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Abstract

The first search for dark matter candidate production through pure electroweak vec-
tor boson fusion processes is presented. Events with two jets in the vector boson fu-
sion topology and large missing transverse momentum are analyzed using data from
proton-proton collisions at

√
s = 8 TeV collected with the CMS detector. In the con-

text of supersymmetric models with a compressed mass spectrum, which may yield
visible particles with momenta too low to detect efficiently, the vector boson fusion
topology boosts the momentum imbalance from the escaping lightest supersymmet-
ric particle (a dark matter candidate), providing a distinct signature to discriminate
signal events from backgrounds. The dijet mass spectrum measured in data is ob-
served to be compatible with the expected standard model prediction. Limits are set
on the production cross section and mass of fermionic dark matter particles in the
context of an effective field theory with a heavy mediator, as well as pairs of scalar
bottom quarks that are nearly mass degenerate with the lightest supersymmetric par-
ticle.
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Measurements taken by the Planck satellite indicate 85% of the matter in the universe is com-
posed of dark matter (DM) [1]. The identity of DM is one of the most fundamental open ques-
tions in both particle physics and cosmology. Many extensions of the standard model (SM)
predict a DM candidate in the form of a weakly-interacting massive particle at the electroweak
symmetry breaking scale. R-parity conserving supersymmetric (SUSY) extensions of the SM
may naturally contain a DM candidate (a mixture of Bino, Wino, and Higgsino states) as the
lightest supersymmetric particle (LSP), which interacts only weakly and is stable [2–6].

Previous LHC SUSY searches have probed DM via prompt decays of heavier particles with
signatures which rely on Emiss

T , isolated leptons and photons, and/or large pT jets to reduce
abundant QCD backgrounds [2–6]. Such search strategies have limited sensitivity in scenarios
where the DM mass is close to the mass of the parent, leading to visible particles with too little
pT to detect. For example, the ATLAS and CMS bounds on LSP DM from promptly decaying
charginos (χ̃±) and neutralinos (χ̃0), do not surpass the constraints placed by LEP given a mass
separation mπ . ∆m = mχ̃±1

− mχ̃0
1
. 10 GeV [7, 8]. In the case of long-lived charginos (or

neutralinos), a different technique is employed [9, 10].

This paper describes a general search for new physics with missing transverse momentum
(Emiss

T ) and two associated jets using the vector boson fusion (VBF) topology, which is character-
ized by the presence of two jets with large dijet invariant mass (mjj), in opposite hemispheres,
and with large separation in pseudo-rapidity (|∆ηjj|) [11, 12]. Focus is placed on pure elec-
troweak direct DM production and compressed-mass-spectrum scenarios where visible par-
ticles produced after the decays of heavier SUSY particles are too soft to be identified in the
detector or be distinguishable from the SM backgrounds. Thus, the presence of other particles
produced in a boosted system, and in association with such decays, is required to provide a dis-
tinct signature which discriminates signal events from SM backgrounds with high efficiency.
For chargino and neutralino production, the two jets are mostly produced by pure electroweak
vector boson fusion processes, while the boost for squark production is provided by two ener-
getic jets from initial state radiation. The VBF topology naturally generates larger Emiss

T since the
momentum of the invisible particles must balance the high pT of the scattered partons. Other
searches for DM and compressed mass-spectra achieve a boosted system with the selection
of one high transverse momentum (pT) jet from initial state radiation [13]. The VBF topology
complements other dedicated searches for DM and compressed mass-spectra while addition-
ally offering a scope to determine the couplings of the DM to the SM electroweak bosons, a
complementary and significant clue which can help ascertain the connection to cosmological
DM.

The analysis is performed using data collected with the CMS detector in proton-proton colli-
sions at a centre of mass energy of

√
s = 8 TeV at the LHC. The data samples correspond to an

integrated luminosity of 18.5 fb−1.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Muons are measured in gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. Extensive forward calorimetry complements the coverage provided
by the barrel and endcap detectors. The trigger thresholds in a two-level trigger system are
tuned to accept a few hundred data events per second from the proton-proton interactions. A
more detailed description of the CMS detector can be found in Ref. [14].

