335±23
W(! `⌫)+jets 235±42 1010± 50 225±16
Multijet 2± 2 20± 20 4± 4
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Table 9: Summary of limits on BF(H ! invisible) for 20.3 fb�1 of 8 TeV data in the individual search regions and
their combination, assuming the SM cross section for mH = 125 GeV.

Results Expected +1� �1� +2� �2� Observed
SR1 0.35 0.49 0.25 0.67 0.19 0.30
SR2 0.60 0.85 0.43 1.18 0.32 0.83
Combined Results 0.31 0.44 0.23 0.60 0.17 0.28

where the acceptance A is the fraction of events within the fiducal phase space defined at the MC truth
level using the SR1 selections in Section 4, N the accepted number of events, L the integrated luminosity
and ✏ the selection e�ciency defined as the ratio of selected events to those in the fiducial phase space.
Only the systematic uncertainties on the backgrounds and the integrated luminosity are taken into account
in the upper limit on �fid, shown in Table 10. In SR1, the acceptance and the event selection e�ciency,

Table 10: Model-independent 95% CL upper limit on the fiducial cross section for non-SM processes �fid in SR1.

SR1 Expected +1� �1� +2� �2� Observed
Fiducial cross section [fb] 4.78 6.32 3.51 8.43 2.53 3.93

estimated from simulated VBF H ! ZZ ! 4⌫ events, are (0.89 ± 0.04)% and (94 ± 15)% respectively.
The uncertainties have been divided such that the theory uncertainties are assigned to the acceptance and
the experiment uncertainties are assigned to the e�ciency.

17

ATLAS	  :	  
§  MET	  >	  150	  GeV	  
§  Δη	  >	  4.8,	  Mjj	  >	  1000	  GeV,	  
§  Δφ(MET,jet)	  >	  1.6	  for	  j1,	  otherwise	  >1	  
§  Δφ(j,j)	  <	  2.5,	  3rd	  Jet	  Veto	  (pT	  >	  30	  GeV)	  

enhance	  VBF	  mode	   These	  categories	  are	  
	  less	  sensiAve.	  

(*)	  MET	  significance	  is	  defined	  as	  
  

MET

Σ ETMulA-‐jet	  background	  is	  very	  different.	  

This	  cut	  provides	  further	  	  
QCD	  reducAon.	  
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Background	  esAmaAon	  
Dominant	  background:	  

Z(νν)+jet,	  W(lν)+jets	  

Background	  es(ma(on:	  

Others	  (top/WW)	  :	  simulaAon	  

W/Z	  +	  jets	  :	  
	  	  	  	  	  -‐	  construct	  W/Z+jets	  control	  	  
	  	  	  	  	  	  	  	  region.	  (tag	  leptons,	  MT)	  
	  	  	  	  	  -‐	  normalizaAon	  from	  BR	  raAo.	  
	  	  	  	  	  -‐	  use	  shape	  from	  MC.	  

Mul(-‐jets	  :	  
	  	  	  -‐	  so-‐called	  Matrix	  or	  ABCD	  method	  
	  	  	  	  	  	  	  (shape)	  	  	  :	  MET	  v.s	  3rd	  jet	  
	  	  	  	  	  	  	  (normalizaAon)	  :	  MET	  v.s.	  Δφ	  

Table 7: Detector and theory uncertainties (%) after all SR or CR selections. For each source of uncertainty, where
relevant, the first and second rows correspond to the uncertainties in SR1 and SR2 respectively. The ranges of
uncertainties in the Z or W column correspond to uncertainties in the Z+jets and W+jets MC yields in the SR or
CR. The search uses the uncertainties in the ratios of SR to CR yields shown in the last column.

Uncertainty VBF ggF Z or W ZSR/WCR or WSR/WCR

Jet energy scale 16 43 17–33 3–5
9 12 0–11 1–4

Jet energy resolution Negligible Negligible Negligible Negligible
3.1 3.2 0.2–7.6 0.5–5.8

Luminosity 2.8 2.8 2.8 Irrelevant

QCD scale 0.2 7.8 5–36 7.8–12
7.5–21 1–2

PDF 2.3 7.5 3–5 1–22.8 0.1-2.6

Parton shower
4.4

9–10 541

Veto on third jet 29 Negligible Negligible

Higgs boson pT Negligible 9.7 Irrelevant Irrelevant

MC statistics 2 46 2.3–6.4 3.3–6.60.6 13 0.8–4.5
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Figure 6: Data and MC distributions after all the requirements in SR1 for (a) Emiss
T and (b) the dijet invariant mass

mj j. The background histograms are normalized to the values in Table 8. The VBF signal (red histogram) is
normalized to the SM VBF Higgs boson production cross section with BF(H ! invisible) = 100%.
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Final	  discriminant	  :	  MET	  and	  Mjj	  
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SystemaAcs	  

Table 7: Detector and theory uncertainties (%) after all SR or CR selections. For each source of uncertainty, where
relevant, the first and second rows correspond to the uncertainties in SR1 and SR2 respectively. The ranges of
uncertainties in the Z or W column correspond to uncertainties in the Z+jets and W+jets MC yields in the SR or
CR. The search uses the uncertainties in the ratios of SR to CR yields shown in the last column.
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Figure 6: Data and MC distributions after all the requirements in SR1 for (a) Emiss
T and (b) the dijet invariant mass

mj j. The background histograms are normalized to the values in Table 8. The VBF signal (red histogram) is
normalized to the SM VBF Higgs boson production cross section with BF(H ! invisible) = 100%.
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CMS	  uncertainty	  

(ATLAS:QCD100%)	  

ATLAS	  signal	  uncertainty	  

ATLAS	  uncertainAes	  due	  to	  JET	  energy	  scale	  /	  theory	  predicAon	  (3rd	  jet)	  are	  larger.	  	  
(	  3rd	  jet	  veto	  )	  
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SystemaAcs	  

Table 7: Detector and theory uncertainties (%) after all SR or CR selections. For each source of uncertainty, where
relevant, the first and second rows correspond to the uncertainties in SR1 and SR2 respectively. The ranges of
uncertainties in the Z or W column correspond to uncertainties in the Z+jets and W+jets MC yields in the SR or
CR. The search uses the uncertainties in the ratios of SR to CR yields shown in the last column.
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Figure 6: Data and MC distributions after all the requirements in SR1 for (a) Emiss
T and (b) the dijet invariant mass

mj j. The background histograms are normalized to the values in Table 8. The VBF signal (red histogram) is
normalized to the SM VBF Higgs boson production cross section with BF(H ! invisible) = 100%.
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CMS	  uncertainty	  

(ATLAS:QCD100%)	  

ATLAS	  signal	  uncertainty	  

ATLAS	  uncertainAes	  due	  to	  JET	  energy	  scale	  /	  theory	  predicAon	  (3rd	  jet)	  are	  larger.	  	  
(	  3rd	  jet	  veto	  )	  
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Limit	  on	  BR(H-‐>invisible)	  

Table 8: Estimates of the expected yields and their total uncertainties for SR1 and SR2 in 20.3 fb�1 of 2012 data.
The Z(! ⌫⌫)+jets, W(! `⌫)+jets, and multijet background estimates are data-driven. The other backgrounds
and the ggF and VBF signals are determined from MC simulation. The expected signal yields are shown for
mH = 125 GeV and are normalized to BF(H ! invisible) = 100%. The W+jets and Z+jets statistical uncertainties
result from the number of MC events in each signal and corresponding control region, and from the number of data
events in the control region.

