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DM production at the LHC
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Introduction Event selection Background estimate Higgs interpretation Conclusion

Theoretical motivation

The mono-jet final state can be obtained via two classes of processes:

• pp ! X+ jet with X possibly ADD Graviton, Unparticle, Gravitino

• pp ! XX+ ISR jet with X invisible, possibly a WIMP/Dark Matter candidate:
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mono-jet event from 7 TeV data
JHEP 1304 (2013) 075

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2011-20/
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experimental signatures
Run-1 results Run-2 results

MET signatures

• mono-jet Eur. Phys. J. C (2015) 75:299

• mono-γ PRD 91, 012008 (2015)

• mono-W/Z PRD 90, 012004 (2014) ATLAS-CONF-2015-080
PRL 112, 041802 (2014)
HEP 09 (2014) 037 

• heavy flavour + DM EPJC 75 (2015) 79
EPJC 75 (2015) 92 

• mono-H 1510.06218
Phys. Rev. Lett. 115, 131801 (2015) 

• H→invisible 1508.07869
PRL 115, 131801 (2015)
PRL 112, 201802 (2014)

Resonant searches

• di-jets PRD 91, 052007 (2015) 1512.01530
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http://link.springer.com/article/10.1140/epjc/s10052-015-3517-3
http://arxiv.org/abs/1411.1559
http://arxiv.org/abs/1404.0051
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-080/
http://arxiv.org/abs/1309.4017
http://arxiv.org/abs/1407.7494
http://arxiv.org/abs/1410.5404
http://arxiv.org/abs/1410.4031
http://arxiv.org/abs/1510.06218
http://arxiv.org/abs/1506.01081
http://arxiv.org/abs/1508.07869
http://arxiv.org/abs/1506.01081
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-03/
http://arxiv.org/abs/1407.1376
http://arxiv.org/pdf/1512.01530v2.pdf
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mono-jet

Event selection

• MET trigger

• jet pT > 120 GeV

• MET > 150 GeV

• lepton veto
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Fig. 6 Measured distributions of (a) the jet multiplicity, (b) Emiss
T , (c) leading jet pT, and (d) the leading jet pT to Emiss

T
ratio for the SR1 selection compared to the SM expectations. The Z(→ νν̄)+jets contribution is shown as constrained by
the W (→ µν)+jets control sample. Where appropriate, the last bin of the distribution includes overflows. For illustration
purposes, the distribution of different ADD, WIMP and GMSB scenarios are included. The error bands in the ratios shown
in lower panels include both the statistical and systematic uncertainties on the background expectations.

8.1 Large extra spatial dimensions

The results are translated into limits on the parameters of the ADD model. The typical A×ϵ of the selection
criteria vary, as the number of extra dimensions n increases from n = 2 to n = 6, between 23% and 33% for
SR1 and between 0.3% and 1.4% for SR9, and are approximately independent of MD.

The experimental uncertainties related to the jet and Emiss
T scales and resolutions introduce, when

combined, uncertainties in the signal yields which vary between 2% and 0.7% for SR1 and between 8%
and 5% for SR9, with increasing n. The uncertainties on the proton beam energy result in uncertainties on
the signal cross sections which vary between 2% and 5% with increasing n, and uncertainties on the signal
acceptance of about 1% for SR1 and 3%–4% for SR9. The uncertainties related to the modelling of the
initial- and final-state gluon radiation translate into uncertainties on the ADD signal acceptance which vary
with increasing n between 2% and 3% in SR1 and between 11% and 21% in SR9. The uncertainties due to
PDF, affecting both the predicted signal cross section and the signal acceptance, result in uncertainties on
the signal yields which vary with increasing n between 18% and 30% for SR1 and between 35% and 41% for
SR9. For the SR1 selection, the uncertainty on the signal acceptance itself is about 8%–9%, and increases
to about 30% for the SR9 selection. Similarly, the variations of the renormalization and factorization scales
introduce a 9% to 30% change in the signal acceptance and a 22% to 40% uncertainty on the signal yields
with increasing n and Emiss

T requirements.
The signal region SR7 provides the most stringent expected limits and is used to obtain the final results.