Candidate signal events are recorded with dedicated trigger conditions that require events to
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satisfy Emiss
T > 65 GeV and contain two jets with pT > 35 GeV in the VBF topology. The jet

pT, ∆η, and mjj requirements (VBF selection) defining the search region are chosen to achieve
a trigger efficiency greater than 98%. We require exactly two jets with pT > 50 GeV and |η| <
5, and veto events with additional jets with pT > 30 GeV. The rejection of additional jets
with pT > 30 GeV will be referred to as the additional jet veto (AJV). The jets are required to
be in opposite halves of the detector (η1 · η2 < 0), well separated in pseudorapidity (|∆η| >
4.2), and with mjj > 750 GeV. These events must satisfy a lepton veto by requiring exactly
zero isolated muons, electrons, and tau leptons. Electron and muon candidates are required to
satisfy pT > 10 GeV and |η| < 2.5, while tau candidates must have pT > 15 GeV and |η| < 2.5.
Events are required to have at least 250 GeV of missing transverse momentum. In order to
reduce top-quark contamination, events must contain no jets identified as a b-quark jet. The
QCD multijet background is further reduced by requiring the absolute value of the azimuthal
separation between the sub-leading jet and the Emiss

T vector to satisfy |∆φ(Emiss
T , j2)| > 0.5. A

broad enhancement in the tails of the observed dijet invariant mass distribution mjj is used to
search for the signal.

The main sources of background are Z(→ νν̄) + jets, W(→ lν) + jets, and a significantly smaller
contribution from QCD multijet, tt̄, and diboson production. The Z(→ νν̄) + jets background
has the same topology as the signal, and is mostly irreducible. Leptons in W(→ lν) + jets
events that fail the veto identification criteria contribute to the Emiss

T in the event, making this
process an important background in the search.

The jets and Emiss
T are reconstructed with the Particle Flow (PF) algorithm [15]. Jets are re-

quired to pass identification criteria designed to reject particles from pileup interactions and
anomalous behavior from the calorimeters. For jets with pT > 30 GeV and |η| < 2.5 (> 2.5),
the identification efficiency is ≈ 99% (95%), while 90–95% (60%) of pileup jets are rejected [16].
Jets originating from the hadronization of bottom quarks are identified using the combined
secondary vertex algorithm [17, 18]. For b-quark jets with pT > 20 GeV and |η| < 2.4, the
identification efficiency is ≈ 85% with a ≈ 10% fake rate for light quark and gluon jets [18].
Electrons, muons, and hadronic decays of tau leptons (τh) are reconstructed and identified us-
ing the tracker, calorimeter, and muon systems. Details of reconstruction and identification can
be found in [19–21]. The leptons are required to pass isolation criteria in order to maintain a
high signal efficiency for the lepton veto by rejecting misidentified leptons from jets. For elec-
trons and muons, isolation is defined as the sum of the pT of the reconstructed PF charged and
neutral particles, within a cone of radius ∆R =

√
(∆η)2 + (∆φ)2 = 0.3 centered around the e/µ

track. Isolation for τh candidates is imposed by applying a dedicated multi-variate discrimina-
tor which combines the surrounding energy deposits with the median energy density flow in
the event.

Collision data are compared to samples of Monte-Carlo (MC) simulated events. Samples are
generated in the context of two signal models: DM pair production with two jets (χχjj) [22],
and pair production of the lightest bottom squark and two associated jets (b̃b̃jj) in the R-parity
conserving Minimal Supersymmetric Standard Model (MSSM) [23]. The signal event samples
are generated with MADGRAPH (v5.1.5) [24], applying a requirement of pT > 30 GeV on both
partons and a pseudorapidity gap of |∆η| > 4.2. The background event samples with a Higgs
boson produced through VBF are generated with POWHEG (v1.0r1380) [25]. The MADGRAPH

generator (v5.1.3) is used for DY + jets, W + jets, t t + jets, and diboson production. All MC
samples make use of the CTEQ6L1 and CTEQ6M parton distribution functions (PDF) [26, 27],
except for VBF Higgs boson samples which employ CT10 [28]. The POWHEG and MADGRAPH