Signal region SR1 SR2a SR2b
Process
ggF signal 20±15 58± 22 19± 8
VBF signal 286±57 182± 19 105±15
Z(! ⌫⌫)+jets 339±37 1580± 90 335±23
W(! `⌫)+jets 235±42 1010± 50 225±16
Multijet 2± 2 20± 20 4± 4
Other backgrounds 1±0.4 64± 9 19± 6
Total background 577±62 2680±130 583±34
Data 539 2654 636

Table 9: Summary of limits on BF(H ! invisible) for 20.3 fb�1 of 8 TeV data in the individual search regions and
their combination, assuming the SM cross section for mH = 125 GeV.

Results Expected +1� �1� +2� �2� Observed
SR1 0.35 0.49 0.25 0.67 0.19 0.30
SR2 0.60 0.85 0.43 1.18 0.32 0.83
Combined Results 0.31 0.44 0.23 0.60 0.17 0.28

where the acceptance A is the fraction of events within the fiducal phase space defined at the MC truth
level using the SR1 selections in Section 4, N the accepted number of events, L the integrated luminosity
and ✏ the selection e�ciency defined as the ratio of selected events to those in the fiducial phase space.
Only the systematic uncertainties on the backgrounds and the integrated luminosity are taken into account
in the upper limit on �fid, shown in Table 10. In SR1, the acceptance and the event selection e�ciency,

Table 10: Model-independent 95% CL upper limit on the fiducial cross section for non-SM processes �fid in SR1.

SR1 Expected +1� �1� +2� �2� Observed
Fiducial cross section [fb] 4.78 6.32 3.51 8.43 2.53 3.93

estimated from simulated VBF H ! ZZ ! 4⌫ events, are (0.89 ± 0.04)% and (94 ± 15)% respectively.
The uncertainties have been divided such that the theory uncertainties are assigned to the acceptance and
the experiment uncertainties are assigned to the e�ciency.
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CMS	  :	  	  BR(95%CL)	  <	  0.57	  	  (exp.	  0.40)	  

ATLAS	  :	  BR(95%)	  <	  0.30	  	  	  	  (exp.	  0.35)	  	  

ATLAS	  limit	  

(VBF)	  
(ggH)	  

ggH	  category	  is	  
not	  so	  sensiAve.	  

No	  deviaAon	  seen	  from	  SM	  expectaAon.	  
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Note:	  coupling	  strength	  kV	  =	  1	  is	  assumed.	  



Associated	  producAon	  mode	  (VH)	  

Dominant	  background	  :	  	  
	  	  	  	  	  	  -‐	  W/Z	  +	  jets	  (similar	  technique	  as	  VBF-‐analysis)	  
	  	  	  	  	  	  -‐	  ZZ	  /	  WZ	  	  (simulaAon)	  

Categorize	  by	  Z-‐decay	  mode	  :	  
	  	  	  	  	  -‐	  Z	  -‐>	  ll	  	  	  	  (lepton	  triggers)	  
	  	  	  	  	  -‐	  Z	  -‐>	  jet	  jet	  (incl.	  b-‐jet)	  	  	  (MET	  triggers)	  
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Fig. 10 Expected and observed 95 % CL upper limits on the VBF pro-
duction cross section times invisible branching fraction (top), and nor-
malized to the SM Higgs boson VBF production cross section (bottom)

in Fig. 11 (top). As for the VBF search, limits on ξ are also
shown, in Fig. 11 (bottom). For a Higgs boson with mH =
125 GeV, the observed (expected) upper limit on ξ obtained
from the Z(ℓℓ)H(inv) 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 (expected) 95 % CL upper limit
on B(H → inv) of 0.81 (0.83) for mH = 125 GeV.

By assuming production cross sections as for the SM
Higgs boson, the results of the three individual searches
may be combined and interpreted as a limit on the invisi-
ble branching fraction of the 125 GeV Higgs boson. The sta-
tistical combination fully accounts for correlations between
nuisance parameters in the individual searches. The most
important correlations are unsurprisingly those associated
with the signal uncertainty in the ZH searches, due to PDF
and renormalization/factorization scale variation uncertain-
ties. The most important correlated uncertainties are, in
decreasing order of importance, the jet energy scale uncer-
tainty, those associated with the signal uncertainty, due to
PDF and renormalization/factorization scale variation uncer-
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Fig. 11 Expected and observed 95 % CL upper limits on the ZH pro-
duction cross section times invisible branching fraction (top), and nor-
malized to the SM Higgs boson ZH production cross section (bottom)
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Fig. 12 Expected and observed 95 % CL upper limits on σ · B(H →
inv)/σ (SM)

tainties, the total integrated luminosity uncertainty, the lep-
ton momentum scale uncertainties, the jet energy resolution
uncertainty and the Emiss

T energy scale and resolution uncer-
tainties. The resulting 95 % CL limit on ξ is shown in Fig. 12
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Fig. 5 The dijet invariant mass (mbb) distributions in the signal region
for the 2-b-tag category, for events with Emiss

T in the range a (120–
160 GeV), b (160–200 GeV), c (200–300 GeV) and d (>300 GeV).
The data are compared with the background model after the likelihood
fit. The bottom plots show the ratio of the data to the total background.

The signal expectation for mH = 125 GeV is shown on top of the
background and additionally as an overlay line, scaled by the factor
indicated in the legend. The total background before the fit is shown as
a dashed line. The hatched bands represent the total uncertainty on the
background
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Fig. 6 Upper limits on σV H × BR(H → inv.) at 95 % CL for a Higgs
boson with 115 < mH < 300 GeV. The full and dashed lines show the
observed and expected limits, respectively

of two or three jets and large missing transverse momen-
tum in a pp collision dataset corresponding to an inte-
grated luminosity of 20.3 fb−1 at a centre-of-mass energy
of 8 TeV. No excess of events over the expected backgrounds
is observed. The results are used to constrain the cross sec-
tion for V H production followed by the decay H → inv. for
115 < mH < 300 GeV. The observed 95 % CL upper limit
on σV H × BR(H → inv.) varies from 1.6 pb at 115 GeV to
0.13 pb at 300 GeV. Assuming SM production and includ-
ing the gg → H contribution, an observed (expected) upper
limit of 78 % (86 %) on BR(H → inv.) is derived for the
discovered Higgs boson with mH = 125 GeV. This indepen-
dent result is comparable to that of the ATLAS ZH search
with Z → ℓℓ and H → inv. [19].
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Event	  selec(on	  :	  
	  	  	  	  	  -‐	  opAmize	  Δφ(MET,	  jet)	  
	  	  	  	  	  -‐	  categorize	  by	  #	  of	  b-‐jets	  and	  MET	  

Final	  discriminant	  :	  
	  	  	  	  	  -‐	  CMS	  :	  BDT	  score	  
	  	  	  	  	  -‐	  ATLAS	  :	  MET	  and	  pT(V)	  

ATLAS	  :	  0.78	  (0.86)	  Limit	  of	  BR(H-‐>invisible)	  :	  CMS:0.81(0.83)	   weaker	  than	  VBF-‐mode	  
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CMS	  only	  includes	  
Z(ll/bb),	  while	  ATLAS	  has	  
fill	  W/Z-‐>jj	  modes.	  