Figure 8 shows, for the SR7 selection, the ADD σ × A × ϵ as a function of MD for n = 2, n = 4, and

Eur. Phys. J. C (2015) 75:299

8 TeV   20.3 fb-1
Eur. Phys. J. C (2015) 75 :299 Page 7 of 43 299

Table 3 Summary of the methods and control samples used to constrain
the different background contributions in the signal regions

Background
process

Method Control sample

Z(→ νν̄)+jets MC and control
samples in data

Z/γ ∗(→ ℓ+ℓ−),
W (→ ℓν) (ℓ = e, µ)

W (→ eν)+jets MC and control
samples in data

W (→ eν) (loose)

W (→ τν)+jets MC and control
samples in data

W (→ eν) (loose)

W (→ µν)+jets MC and control
samples in data

W (→ µν)

Z/γ ∗(→ ℓ+ℓ−)+jets
(ℓ = e, µ, τ )

MC-only

t t̄ , single top MC-only

Diboson MC-only

Multijets Data-driven

Non-collision Data-driven

control samples with the same trigger as for the signal
regions. This is not the case for the W (→ eν)+jets and
Z/γ ∗(→ e+e−)+jets control samples used to help with con-
straining the Z(→ νν̄)+jets background (see below).

A W (→ µν)+jets control sample is defined using events
with a muon with pT > 20 GeV and W transverse mass in
the range 40 GeV < mT < 100 GeV. The transverse mass
mT is defined by the lepton (ℓ) and neutrino (ν) pT and direc-

tion as mT =
√

2pℓ
T p

ν
T(1 − cos(φℓ − φν)), where the (x, y)

components of the neutrino momentum are taken to be the
same as the corresponding p miss

T components. Similarly, a
Z/γ ∗(→ µ+µ−)+jets control sample is selected, requiring
the presence of two muons with pT > 20 GeV and invari-
ant mass in the range 66 GeV < mµµ < 116 GeV. In the
W (→ µν)+jets and Z/γ ∗(→ µ+µ−)+jets control regions,
the Emiss

T is not corrected for the presence of the muons in
the final state, which are considered invisible, motivated by
the fact that these control regions are used to estimate the
irreducible Z(→ νν̄)+jets background in the signal regions.

The W (→ eν)+jets and Z/γ ∗(→ e+e−)+jets control
samples used in constraining the Z(→ νν̄)+jets background
in the signal regions are collected using online triggers that
select events with an electron in the final state. The Emiss

T
is corrected by removing the contributions from the elec-
tron energy clusters in the calorimeters. In the Z/γ ∗(→
e+e−)+jets control sample, events are selected with exactly
two electrons with pT > 20 GeV and dilepton invariant
mass in the range 66 GeV < mee < 116 GeV. In the W (→
eν)+jets control sample a tight selection is applied: events
are selected to have only a single electron with pT > 25 GeV,
transverse mass in the range 40 GeV < mT < 100 GeV,
and uncorrected Emiss

T > 25 GeV. The latter requirements

suppress background contamination from multijet processes
where jets are misidentified as electrons.

A separate W (→ eν)+jets control sample, collected
with the Emiss

T -based trigger and looser requirements that
increase the number of events, is defined to constrain the
W (→ eν)+jets and W (→ τν)+jets background contribu-
tions. In this case, the electron pT requirement is reduced to
pT > 20 GeV and no further cuts on electron isolation and
mT are applied. In addition, the Emiss

T calculation in this case
is not corrected for the presence of the electron or τ leptons
in the final state, as they contribute to the calorimeter-based
Emiss

T calculation in the signal regions.
Figures 2, 3, 4 and 5 show some distributions in the differ-

ent W+jets and Z+jets control regions in data compared to
MC expectations for the SR1 monojet-like kinematic selec-
tion. In this case, the MC expectations are globally normal-
ized to the data in the control regions, using normalization
factors as explained below, so that a comparison of the shape
of the different distributions in data and MC simulation can
be made. The MC expectations provide a fair description of
the shapes in data but present harder Emiss

T and leading-jet
pT spectra. This is mainly attributed to an inadequate mod-
elling of the boson pT distribution in the W/Z+jets MC
samples.

The data in the control regions and MC-based correc-
tion factors, determined from the SHERPA simulation, are
used for each of the signal selections (SR1–SR9) to esti-
mate the electroweak background contributions fromW+jets
and Z(→ νν̄)+jets processes. As an example, the W (→
µν)+jets and Z(→ νν̄)+jets background contributions to
a given signal region, NW (→µν)

signal and N Z(→νν̄)
signal , respectively,

are determined using the W (→ µν)+jets control sample in
data according to

NW (→µν)
signal =

(N data
W (→µν),control − N non−W/Z

W (→µν),control)

NMC
W (→µν),control

× NMC(W (→µν))
signal × ξℓ × ξtrg × ξveto

ℓ (1)

and

N Z(→νν̄)
signal =

(N data
W (→µν),control − N non−W/Z

W (→µν),control)