generators are interfaced with PYTHIA (v6.4.22) [29] for parton shower, fragmentation, hadroni-
zation, and decay. The generated background samples are processed with a detailed simulation
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of the CMS apparatus using the GEANT4 package (v9.4p03) [30], while the response for signal
samples is modeled with the CMS fast simulation program [31]. For the signal acceptance
and mjj shapes based on the fast simulation, the differences with respect to the GEANT4-based
results are found to be small (< 5%). Corrections are applied to account for the differences.
When predicted from simulation, the background yields are normalized to integrated lumi-
nosity using next-to-next-leading order (NNLO) cross-sections, while the b̃b̃jj and χχjj signal
yields are normalized using next-to-leading order (NLO) and leading order (LO) cross-sections
respectively [22, 23]. In all MC samples, multiple interactions are superimposed on the primary
collision process and events are reweighted such that the distribution of reconstructed collision
vertices matches that in data [16].

The general strategy for the estimation of the background contributions in the signal region
(SR) relies on isolating various control regions (CR) with an inverted lepton veto. The CRs are
constructed in order to measure the VBF efficiency from data, validate the correct modelling of
the mjj shapes and efficiency of the non-VBF cuts (central selection), and optionally determine
a correction factor for the efficiency of the central selection. The VBF efficiency is defined as
the fraction of events in the CR passing the VBF event selection criteria. For the W/Z + jets
backgrounds, the following equation is used to determine their contribution to the SR:

NBG
SR = NBG

central · SFBG
central · εVBF (1)

where NBG
SR is the predicted background rate in the signal region, NBG

central the predicted rate in
simulation without the VBF selections, SFBG

central the data-to-simulation correction factor for the
central selection as determined from the control samples, and εVBF the VBF efficiency, which is
determined directly from data.

Since the production of Z(→ νν̄) in association with jets has characteristics that are similar to
the production of Z(→ µ+µ−) + jets, the topology of Z(→ νν̄) + jets events can be reproduced
by treating the pair of muons as a pair of neutrinos. The Z(→ νν̄) + jets yield is estimated
from data using three control regions in order to factorize correction factors and the level of
agreement between data and MC for the lepton and b-jet vetos, the modeling of Emiss

T , and the
measurement of the VBF efficiency. The first control region (Z CR1) is obtained by replacing the
muon veto with a requirement of exactly two muons, removing the veto for additional leptons
and b-jets, removing the Emiss

T requirement, and dropping the VBF selection. The measured
data-to-MC correction factor is consistent with unity, validating the modeling of the kinematic
and geometric acceptance of leptons by simulation. To determine a correction factor for the
efficiency of the additional lepton/b-jet vetos and Emiss

T requirement, a second control sample
(Z CR2) is defined with the same selection as Z CR1, but requiring Emiss

T > 250 GeV and ap-
plying the veto on additional leptons and b-jets. In order to model Z(→ νν̄), the muons are
treated as neutrinos by re-computing the ~Emiss

T after subtracting the ~pT
µµ. The measured data-

to-MC correction factor is SFBG
central = 0.95± 0.06, where the uncertainty is a combination of the

statistical uncertainty from data and simulation. The level of contamination (∼ 4%) from other
background sources is assigned as a systematic uncertainty on the correction factor. Finally, a
third control sample (Z CR3) is defined by the same selection as Z CR2, but adding the VBF
selection. The VBF efficiency is determined directly from data as the ratio of event yields in
CR3 and CR2. Table 1 summarizes the data yields and MC predictions for backgrounds in the
control regions.

Similar to the estimate of the Z + jets background, the W + jets rate in the SR is determined using
control samples obtained with an inverted muon veto, except requiring exactly one muon in
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order to suppress the contribution from Z + jets (> 91% purity). The measured data-to-MC
correction factor is SFBG

central = 0.80± 0.042, where the uncertainty is only statistical.

Since mZ − mW ∼ 10 GeV is small compared to the Emiss
T requirement used to define the SR,

the VBF efficiencies for the Z + jets and W + jets backgrounds are similar. This is checked in
simulation by comparing the mjj distributions in the SR and validated with data in the CRs.
Therefore, the Z and W CRs can be combined for the purpose of measuring the VBF efficiency,
εVBF. The VBF efficiency has a measured value of εVBF = 0.008± 0.002.