ggH	  (mono-‐jet)-‐mode	  

Event	  selec(on:	  
	  	  	  	  	  -‐	  CMS	  :	  MET	  >	  200	  GeV,	  jet	  pT	  >	  150	  GeV,	  
	  	  	  	  	  	  	  	  veto	  event	  if	  >2	  jets	  (pT	  >	  30GeV,	  |η|<2.5)	  
	  	  	  	  	  -‐	  ATLAS	  :	  MET	  >	  250	  GeV,	  Δφ(MET,jet)	  >	  1.0,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  leading	  jet	  pT	  >	  120	  GeV,	  pT/MET	  >	  0.5	  

Dominant	  background	  :	  	  
	  	  	  	  	  	  -‐	  Z(νν)	  +	  jet	  (similar	  technique	  as	  VBF-‐analysis)	  

Limits	  at	  mH	  =	  125	  GeV	  :	  
	  	  	  	  -‐	  CMS	  :	  BR(H-‐>inv.)	  <	  0.53	  (0.62)	  
	  	  	  	  -‐	  ATLAS	  :	  σ	  x	  BR(H-‐>inv.)	  <	  1.59	  (1.91)	  

Rather	  sensi(ve	  to	  higher	  mass	  Higgs.	  

Trigger	  :	  
	  	  	  	  	  -‐	  CMS	  :	  MET	  (>120)	  and	  Mono-‐jet	  (pT	  >	  80GeV)	  
	  	  	  	  	  -‐	  ATLAS	  :	  MET	  >	  80	  GeV	  	  
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Figure 7: The (1 � CL) versus BR(h ! invisible) scan for the combined search for invisible Higgs boson decays.
The horizontal dashed lines refer to the 68% and 95% confidence levels. The vertical dashed lines indicate the
observed and expected upper bounds at the 95% CL on BR(h! invisible) for the combined search.

Channels Upper limit on BR(h! inv.) at the 95% CL
Obs. �2 std. dev. �1 std. dev. Exp. +1 std. dev. +2 std. dev.

VBF h 0.28 0.17 0.23 0.31 0.44 0.60
Z(! ``)h 0.75 0.33 0.45 0.62 0.86 1.19
V(! j j)h 0.78 0.46 0.62 0.86 1.19 1.60

Combined Results 0.25 0.14 0.19 0.27 0.37 0.50

Table 6: Summary of upper bounds on BR(h ! invisible) at the 95% CL from the individual searches and their
combination. The Higgs boson production rates via VBF and Vh associated production are assumed to be equal to
their SM values. The numerical bounds larger than 1 can be interpreted as an upper bound on �/�SM, where �SM
is the Higgs boson production cross section in the SM.

The statistical combination of direct searches for invisible Higgs boson decays results in an observed
(expected) upper limit at the 95% CL on BRinv of 0.25 (0.27). Figure 7 shows the scan of the CL as a
function of BR(h ! invisible) for the statistical combination of direct searches. The limit obtained with
the CLS method is consistent to two significant figures with the limit based on the log likelihood ratio.
Table 6 summarises the limits from direct searches for invisible Higgs boson decays and their statistical
combination. The combined limit is dominated by the VBF ! j j + Emiss

T channel, which is by far the
most sensitive.

9.2 Combination of visible and invisible decay channels

The measurements of Higgs boson visible decay rates are complementary to the direct searches for invis-
ible decays since they are indirectly sensitive to undetectable decays as well. The visible decay rates are
used to extract the sum of the branching fractions to invisible and undetectable final states. A conservative

21

Summary	  of	  BR(H-‐>inv.)	  limit	  

ATLAS	   CMS	  

VBF-‐mode	   0.30	  (0.35)	   0.57	  (0.40)	  

ggH-‐mode	   0.83	  (0.60)	   0.67	  (0.71)	  

VH-‐mode	   0.78	  (0.86)	   0.60	  (0.69)	  

Combined	   0.25	  (0.27)	   0.36	  (0.30)	  

BR(H-‐>inv.)	  Limit	  @mH	  =	  125	  GeV	  

limit on the invisible branching ratio is then inferred by assuming the undetectable branching ratio to be
negligibly di↵erent from the SM expectation of approximately zero. For example, a significant excess in
a search for Higgs boson decays to a new particle would further tighten the indirect limit on the invisible
branching ratio. It would not a↵ect the limits from direct searches for invisible Higgs boson decays.

The overall upper limit on the branching ratio of the Higgs boson to invisible final states, BRinv, is derived
using a statistical combination of measurements from both the visible and invisible Higgs boson decays.
The visible decay channels are h! ��, h!ZZ⇤! 4`, h!WW⇤! `⌫`⌫, h!Z�, h ! ⌧⌧, h ! µµ, and
h! bb, with a variety of production mode selections used. The invisible decay channels are described in
Section 9.1 and involve the Higgs boson being produced via VBF or Z(``)h, and then decaying invisibly.
The V( j j)h production mode is not included due to overlap of the event selection with the 0-lepton
category of the Vh(bb) measurement.

The extraction of BRinv is performed using a coupling parameterisation that includes separate scale factors
for the couplings of the Higgs boson to the W boson, Z boson, top quark, bottom quark, tau lepton, and
muon, as well as scale factors for e↵ective loop-induced couplings to gluons, photons, and Z� to absorb
the possible contributions of new particles through loops. The Higgs boson production modes are taken
to be the same as those in the SM.

As for the visible decay rates alone, the invisible branching ratio is conservatively estimated by taking the
undetectable branching ratio to be zero. Thus the scale factor 2h is equal to the ratio of the total width of
the Higgs boson to the SM expectation, �h/�h,SM, and can be expressed in terms of BRinv as:

2h = �h/�h,SM =
P
j
2j BR j/(1 � BRinv) . (21)

The production and decay rates of all channels are fit with functions of [W , Z , t, b, ⌧, µ, g, �, Z�,
BRinv]. Each parameter of interest is determined by treating the others as nuisance parameters.

With the visible decay channels alone, the assumption that the vector-boson coupling is less than or
equal to the SM expectation (V  1) produces an observed (expected) upper limit at the 95% CL of
BRinv < 0.49 (0.48) [10]. With only the invisible decay channels (including V( j j)h), the assumption that
the vector-boson and gluon couplings are identical to their SM expectations (i = 1) yields an upper limit
at the 95% CL of 0.25 (0.27), as described in Section 9.1.

When the visible and invisible decay channels (but excluding V( j j)h) are combined, no assumption about
V or other couplings is made beyond that on the undetectable branching ratio. The resulting observed
likelihood scan as a function of BRinv is shown in Figure 8. The fitted values of the Higgs boson couplings
are similar to those in the SM, so the measured overall signal strength(µh >1) is accommodated in the fit
by a best-fit value of BRinv that would be negative. This decreases the Higgs boson total width, which is
inversely proportional to the signal strength. Scans of the observed likelihoods of the invisible and visible
decay channels separately are also shown.