NMC
W (→µν),control

× NMC(Z(→νν̄))
signal × ξℓ × ξtrg, (2)

where NMC(W (→µν))
signal and NMC(Z(→νν̄))

signal denote, respec-
tively, the W (→ µν)+jets and Z(→ νν̄)+jets back-
ground predicted by the MC simulation in the signal region,
and N data

W (→µν),control, NMC
W (→µν),control, and N non−W/Z

W (→µν),control
denote, in the control region, the number of W (→ µν)+jets
candidates in data and W/Z+jets MC simulation, and
the non-W/Z background contribution, respectively. The
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DM interpretations
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contact interactions

• Contact interactions (dimension-6 operator) form a simple framework for the 
description of the collider and astro-particle experimental results and were widely 
used in Run-1 by both ATLAS and CMS.

• It is safe to use EFT when the mediator                                                                   
can be integrated out.

• However, at the LHC energies, the limits                                                                
on the suppression scale are comparable                                                                             
to the momentum transfer!

7

Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1

⇤2

=
g

�

g

q

M

2

. (2.4)

The Feynman diagrams for the processes under consideration are depicted in Fig. 1. The processes

where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed

by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
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higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is

a good approximation as long as Q

2

tr
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2 ⇠ ⇤2. Thus, the parameter Q
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/M characterizes the

goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.
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< 4⇡ (see Ref. [31] for an

alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle
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. So, Eq. (2.4) gives [21]

⇤ & m
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4⇡
, (2.6)

which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what,

for instance, ATLAS uses in Ref. [6]. On top of this condition, the validity of the truncation to the

lowest order in the expansion (2.5) requires that Q
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through Q
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and refines the condition (2.1). Furthermore, assuming s-

channel momentum transfer, kinematics imposes Q
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> 2m
DM

so from Eq. (2.7)

⇤ >
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, (2.8)
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Figure 2: The momentum transfer in the s-channel in Eq. (3.4), weighted with PDFs, as a function of m

DM

,

for di↵erent choices of p

T

, ⌘ of the radiated jet. We considered

p
s = 8TeV.

To assess the validity of the EFT, we first adopt a procedure which, albeit not rigorous, gives an

idea of the error one might make in adopting the EFT. The advantage of this procedure is that it is

model-independent in the sense that it does not depend on the particular UV completion of the EFT

theory. A simple inspection of the expansion (2.5) tells us that the EFT is trustable only if Q2

tr

⌧ M

2

and we take for the typical value of Q
tr

the square root of the averaged squared momentum transfer

in the s-channel, where the average is computed properly weighting with PDFs [32]
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The integration in x

1

, x

2

is performed over the kinematically allowed region Q

tr

� 2m
DM

and we
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“The most powerful results are 
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the greatest gains come from the 
combination of the independent 
analyses from ATLAS and 
CMS, though the other final 
states make a non-negligble 
improvement.”
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mono-jet

• Limits on the suppression scale       
of the EFT operators are set 
assuming full EFT validity.

• Simplified models with Z’-like 
mediators reveal that

• EFT limits are conservative         
in the resonant region.

• EFT limits are not valid for light 
mediators.
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,

ATL-PHYS-PUB-2014-007Eur. Phys. J. C (2015) 75:299

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/
http://link.springer.com/article/10.1140/epjc/s10052-015-3517-3
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DM interpretation

direct detection

• model assumptions

• kinematic limitation at low mass

DM production at the LHC

• no astrophysical assumptions

• EFT validity

• sensitive at low mass
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.

Eur. Phys. J. C (2015) 75:299

http://link.springer.com/article/10.1140/epjc/s10052-015-3517-3
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mono-jet prospects @ 14 TeV

• Already first data from Run-2 may bring improvements in sensitivity to DM.

• Exclusion limits may be improved by factor of 2 with first few fb-1.

• 5σ discovery potential for M* ~ 1.7 TeV with 300 fb-1.
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searching for new mediators

• Simplified models (4 free parameters: mχ, MR, gq, gχ)

• Basic set of simplified models for the early Run-2 ATLAS and CMS searches was 
recommended by the DM Forum 1507.00966

• Simplified models allow for a richer phenomenology and                                    
more complex interpretations                                                                               
→ e.g. complementarity of mono-jets and di-jets 1503.05916
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Motivation: New mediators

> If the DM particle and the mediator of the DM interactions are 
comparable in mass, the phenomenology can become much more 
interesting:
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Motivation: Axial-vector mediators

> For  the mediator 
decays dominantly into quarks 
(even if M

R
 >> m

χ
).