The small contribution to the SR from the QCD multijet background is estimated using the
fractions of events passing the Emiss

T and AJV requirements. Four QCD multijet dominated CRs
are defined with similar selections to the SR, but with the following modifications: (A) failing
the Emiss

T , AJV, and |∆φ(Emiss
T , j2)| requirements; (B) passing the Emiss

T requirement, failing the
AJV requirement, and failing the |∆φ(Emiss

T , j2)| requirement; (C) failing the Emiss
T requirement,

passing the AJV requirement, and failing the |∆φ(Emiss
T , j2)| requirement; (D) passing the Emiss

T
requirement, passing the AJV requirement, and failing the |∆φ(Emiss

T , j2)| requirement. The
QCD multijet background yields in control regions A, B, and C are estimated from data after
subtracting the non-QCD background yields using estimations from simulation. The QCD
multijet component in region D is then determined as ND

QCD = NB
QCD · NC

QCD/NA
QCD. Since

region D is defined with an inverted |∆φ(Emiss
T , j2)| requirement, the QCD contribution to the

SR is obtained by correcting the prediction in region D by the efficiency of the |∆φ(Emiss
T , j2)|

cut, N|∆φ(Emiss
T ,j2)|>0.5

QCD /N|∆φ(Emiss
T ,j2)|<0.5

QCD , which is measured from a Z(→ ll) + jets control sample
with Emiss

T > 75 GeV.

The dominant contributions to the total systematic uncertainty on the Z/W + jets background
predictions are from the statistical uncertainties of the data used in the CRs for measuring
SFBG

central (5-6.4%) and εVBF (24.3%). The smaller contributions include the contamination from
other backgrounds (2%) in the CRs used to measure εVBF, as well as the uncertainties on SFBG

central
due to lepton and b-jet mis-identification efficiency (< 1%), jet energy resolution (< 1%), jet
energy scale (2.5%), and trigger efficiency (5%). Due to the data-to-simulation correction factors
for the efficiency of the non-VBF selections, both the signal and background are affected by
similar sources of systematic uncertainties: the luminosity measurement (2.6%) [32], lepton and
b-jet mis-identification efficiency, jet energy resolution, jet energy scale, and trigger efficiency
also contribute to the systematic uncertainty on signal. The dominant uncertainty on signal
acceptance is due to the modeling of the εVBF in MADGRAPH. The level of agreement between
the predicted and observed εVBF in the Z/W + jets CRs, as well as its uncertainty, is treated as
a systematic uncertainty on the εVBF for signal samples. The uncertainty on signal acceptance
due to the PDF set included in the simulated samples is evaluated in accordance with the
PDF4LHC recommendations by comparing CTEQ6.6L, MRST2006, and NNPDF10 PDF sets
with the default PDF set (CTEQ 6L) [26, 33, 34]. The dominant uncertainty that contributes
to the signal mjj shape variations include the Emiss

T and jet energy scale uncertainties. The
background mjj shape uncertainties are evaluated by comparing the predicted and measured
mjj shapes in various Z/W + jets low-Emiss

T sidebands, resulting in uncertainties of 6.8-42.0%
depending on mjj.

Figure 1 (left) shows the observed and predicted background mjj spectrum in the SR, while
Table 1 shows the predicted background rates and observed number of events. The observed
yields in the SR are compatible with the background expectations.

The results are used to constraint the production of new phenomena in the context of two signal
models: χχjj and b̃b̃jj. The interaction between the DM particle, χ, and the electroweak gauge
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Table 1: Predicted and observed rates for the control regions and signal region. The yields
are used to calculate correction factors for the central selections and VBF selection efficiencies.
Statistical uncertainties are cited for both the predicted and observed yields.

Sample Z CR1 Z CR2 Z CR3 W CR1 W CR2 W CR3 SR
Z` ¯̀+Jets 5.1 · 106 ± 4.6 · 103 675.3± 35.2 5.6± 2.4 6.0 · 106 ± 4.0 · 103 12.4± 4.4 0.0+1.9

−0.0 0.03+0.17
−0.03

W+Jets 99.5± 20.9 0.0+2.4
−0.0 0.0+2.4

−0.0 6.7 · 107 ± 4.4 · 104 1.3 · 103 ± 55 8.0± 4.4 43.6± 10.3
tt̄ 1.7 · 104 ± 158 1.6± 1.4 0.0+0.7