The observed (expected) upper limit at the 95% CL is BRinv < 0.23 (0.24) using the combination of all
channels and accounting for the physical boundary.4 This baseline configuration, with a maximally gen-
eral set of independent coupling parameters and no explicit assumption about the value of W,Z , provides
the main result for the combination of invisible and visible decay channels. The results are dominated by
the direct searches for invisible decays. The expected limit demonstrates a fractional improvement of 11%

4 The observed upper limit at the 90% CL is BRinv < 0.22, which is used in Section 9.3.
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Constraint	  from	  visible	  analyses	  :	  

Combined	  with	  BR(H-‐>visible;	  i:[kW,	  kZ	  ,	  kf	  …])	  

Inv.	  +	  vis.	  

kW	  ,	  kZ	  <	  1	   0.23	  (0.23)	  

None	   0.23	  (0.24)	  

Visible	  decays	  allow	  to	  remove	  kV	  =	  1	  assumpAon	  in	  producAon.	  
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Figure 2: Log-likelihood versus B(H ! inv). The solid curves represent the observation in
data and the dashed curves represent the median expected result for no invisible decays of the
Higgs boson.
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Table 9 Summary of 95 % CL
upper limits on
σ · B(H → inv)/σSM obtained
from the VBF search, the
combined ZH searches, and the
combination of all three
searches

mH (GeV) Observed (expected) upper limits on σ · B(H → inv)/σSM

VBF ZH VBF+ZH

115 0.63 (0.48) 0.76 (0.72) 0.55 (0.41)

125 0.65 (0.49) 0.81 (0.83) 0.58 (0.44)

135 0.67 (0.50) 1.00 (0.88) 0.63 (0.46)

145 0.69 (0.51) 1.10 (0.95) 0.66 (0.47)

200 0.91 (0.69) – –

300 1.31 (1.04) – –

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 correspond-
ing 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 vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:

σ SI
S−N = 4Γinv

m3
Hv2β

m4
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(Mχ + mN)2 , (8)
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V−N =
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(Mχ + m N )2 ,

(9)

σ SI
f−N =

8Γinv M2
χ

m5
Hv2β3

m4
N f 2

N

(Mχ + mN)2 . (10)

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

√
2v is

the Higgs vacuum expectation value of 246 GeV, and β =√
1 − 4M2

χ/mH2. The dimensionless quantity fN [8] param-
eterizes the Higgs-nucleon coupling; we take the central val-
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Fig. 13 Upper limits on the spin-independent DM-nucleon cross sec-
tion σ SI

χ−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. Lim-
its 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 com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues 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 invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 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.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH

123

Eur. Phys. J. C (2014) 74:2980 Page 19 of 35 2980

Table 9 Summary of 95 % CL
upper limits on
σ · B(H → inv)/σSM obtained
from the VBF search, the
combined ZH searches, and the
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115 0.63 (0.48) 0.76 (0.72) 0.55 (0.41)

125 0.65 (0.49) 0.81 (0.83) 0.58 (0.44)
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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 correspond-
ing 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 vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:
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Here, mN represents the nucleon mass, taken as the aver-
age of proton and neutron masses, 0.939 GeV, while
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Fig. 13 Upper limits on the spin-independent DM-nucleon cross sec-
tion σ SI

χ−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. Lim-
its 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 com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues 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 invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 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.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH
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combined ZH searches, and the
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searches

mH (GeV) Observed (expected) upper limits on σ · B(H → inv)/σSM
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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 correspond-
ing 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 vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:
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Here, mN represents the nucleon mass, taken as the aver-
age of proton and neutron masses, 0.939 GeV, while
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2v is

the Higgs vacuum expectation value of 246 GeV, and β =√
1 − 4M2

χ/mH2. The dimensionless quantity fN [8] param-
eterizes the Higgs-nucleon coupling; we take the central val-
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Fig. 13 Upper limits on the spin-independent DM-nucleon cross sec-
tion σ SI

χ−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. Lim-
its 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 com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues 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 invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 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.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH
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Figure 9: ATLAS upper limit at the 90% CL on the WIMP–nucleon scattering cross section in a Higgs portal model
as a function of the mass of the dark-matter particle, shown separately for a scalar, Majorana fermion, or vector-
boson WIMP. It is determined using the limit at the 90% CL of BRinv < 0.22 derived using both the visible and
invisible Higgs boson decay channels. The hashed bands indicate the uncertainty resulting from varying the form
factor fN by its uncertainty. Excluded and allowed regions from direct detection experiments at the confidence
levels indicated are also shown [112–120]. These are spin-independent results obtained directly from searches for
nuclei recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs boson exchange
in the Higgs portal model.

26

where	  

Decay channels Coupling parameterisation i assumption Upper limit on BRinv
Obs. Exp.

Invisible decays [W , Z , t, b, ⌧, µ, g �, Z�, BRinv] W,Z,g = 1 0.25 0.27
Visible decays [W , Z , t, b, ⌧, µ, g �, Z�, BRinv] W,Z  1 0.49 0.48

Inv. & vis. decays [W , Z , t , b, ⌧, µ, g �, Z�, BRinv] None 0.23 0.24
Inv. & vis. decays [W , Z , t, b, ⌧, µ, g �, Z�, BRinv] W,Z  1 0.23 0.23

Table 7: Summary of upper limits on BR(h ! invisible) at the 95% CL from the combination of direct searches
for invisible Higgs boson decays, the combination of measurements of visible Higgs boson decays, and the overall
combination using both the invisible and visible Higgs boson decays. The results are derived using di↵erent as-
sumptions about W,Z . The results with the baseline configuration for the combination of invisible and visible decay
channels are indicated in bold.

9.3 Higgs portal to dark matter

Many “Higgs portal” models [18, 19, 33, 62, 106, 110, 111] introduce an additional weakly interacting
massive particle (WIMP) as a dark-matter candidate. It is taken to interact very weakly with the SM
particles, except for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken
to be a free parameter. The Higgs portal model, where the Higgs boson is taken to be the only mediator,
is a special case of the spin-independent limits obtained by direct detection experiments.

To compare with these direct searches, the observed upper limit combining all the visible and invisible
Higgs boson decay channels using the most general baseline parameterisation is calculated at the 90%
CL: this gives BRinv < 0.22. This limit is translated into constraints on the coupling of the WIMP to the
Higgs boson as a function of its mass [19]. This is done for WIMP masses less than half the Higgs boson
mass, under the assumption that the resulting Higgs boson decays to WIMP pairs account entirely for
BRinv. Any additional contributions to BRinv from other new phenomena would produce a more stringent
limit. The partial width for Higgs boson decays to a pair of dark-matter particles depends on the spin of
the dark-matter particle. It is given for scalar, Majorana fermion, or vector dark-matter candidates (where
the Majorana fermion is motivated by neutralinos in supersymmetry) as:

scalar S : �inv(h! S S ) = �2
hS S

v2�S

128⇡mh

fermion f : �inv(h! f f ) =
�2

h f f

⇤2

v2�3
f mh

64⇡

vector V : �inv(h! VV) = �2
hVV

v2�Vm3
h

512⇡m4
V
⇥
0
BBBBB@1 � 4

m2
V

m2
h
+ 12

m4
V

m4
h

1
CCCCCA .

(22)

Here �hS S , �h f f /⇤, and �hVV are the couplings of the Higgs boson to dark-matter particles of corres-

ponding spin, v denotes the vacuum expectation value of the Higgs boson, and �� =
q

1 � 4m2
�/m2

h is a
kinematic factor associated with the two-body h! �� decay (� = S , V , or f ). For the cases of a fermion
or vector boson WIMP in this e↵ective field theory approach, the new physics scale ⇤ is assumed to be
at the TeV scale or higher, well above the probed scale at the SM Higgs boson mass. These equations are
used to deduce the coupling of the Higgs boson to the WIMP for each of the three possible WIMP spins.
The coupling is then re-parameterised in terms of the cross section for scattering between the WIMP and

24

VEV:	  	     2v = 246GeV
mN	  (proton	  mass)	  =	  0.939GeV,	  
fN	  	  (H-‐nucleon	  coupling)	  =	  0.33+0.30-‐0.07	  

LHC	  is	  the	  most	  sensiAve	  search	  for	  the	  Higgs	  portable	  model	  at	  mχ	  <	  mH/2.	  
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Prospect	  for	  low	  mass	  region	  

A. Djouadi et al. / Physics Letters B 709 (2012) 65–69 67

Fig. 1. Scalar Higgs-portal parameter space allowed by WMAP (between the solid
red curves), XENON100 and BRinv = 10% for mh = 125 GeV. Shown also are the
prospects for XENON upgrades. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this Letter.)