> We expect dijet searches to 
give the strongest constraints 
on the entire parameter space.

> For  the mediator 
decays dominantly into DM as 
soon as the phase space for 
this decay channel opens up.

> For light DM, the strongest 
constraints are expected to 
result from monojet searches.
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give the strongest constraints 
on the entire parameter space.

> For  the mediator 
decays dominantly into DM as 
soon as the phase space for 
this decay channel opens up.

> For light DM, the strongest 
constraints are expected to 
result from monojet searches.
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Figure 9. Combined constraints (at 95% C.L.) from direct detection (orange, dotted), searches for
monojets (green, dashed) and dijets (blue, dot-dashed) compared to the parameter region excluded
by DSP overproduction (red) and perturbativity (grey). For the left (right) column, we have fixed
g ⌘ (gA

� gA
q )1/2 = 1 (g = 0.5), while the di↵erent rows show di↵erent coupling ratios gA

� /gA
q .
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di-jets @ 13 TeV

Event selection

• jet trigger (pT > 360 GeV)

• 2 jets (pT > 440 GeV and 50 GeV)

• rapidity |y*| < 0.6

12

13 TeV   3.3 fb-1

1512.01530

http://arxiv.org/pdf/1512.01530v2.pdf
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ll+MET final state

• search for heavy Higgs boson

• mono-Z

• simplified models

• dimension-7 EFT operators

• search for invisibly decaying Higgs boson

• SM Higgs decay has BR(H→ZZ→inv.) ~ 0.1%

• many BSM models predict large BR(H→inv.)

13

Analysis Overview

Laser Kaplan 3

● Search for new physics with a non-resonant 
MET+J signature under a dark matter 
interpretation

● Signal consists of a single large-R jet passing 
boson tagging requirements + large missing 
energy and no additional basic physics objects 

● Dominant backgrounds are W/Z+jets and ttbar
● Separate control regions derived for estimating 

all backgrounds
● Normalizations allowed to float in fit

● Final fit discriminant is the MET in the signal 
region and modified MET in the control regions

● Analysis performed thanks to the CxAOD 
framework

● Many similarities (including shared object 
selection) to the resonant MET+J search
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Introduction
• Z+ET

miss final states in Higgs physics and other searches
– Search for invisible Higgs decay: ZHÆ ll+invisible

– Search for heavy Higgs: HÆZZÆllνν

– Off-shell Higgs signal strength measurements: H*ÆZZÆllνν

10/17/2014 Lailin Xu 3

SM Higgs (mH=125 GeV) has Br(HÆinv.) ~0.1%
Many new physics models give a large BR(HÆinv.): 

4th generation neutrinos, SUSY, extra dimension
A portal to interact with Dark Matter particles

See Carl’s summary talk about heavy Higgs search in HÆZZ
Large branching ratio and clean signatures

See Sebastian’s talk about off-shell Higgs couplings measurements 
Large branching ratio and clean signatures

In SUSY and Exotics groups: Z+ET
miss final states are possible SUSY and DM signature

Invisible Higgs discussions in this week’s BSM workshop

q

q

Z
H χ

χ

Z

ℓ−

ℓ+

Phys. Rev. D. 90, 012004 (2014)
PRL 112, 201802 (2014)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-03/
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ZH(→invisible)

Event selection

• two opposite sign leptons,                 
67 < mll < 106 GeV

• 3rd lepton veto (pT > 7 GeV)

• |MET - pTll| / pTll < 0.2

• Δφ(MET, pTmiss) < 0.2

• Δφll < 1.7

• Δφ(Z, MET) > 2.6

• jet veto (pT > 25 GeV)

• MET > 90 GeV

14

PRL 112, 201802 (2014)
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ZH(→invisible)

• BR(H→inv.) = 75% observed (63% expected)

• Higgs portal Dark Matter interpretation

• scalar, vector and fermion DM

• sensitive to DM with mχ < mH/2

15
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VBF H→invisible

➡ VBF events have distinct topology that allows for efficient signal sensitivity 
optimisations.
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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

5

1508.07869

http://arxiv.org/pdf/1508.07869.pdf
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VBF H→invisible

17

separation in pseudorapidity �⌘ j j as shown in Table 1. The SR1 selection requires events to have two

Table 1: Summary of the main kinematic requirements in the three signal regions.