−0.0 4.1 · 105 ± 747 13.4± 4.4 0.0+0.7
−0.0 0.0+0.7

−0.0
VV 1.3 · 104 ± 115 24.0± 4.9 0.02+0.25

−0.02 1.0 · 105 ± 331 22.3± 5.0 0.07+0.34
−0.07 0.4+0.7

−0.4
Zνν̄+Jets - - - - - - 88.2± 9.8
Σweighted

MC 5.2 · 106 ± 4.6 · 103 700.9± 35.6 5.6± 2.4 7.3 · 107 ± 4.5 · 104 1.4 · 103 ± 56 8.0± 4.4 132.3± 14.3
Data 5.1 · 106 666 6 7.1 · 107 1.1 · 103 9 118

Figure 1: (left) mjj distribution after all signal region selections, where the shaded band in the
ratio plot includes the systematic and statistical uncertainties in the background prediction.
(upper right) Upper limit at the 95% CL on the cross-section as a function of mass M = mχ =
mb̃. (lower right) The 95% CL on the contact interaction scale, Λ, as a function of the DM mass,
Mχ, for the scalar effective field theory DM model. The validity of the effective field theory is
quantified by RΛ = 80% contours, corresponding to different values of the effective coupling
ge f f .

bosons of the SM is assumed to be mediated by a heavy particle such that it can be treated
as a contact interaction characterized by a scale Λ = M/ge f f = M/√gχgV , whereM is the
mass of the mediator, gχ its coupling to χ, and gV its coupling to V=γ/Z/W [35]. The DM
particle χ is assumed to be a Dirac fermion. In this paper, only the Higgs portal operators of
scaling dimension d = 5 are considered. For these operators only the 4-point χχVV contact
interactions are allowed. In the case of the b̃b̃jj signal model, the results are interpreted by
assuming Br(b̃ → bχ̃0

1) = 1. The mass difference between b̃ and χ̃0
1 is 5 GeV, and thus the b̃

decays into a soft b-quark which is typically not identified. The signal samples were generated
for masses of 100− 600 GeV, in step sizes of 50 GeV. The signal acceptance for these samples
is on the order of 3-6%, depending on the mass.

The calculation of the exclusion limit is obtained by computing the 95% confidence level (CL)
upper limit on the signal cross-section using the CLs method [36, 37]. Systematic uncertain-
ties are represented by nuisance parameters, which are removed by marginalization, assuming
a gamma or log-normal prior for normalization parameters, and Gaussian priors for mass-
spectrum shape uncertainties.



6

Figure 1 (upper right) shows the expected and observed upper limits, as well as the theoretical
cross-sections, as functions of mass M = mχ = mb̃. DM masses below 420 GeV are excluded
for a contact interaction scale Λ = 600 GeV. Since the χχjj cross-sections are proportional to
1/Λ2 for contact operators of dimension d = 5, results for Λ 6= 600 GeV can be obtained
by appropriately scaling the theoretical cross-section. The validity of the DM signal model
using an effective field theory (EFT) approach is quantified by the fraction of signal events,
RΛ, satisfying the condition that the center of mass energy of DM-DM system is less than Λ
times ge f f of the model. Figure 1 (lower right) shows curves corresponding to RΛ = 80% with
ge f f = 1,2,4. The bound is 315 GeV for the compressed mass-spectra scenario of mb̃ −mχ̃0

1
= 5

GeV, which is determined using the theoretical cross-section minus its one standard deviation
uncertainty.

In conclusion, a search has been performed for DM and compressed-mass spectra using events
with significant Emiss

T and two jets in a VBF topology. The data corresponds to an integrated
luminosity of 18.5 fb−1 collected by the CMS detector in proton-proton collisions at

√
s = 8

TeV. It is the first search for pair production of DM particles in pure electroweak processes
with couplings to the Z and W bosons of the SM. The observed mjj distribution does not reveal
evidence for new physics. Assuming the DM particle is a Dirac fermion, the results are used to
exclude a range of masses up to 420 GeV in an effective field theory model with an interaction
scale Λ = 600 GeV and Higgs portal operators of scaling dimension d = 5 containing the 4-
point χχVV contact interactions. This analysis also produces the most stringent limits to date
on the pair production of b̃ in a compressed-mass spectra scenario defined by mass separation
mb̃ −mχ̃0

1
= 5 GeV, excluding masses below 315 GeV.
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