Fig. 2. Same as Fig. 1 for vector DM particles.

Similarly, the fermion Higgs-portal results are shown in Fig. 3.
We find no parameter regions satisfying the constraints, most no-
tably the XENON100 bound, and this scenario is thus ruled out for
λhff /Λ! 10−3.

This can also be seen from Fig. 4, which displays predictions
for the spin-independent DM–nucleon cross section σSI (based on
the lattice f N ) subject to the WMAP and BRinv < 10% bounds. The
upper band corresponds to the fermion Higgs-portal DM and is
excluded by XENON100. On the other hand, scalar and vector DM
are both allowed for a wide range of masses. Apart from a very
small region around 1

2 mh , this parameter space will be probed by
XENON100-upgrade and XENON1T. The typical value for the scalar
σSI is a few times 10−9 pb, whereas σSI for vectors is larger by a
factor of 3 which accounts for the number of degrees of freedom.

4. Dark matter production at colliders

The next issue to discuss is how to observe directly the Higgs-
portal DM particles at high energy colliders. There are essentially

Fig. 3. Same as in Fig. 1 for fermion DM; λhff /Λ is in GeV−1.

Fig. 4. Spin independent DM–nucleon cross section versus DM mass. The upper
band (3) corresponds to fermion DM, the middle one (2) to vector DM and the
lower one (1) to scalar DM. The solid, dashed and dotted lines represent XENON100,
XENON100-upgrade and XENON1T sensitivities, respectively.

two ways, depending on the Higgs versus DM particle masses. If
the DM particles are light enough for the invisible Higgs decay
to occur, MDM " 1

2 mh , the Higgs cross sections times the branch-
ing ratios for the visible decays will be altered, providing indirect
evidence for the invisible decay channel. In the case of the LHC,
a detailed analysis of this issue has been performed in Ref. [7] for
instance and we have little to add to it. Nevertheless, if the invis-
ible Higgs branching ratio is smaller than ≈ 10%, its observation
would be extremely difficult in view of the large QCD uncertain-
ties that affect the Higgs production cross sections, in particular in
the main production channel, the gluon fusion mechanism gg → h
[20]. In fact, the chances of observing indirectly the invisible Higgs
decays are much better at a future e+e− collider. Indeed, it has
been shown that, at

√
s ≈ 500 GeV collider with 100 fb−1 data, the

Higgs production cross sections times the visible decay branching
fractions can be determined at the percent level [21,22].

The DM particles could be observed directly by studying asso-
ciated Higgs production with a vector boson and Higgs production
in vector boson fusion with the Higgs particle decaying invisibly.
At the LHC, parton level analyses have shown that, although ex-
tremely difficult, this channel can be probed at the 14 TeV upgrade
with a sufficiently large amount of data [23] if the fraction of in-

Simple	  scaling	  by	  the	  sta(s(cs	  :	  

For	  “vector	  WIMP”,	  	  

Current	  limit	  :	  λhVV	  =	  0.013	  @	  BR	  =	  0.2	  

red	  band	  is	  the	  allowed	  region.	  

λhVV	  =	  0.0065	  @	  L	  =	  300	  z-‐1	  
	  	  	  	  	  	  	  	  	  	  	  	  0.0037	  @	  L	  =	  3000	  z-‐1	  

current	  

300z-‐1	  

3000z-‐1	  

With	  3000	  z-‐1	  by	  simple	  scaling,	  “vector	  	  
WIMP”	  can	  be	  excluded	  if	  mχ	  <	  mH	  /2.	  

The	  scalar	  is	  most	  severe	  case…	  	  

Cri(cal	  path	  :	  

requires	  to	  improve	  MET	  resoluAon	  

RMS	  ~	  10	  GeV	  @	  Run1	   40	  GeV	  @Run4	  (2026,	  3000z-‐1,	  µ=200)	  (Ref.	  ATLAS)	  

Single	  photon	  /	  (mono-‐)jet	  can	  explore	  high	  mass	  (>	  60	  GeV)	  region.	  

H-‐>inv.	  +	  photon	  /	  jet	  

Phys.Lew.B	  709	  (2012)	  65	  
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Prospect	  for	  high	  mass	  region	  

Three	  scenario	  :	  	  

-‐	  MET	  >	  400,	  600,	  800	  GeV	  
	  	  	  with	  leading	  jet	  pT	  >	  300	  GeV	  

Suppose	  dominant	  background	  :	  
	  	  	  	  	  -‐	  Z	  -‐>	  νν	  controlled	  under	  5%	  

Suppression	  scale	  M*	  by	  EFT:	  

  

M*=
Mmed

gSMgDM

where,	  EFT	  is	  valid	  under	  

    
π < gSMgDM < 4π (checked	  stability	  of	  M*)	  

Accessible	  to	  high	  mass	  region	  	  
using	  mono-‐jet	  search	  

October.13.2015	   Higgs	  Coupling	  2015,	  Lumley	  Castle,	  UK	   17	  



Suppression	  scale	  M*	  by	  EFT:	  

  

M*=
Mmed

gSMgDM

where,	  EFT	  is	  valid	  under	  

    
π < gSMgDM < 4π (checked	  stability	  of	  M*)	  

No	  further	  improvement	  	  
by	  the	  staAsAcs.	  

But	  improving	  to	  1%	  systemaAcs	  
gives	  nearly	  30%	  enhancement	  at	  3000z-‐1.	  

(This	  is	  not	  Higgs-‐portal	  
scenario,	  but	  brings	  same	  
experimental	  message.)	  

Prospect	  for	  high	  mass	  region	  

Three	  scenario	  :	  	  

-‐	  MET	  >	  400,	  600,	  800	  GeV	  
	  	  	  with	  leading	  jet	  pT	  >	  300	  GeV	  

Suppose	  dominant	  background	  :	  
	  	  	  	  	  -‐	  Z	  -‐>	  νν	  controlled	  under	  1%	  

Accessible	  to	  high	  mass	  region	  	  
using	  mono-‐jet	  search	  
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Summary	  

§  VBF	  H-‐>inv.	  	  is	  the	  most	  sensiAve	  channel.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  MET	  or	  VBF	  trigger	  is	  good.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  Z	  H	  channel	  is	  significantly	  less	  sensiAve.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  Should	  improve	  MET	  resoluAon.	  

§  “3rd	  jet	  veto”	  looks	  very	  powerful	  to	  reject	  QCD	  mulA-‐jet	  events.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  Theory	  uncertainty	  ?	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  Modeling	  systemaAcs	  especially	  at	  higher	  pileup.	  