Requirement SR1 SR2a SR2b
Leading Jet pT >75 GeV >120 GeV >120 GeV

Leading Jet Charge Fraction N/A >10% >10%
Second Jet pT >50 GeV >35 GeV >35 GeV

m j j >1 TeV 0.5 < m j j < 1 TeV > 1 TeV
⌘ j1 ⇥ ⌘ j2 <0
|�⌘ j j| >4.8 >3 3 < |�⌘ j j| < 4.8
|�� j j| <2.5 N/A

Third Jet Veto pT Threshold 30 GeV
|�� j,Emiss

T
| >1.6 for j1, >1 otherwise >0.5

Emiss
T >150 GeV >200 GeV

jets: one with pT > 75 GeV and one with pT > 50 GeV. The ~Emiss
T is constructed as the negative vectorial

sum of the transverse momenta of all calibrated objects (identified electrons, muons, photons, hadronic
decays of ⌧-leptons, and jets) and an additional term for transverse energy in the calorimeter not included
in any of these objects [80]. Events must have Emiss

T > 150 GeV in order to suppress the background from
multijet events. To further suppress the multijet background, the two leading jets are required to have an
azimuthal opening angle |�� j j| < 2.5 radians and an azimuthal opening angle with respect to the Emiss

T
of |�� j,Emiss

T
| > 1.6 radians for the leading jet and |�� j,Emiss

T
| > 1 radian otherwise. In the VBF process,

the forward jets tend to have large separations in pseudorapidity (�⌘ j j), with correspondingly large dijet
masses, and little hadronic activity between the two jets. To focus on the VBF production, the leading jets
are required to be well-separated in pseudorapidity |�⌘ j j| > 4.8, and have an invariant mass m j j > 1 TeV.
Events are rejected if any jet is identified as arising from the decay of a b-quark or a ⌧-lepton. The rejection
of events with b-quarks suppresses top-quark backgrounds. Similarly, rejection of events with a ⌧-lepton
suppresses the W(! ⌧⌫)+jets background. Further, events are vetoed if they contain any reconstructed
leptons passing the transverse momentum thresholds pe

T > 10 GeV for electrons, pµT > 5 GeV for muons,
or p⌧T > 20 GeV for ⌧-leptons. Finally, events with a third jet having pT > 30 GeV and |⌘| < 4.5
are rejected. The SR2 selections are motivated by a search for new phenomena in final states with an
energetic jet and large missing transverse momentum [17], and di↵er from those of SR1. First, the leading
jet4 is required to have pT > 120 GeV and |⌘| < 2.5. Additionally, the sub-leading jet is required to have
pT > 35 GeV, the �� j j requirement is removed, the requirement on �� j,Emiss

T
is relaxed to |�� j,Emiss

T
| > 0.5,

and the Emiss
T requirement is tightened to Emiss

T > 200 GeV. A common threshold of pT = 7 GeV is
used to veto events with electrons and muons, and no ⌧-lepton veto is applied. Finally in SR2, the Emiss

T
computation excludes the muon contribution and treats hadronic taus like jets (this allows the modelling
of W+jets and Z+jets in the control regions and signal regions using the same Emiss

T variable as discussed
in Section 5). SR2 is further subdivided into SR2a with 500 < m j j < 1000 GeV, ⌘ j1 ⇥ ⌘ j2 < 0, and
|�⌘ j j| > 3, and SR2b with m j j > 1000 GeV and 3 < |�⌘ j j| < 4.8.

4 The “charge fraction" of this jet is defined as the ratio of the ⌃pT of tracks associated to the jet to the calibrated jet pT; this
quantity must be at least 10% of the maximum fraction of the jet energy deposited in one calorimeter layer. The charged
fraction requirement was shown to suppress fake jet backgrounds from beam-induced e↵ects and cosmic-ray events [17].

6

1508.07869

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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8 TeV   20.3 fb-1

95% CL upper limits on BR(H→inv.)

→ the most stringent result from LHC Run-1

http://arxiv.org/pdf/1508.07869.pdf
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summary

• Many searches for Dark Matter using MET signatures were developed in Run-1

• EFT models were widely used in Run-1 → validity concerns

• Basic set of simplified models was recommended by the DM Forum

• Close collaboration of the experimental and theory communities continues in the 
new DM working group within LPCC → focus on the complementarity of 
experimental results and new models

• Stay tuned for the first Run-2 results!
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Event selection

• MET trigger

• MET > 250 GeV

• at least one large-R jet

mono-W/Z(qq)

19

dimension-7 EFT operator

13 TeV   3.3 fb-1

released today
ATLAS-CONF-2015-080

simplified models

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-080/