§  LHC	  is	  the	  most	  powerful	  machine	  to	  search	  for	  DM	  if	  mχ	  <	  mH	  /2.	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  Supposing	  WMAP	  constraint,	  almost	  enAre	  region	  is	  covered	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  for	  vector	  WIMP	  scenario	  at	  mχ	  <	  mH	  /2.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  MET	  should	  be	  improved	  for	  further	  extension	  to	  access	  higher	  mass	  region.	  
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CMS	  dark	  mawer	  result	  
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Table 9 Summary of 95 % CL
upper limits on
σ · B(H → inv)/σSM obtained
from the VBF search, the
combined ZH searches, and the
combination of all three
searches

mH (GeV) Observed (expected) upper limits on σ · B(H → inv)/σSM

VBF ZH VBF+ZH

115 0.63 (0.48) 0.76 (0.72) 0.55 (0.41)

125 0.65 (0.49) 0.81 (0.83) 0.58 (0.44)

135 0.67 (0.50) 1.00 (0.88) 0.63 (0.46)

145 0.69 (0.51) 1.10 (0.95) 0.66 (0.47)

200 0.91 (0.69) – –

300 1.31 (1.04) – –

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 correspond-
ing 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 vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:

σ SI
S−N = 4Γinv

m3
Hv2β

m4
N f 2

N

(Mχ + mN)2 , (8)

σ SI
V−N =

16Γinv M4
χ

m3
Hv2β(m4

H − 4M2
χ m2

H + 12M4
χ )

m4
N f 2

N

(Mχ + m N )2 ,

(9)

σ SI
f−N =

8Γinv M2
χ

m5
Hv2β3

m4
N f 2

N

(Mχ + mN)2 . (10)

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

√
2v is

the Higgs vacuum expectation value of 246 GeV, and β =√
1 − 4M2

χ/mH2. The dimensionless quantity fN [8] param-
eterizes the Higgs-nucleon coupling; we take the central val-
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Fig. 13 Upper limits on the spin-independent DM-nucleon cross sec-
tion σ SI

χ−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. Lim-
its 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 com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues 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 invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 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.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH

123
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Model Coupling
Parameter

Description Measurement

1 Mass scaling
parameterisation

Z Z boson coupling s.f. [�1.06,�0.82] [ [0.84, 1.12]
W W boson coupling s.f. 0.91 ± 0.14
t t-quark coupling s.f. 0.94 ± 0.21
b b-quark coupling s.f. [�0.90,�0.33] [ [0.28, 0.96]
⌧ Tau lepton coupling s.f. [�1.22,�0.80] [ [0.80, 1.22]
µ Muon coupling s.f. < 2.28 at 95% CL

2 MCHM4,
EW singlet µh Overall signal strength 1.18+0.15

�0.14

3 MCHM5,
2HDM Type I

V
Vector boson (W, Z)
coupling s.f. 1.09 ± 0.07

F
Fermion (t, b, ⌧, . . . )
coupling s.f. 1.11 ± 0.16

4 2HDM Type II,
hMSSM

�Vu = V/u

Ratio of vector boson to
up-type fermion (t, c, . . . )
coupling s.f.

0.92+0.18
�0.16

uu = 2u/h
Ratio of squared up-type
fermion coupling s.f. to
total width s.f.

1.25 ± 0.33

�du = d/u

Ratio of down-type
fermion (b, ⌧, . . . ) to
up-type fermion
coupling s.f.

[�1.08,�0.81] [ [0.75, 1.04]

5 2HDM
Lepton-specific

�Vq = V/q

Ratio of vector boson to
quark (t, b, . . . )
coupling s.f.

1.03+0.18
�0.15

qq = 2q/h
Ratio of squared quark
coupling s.f. to total
width s.f.

1.03+0.24
�0.20

�`q = `/q
Ratio of lepton (⌧, µ, e)
to quark coupling s.f. [�1.34,�0.94] [ [0.94, 1.34]

6

Higgs portal
(Baseline config.
of vis. & inv.
Higgs boson
decay channels:
general coupling
param., no
assumption about
W,Z)

Z Z boson coupling s.f. 0.99 ± 0.15
W W boson coupling s.f. 0.92 ± 0.14

t t-quark coupling s.f. 1.26+0.32
�0.34

b b-quark coupling s.f. 0.61 ± 0.28

⌧ Tau lepton coupling s.f. 0.98+0.20
�0.18

µ Muon coupling s.f. < 2.25 at 95% CL

g Gluon coupling s.f. 0.92+0.18
�0.15

� Photon coupling s.f. 0.90+0.16
�0.14

Z� Z� coupling s.f. < 3.15 at 95% CL
BRinv Invisible branching ratio < 0.23 at 95% CL

Table 1: Measurements of the overall signal strength, scale factors (s.f.) for the Higgs boson couplings and total
width, and the Higgs boson invisible decay branching ratio, in di↵erent coupling parameterisations, along with the
BSM models or parameterisations they are used to probe. The measurements quoted for Models 1–5 are derived
in Ref. [10], while those for Model 6 are derived in this paper. The production modes are taken to be the same as
those in the SM in all cases. In Models 1–3, decay modes identical to those in the SM are taken. For Models 4–5,
the coupling parameterisations and measurements listed do not require such an assumption, which is however made
when deriving limits on the underlying parameters of these BSM models. No assumption about the total width is
made for Model 6.
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Vis. & inv. decay channels
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Figure 8: Observed likelihood scans of the Higgs boson invisible decay branching ratio using direct searches for
invisible Higgs boson decays, rate measurements in visible Higgs boson decays, and the overall combination of
invisible and visible decay channels. The line at �2 ln⇤ = 0 corresponds to the most likely value of BRinv within
the physical region BRinv � 0. The line at �2 ln⇤ = 3.84 corresponds to the one-sided upper limit at approximately
the 95% CL (2 std. dev.), given BRinv � 0.

in sensitivity compared to the invisible decay channels alone. In addition, it is more model-independent
than the combination of invisible (visible) decay channels alone, because it does not assume the vector-
boson couplings to be equal to (less than or equal to) their SM values. The absolute couplings to the Z
boson, W boson, top quark, bottom quark, tau lepton, muon, gluon, photon, and Z� are extracted in the
baseline scenario. The measurements or limits are given, along with the upper limit on BRinv, in Model 6
of Table 1.

As an alternate scenario, if the assumption W,Z  1 is added for the combination of channels, the observed
(expected) limit is 0.23 (0.23). This allows a useful comparison with the results of the invisible or visible
decay channels alone, which apply a similar assumption. The results from the invisible and visible decay
channels separately, as well as their statistical combination, are summarised in Table 7 for the coupling
parameterisation and assumptions about W,Z used. The baseline results for the combination of invisible
and visible decays are highlighted.

A less general coupling parameterisation [V , F , g, �, Z�, BRinv] was also considered. The reduction
in the number of degrees of freedom would make the limit significantly more model-dependent and only
improve the sensitivity marginally, so this parametrisation was not used.
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Figure 94. The resolutions of the x and y components of Emiss
T in the three scoping scenarios for samples of

tt̄ events with µ = 140 (left) and µ = 200 (right). The resolutions are shown as a function of the scalar sum of
total energy in the event, with MC statistical uncertainties.

All results here are quoted for the MV1 b-tagging algorithm [86], which combines information
from track impact parameter and secondary vertex based algorithms in an artificial neural network.
It is trained with b-jets as signal and light-flavour jets as background using Run 1 samples. Studies
are underway to produce a b-tagging algorithm specifically optimised for the high luminosity LHC.
The performance of the MV1 b-tagging algorithm is determined as a function of jet flavour, pT, and
|⌘| for the three different scoping scenarios using fully simulated samples of tt̄ events with pile-up.

It is required that a primary vertex is reconstructed in the event and in the case of several candi-
date vertices, the primary vertex is defined as the vertex with the largest sum of squared transverse
momenta of the associated tracks. To factorise the primary vertex finding efficiency from the mea-
surement of the b-tagging performance, it is required that the selected primary vertex is matched to
the true hard-scatter vertex. The vertices are considered matched if they are within �z = 1 mm of
the true vertex.

Jets are reconstructed as described in Section XI.2.7. To measure the b-tagging performance
for hard-scatter jets, only jets which are matched to a parton from the top decay are considered.
The matching is performed by requiring that the jet is within �R < 0.3 of a parton from the top decay,
with pT > 15 GeV. A flavour label is assigned by matching jets to the truth-level b and c quarks with
pT > 5 GeV, in a �R cone of less than 0.3. If a b-quark is found within the cone the jet is labelled as
a b-jet. If no b-quark is found, the search is repeated for c-quarks, then for ⌧ leptons. If no match is
found for b, c, or ⌧, the jet is labelled as a light-flavour jet. Pile-up jets are defined as jets which are
not matched within a �R cone of less than 0.6 to a truth-jet with pT > 4 GeV from the hard-scatter
process. Pile-up jets are not assigned a specific flavour label and are instead as a separate category
to account for the mixture of flavours that they include.

When evaluating the flavour tagging performance the following metrics are of interest:

b-jet (c-jet) tagging efficiency The efficiency to select a b-jet (c-jet) calculated by the total number
of b-jets (c-jets) which pass the b-tagging selection divided by the total number of b-jets (c-jets)
in the sample.

Mis-tag rate The rate at which light-flavour jets pass the b-tagging selection, given by the total
number of light-flavour jets which pass the b-tagging selection divided by the total number of
light-flavour jets in the sample.

Light-flavour jet rejection This is the inverse of the mis-tag rate.

Chapter XI: Performance and Physics Page 182 of 229
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Suppression	  scale	  M*	  by	  EFT:	  

  

M*=
Mmed

gSMgDM

where,	  EFT	  is	  valid	  under	  

    
π < gSMgDM < 4π
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Figure 7: Discovery potential for Dark Matter signal with D5 operator and M� = 50 GeV with 25 fb�1

(top left), 300 fb�1 (top right) and 3000 fb�1 (bottom) data. These results assume that the EFT is a valid
approach. The discussion of EFT validity is deferred to Sec. 6.

6 Validity of the E↵ective Field Theory

All the limits in the previous section were presented under the assumption that the EFT is fully valid at
the LHC energy scale. Studies on the validity of the EFT and the corresponding impact on the quoted
limits have been presented in Ref. [33, 34, 35], which argue that the minimum validity constraint for the
EFT is to require Qtr < Mmed. Note that the EFT is instead parametrized in terms of the suppression
scale M⇤, which is related to the mediator mass and couplings via M⇤ = Mmed/

p
gSMgDM. This leads to

the requirement of Qtr <
p
gSMgDMM⇤, where it is common to make the assumption of gSM = gDM = 1

and gSM = gDM = 4⇡ is the maximum allowed value in order to stay in the perturbative domain. This
study presents a scan over the coupling product pgSMgDM, including the case of gSM = gDM = 1, in
order to study the evolution of the validity for the EFT operator D5.

The validity of the EFT can be addressed through the following two procedures. They both remove
events failing the validity criteria where Qtr > Mmed =

p
gSMgDMM⇤ and define the fraction of valid

events Rtot
Mmed

. One of the methods is based on truncating the phase space and scanning over M⇤:

1. Scan over M⇤ and determine Rtot
Mmed

for each value of M⇤.

2. Rescale the original cross section of the signal sample, �full(M⇤), so that it corresponds only to the

11

is	  typical	  scale	  of	  the	  producAon.	  

In	  this	  case,	  Qtr	  is	  mass	  of	  χχ	  system	  that	  saAsfies:	  
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Figure 7: Discovery potential for Dark Matter signal with D5 operator and M� = 50 GeV with 25 fb�1

(top left), 300 fb�1 (top right) and 3000 fb�1 (bottom) data. These results assume that the EFT is a valid
approach. The discussion of EFT validity is deferred to Sec. 6.

6 Validity of the E↵ective Field Theory

All the limits in the previous section were presented under the assumption that the EFT is fully valid at
the LHC energy scale. Studies on the validity of the EFT and the corresponding impact on the quoted
limits have been presented in Ref. [33, 34, 35], which argue that the minimum validity constraint for the
EFT is to require Qtr < Mmed. Note that the EFT is instead parametrized in terms of the suppression
scale M⇤, which is related to the mediator mass and couplings via M⇤ = Mmed/

p
gSMgDM. This leads to

the requirement of Qtr <
p
gSMgDMM⇤, where it is common to make the assumption of gSM = gDM = 1

and gSM = gDM = 4⇡ is the maximum allowed value in order to stay in the perturbative domain. This
study presents a scan over the coupling product pgSMgDM, including the case of gSM = gDM = 1, in
order to study the evolution of the validity for the EFT operator D5.

The validity of the EFT can be addressed through the following two procedures. They both remove
events failing the validity criteria where Qtr > Mmed =

p
gSMgDMM⇤ and define the fraction of valid

events Rtot
Mmed

. One of the methods is based on truncating the phase space and scanning over M⇤:

1. Scan over M⇤ and determine Rtot
Mmed

for each value of M⇤.

2. Rescale the original cross section of the signal sample, �full(M⇤), so that it corresponds only to the
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Validity	  is	  tested	  how	  o}en	  event	  fails	  above	  	  
formula	  given	  fracAon	  of	  	  

valid events: �valid(M⇤) = �full(M⇤) · Rtot
Mmed

(M⇤).

3. Determine the point where �valid(M⇤) and the experimental limit on the visible cross section meet
and take the corresponding M⇤ value as the resulting final limit on the suppression scale M⇤valid.

Alternatively, an iterative method along the lines of Ref. [34] can be used:

1. Start with the nominal expected limit on M⇤ assuming 100% validity, named M⇤exp.

2. For each step i, obtain the relative fraction of valid events R i
Mmed

satisfying Qtr <
p
gSMgDMM⇤in

with respect to all events passing the previous iteration, where M⇤in is the suppression scale limit
obtained in the previous step.

3. Rescale M⇤ following Ref. [34], noting that D5 is a dimension 6 operator: M⇤out =
h
R i

Mmed

i1/4
M⇤in.

4. Go to step 2, using the current M⇤out as the new M⇤in, repeating until the fraction of valid events
at a given step R i

Mmed
reaches 0 or 1.

5. Calculate the total validity fraction Rtot
Mmed
=
Y

i

R i
Mmed

and the final rescaled limit on the suppres-

sion scale M⇤valid =
h
Rtot

Mmed

i1/4
M⇤exp.

Both methods have been shown to produce equivalent results. The latter one is used in this document.
The specific values of M⇤exp used in these studies come from 20 fb�1 of data at 8 TeV and 25 fb�1

of data at 14 TeV, both under the assumption of a flat 5% systematic uncertainty. These correspond to
the delivered 8 TeV luminosity and the expected first year of 14 TeV luminosity. The limit on M⇤exp
corresponding to each signal region is used for the corresponding Emiss

T cut, and is listed in Table 4.
Figures 8 and 9 demonstrate the impact of changing the value of pgSMgDM on the validity of the

EFT as a function of Emiss
T for M� = 50 GeV and M� = 400 GeV, respectively. Under the assumption

of gSM = gDM = 1, the fraction of valid events for both M� = 50 GeV and M� = 400 GeV is zero or
very close to zero at 8 TeV, meaning that the EFT is not valid for this choice of couplings. However, the
phase space at

p
s = 14 TeV is much less constrained, and the M� = 50 GeV point in particular leads to

⇠40% valid events for all three Emiss
T cuts. In addition, it appears that the assumption of pgSMgDM = 1 is

an uncharacteristically restrictive scenario, and small increases in the coupling strengths lead to fractions
of valid events quickly approaching 100%. As the figures show, there is no need to go to the maximum
perturbative coupling limit of pgSMgDM = 4⇡ for the EFT to be completely valid, and in fact all of the
scenarios considered are valid by pgSMgDM ⇠ ⇡ or earlier. Thus, while some regions of the parameter
space are clearly invalid, there are still interesting regions where the EFT approach is fully justified.

The change in the validity fraction observed in these figures when comparing 8 TeV and 14 TeV for
a fixed DM mass and coupling strength is due to multiple competing e↵ects. For a given M⇤ value,
the fraction of valid events is smaller at higher

p
s. This is expected, as increasing the centre-of-mass

energy naturally increases the average momentum transfer, and thus the validity fraction decreases as
more events enter the UV regime. However, this is balanced by the large increase in the limit on the
visible cross section, leading to improved limits on the Dark Matter suppression scale M⇤exp. Given that
the scheme used for determining EFT validity relies on either the visible cross section or the resulting
limit M⇤exp, the final result is an increase in validity. This is an important distinction, and would not be
the case if the EFT validity was in comparison to a fixed scale of absolute value.

One other constraint to consider is the e↵ect of the Dark Matter mass on the validity fraction, since
M� and Qtr are not independent quantities. There is a strong requirement of 2M�  Qtr  pgSMgDMM⇤
in order to produce the final Dark Matter particles. This can be clearly seen in Fig. 9, where the expected
8 TeV limit is 840 GeV for M� = 400 GeV, rendering the model invalid until much larger values of the

12

DM
g

SM
g

1 1.5 2 2.5 3

 [
%

]
to

t m
e
d

M
R

0

20

40

60

80

100

 > 400 GeVmiss
TE

 > 600 GeVmiss
TE

 > 800 GeVmiss
TE

ATLAS Simulation
Preliminary

 = 8 TeVs 1-
 L = 20 fb∫ = 50 GeVχm

DM
g

SM
g

1 1.5 2 2.5 3

 [
%

]
to

t m
e
d

M
R

0

20

40

60

80

100

 > 400 GeVmiss
TE

 > 600 GeVmiss
TE

 > 800 GeVmiss
TE

ATLAS Simulation
Preliminary

 = 14 TeVs 1-
 L = 25 fb∫ = 50 GeVχm

Figure 8: Fraction of WIMP events with M� = 50 GeV passing the validity requirement of Qtr < Mmed
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s = 8 TeV (left) and
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s = 14 TeV (right). A scan over di↵erent values of couplings pgSMgDM
for three Emiss

T thresholds is shown. Each Emiss
T threshold uses the associated nominal limit M⇤exp for the

threshold in question.

DM
g

SM
g

1 1.5 2 2.5 3

 [
%

]
to

t m
e
d

M
R

0

20

40

60

80

100

 > 400 GeVmiss
TE

 > 600 GeVmiss
TE

 > 800 GeVmiss
TE

ATLAS Simulation
Preliminary

 = 8 TeVs 1-
 L = 20 fb∫ = 400 GeVχm

DM
g

SM
g

1 1.5 2 2.5 3

 [
%

]
to

t m
e
d

M
R

0

20

40

60

80

100

 > 400 GeVmiss
TE

 > 600 GeVmiss
TE

 > 800 GeVmiss
TE

ATLAS Simulation
Preliminary

 = 14 TeVs 1-
 L = 25 fb∫ = 400 GeVχm

Figure 9: Fraction of WIMP events with M� = 400 GeV passing the validity requirement of Qtr < Mmed
at
p

s = 8 TeV (left) and
p

s = 14 TeV (right). A scan over di↵erent values of couplings pgSMgDM
for three Emiss

T thresholds is shown. Each Emiss
T threshold uses the associated nominal limit M⇤exp for the

threshold in question.

coupling than observed for M� = 50 GeV. The corresponding 14 TeV plot is instead valid for a much
larger coupling range, but still less than for the lighter Dark Matter of M� = 50 GeV. This demonstrates
the trend where increasing the Dark Matter mass results in a smaller validity fraction.

These validity fractions can then be turned into rescaled limits. Following the procedure defined
above, where M⇤valid =

h
Rtot

Mmed

i1/4
M⇤exp, one obtains the results seen in Fig. 10 for M� = 50 GeV and

Fig. 11 for M� = 400 GeV. The values of the rescaled limits for a few specific choices of couplings are
listed explicitly in Table 4. Due to the validity fraction being raised to the power of 1

4 , the rescaled limit
quickly approaches the nominal limit so long as Rtot

Mmed
, 0. For all scenarios considered, this results in

rescaled limits at the level of the nominal limit well before pgSMgDM = ⇡.
Limits generally increase with higher Emiss

T cuts, until statistics becomes the dominant limitation,
but higher Emiss

T also comes with higher average Qtr. These two e↵ects must both be considered, and the
interplay between the two is clear in Fig. 8. At 8 TeV and for pgSMgDM  1.4, there is a region where the
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Figure 9: Fraction of WIMP events with M� = 400 GeV passing the validity requirement of Qtr < Mmed
at
p

s = 8 TeV (left) and
p

s = 14 TeV (right). A scan over di↵erent values of couplings pgSMgDM
for three Emiss

T thresholds is shown. Each Emiss
T threshold uses the associated nominal limit M⇤exp for the

threshold in question.

coupling than observed for M� = 50 GeV. The corresponding 14 TeV plot is instead valid for a much
larger coupling range, but still less than for the lighter Dark Matter of M� = 50 GeV. This demonstrates
the trend where increasing the Dark Matter mass results in a smaller validity fraction.

These validity fractions can then be turned into rescaled limits. Following the procedure defined
above, where M⇤valid =

h
Rtot

Mmed

i1/4
M⇤exp, one obtains the results seen in Fig. 10 for M� = 50 GeV and

Fig. 11 for M� = 400 GeV. The values of the rescaled limits for a few specific choices of couplings are
listed explicitly in Table 4. Due to the validity fraction being raised to the power of 1

4 , the rescaled limit
quickly approaches the nominal limit so long as Rtot

Mmed
, 0. For all scenarios considered, this results in

rescaled limits at the level of the nominal limit well before pgSMgDM = ⇡.
Limits generally increase with higher Emiss

T cuts, until statistics becomes the dominant limitation,
but higher Emiss

T also comes with higher average Qtr. These two e↵ects must both be considered, and the
interplay between the two is clear in Fig. 8. At 8 TeV and for pgSMgDM  1.4, there is a region where the
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For	  given	  range:	  
    
π < gSMgDM < 4π

R	  =	  100%.	  


