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The Standard Model
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Matter Forces

Higgs boson 
neither Matter 

nor a Force



ATLAS-CONF-2015-044 
CMS-PAS-HIG-15-002

Phys.Rev.Lett 114 (2015) 191803

δm/m~0.19%
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Higgs boson
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Higgs boson observation 
Standard Model is now complete!
July 2012

Phys. Rev. D91 (2016) 012006
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Dark Matter
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SM only describes ~5% of matter-energy 
content of universe, no explanation for: 

origin of electroweak scale  
fermion mass hierarchy 
neutrino masses 
baryogenesis

Bullet Cluster

Abell 1689

Spiral Galaxy M33• Cosmological observations evidence for Dark Matter 
• Particle content of DM is not known 
• LHC complementary to direct observation experiments 

• DM may be produced, and escape undetected

The Higgs boson  
a can be a tool for 
new discoveries
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mono-boson searches
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Mono-X channels 
•  X = Vector Boson or Higgs are covered. 

•  Highlights are on 13 TeV analysis  
      (all ATLAS at this moment) 

•  Mono-photon 
•  Low background. 

•  Mono-Z or mono-W 
•  Z can be emitted from mediator in t-channel. 
•  Hadronic decay mode à larger cross section. 
•  Leptonic decay mode à cleaner signature.  

•  Mono-H 
•  No ISR (Initial State Radiation) Higgs. 
•  H can be emitted from mediator in s-channel. 
•  H -> bb decay mode à larger cross section. 
•  H -> γγ decay mode à clean signature. 

•  VVxx (HHxx) contact interaction is unique. 
•  Other mono-X: 

•  Mono-jet: Andreas Korn’s talk. 
•  Mono-heavy quark(s): Alberto Zucchetta’s talk. 

30 March 2016 DM at LHC 2016 (Amsterdam) 4 
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Mono-photon         8 TeV ATLAS: arXiv:1411.1559[hep-ex] 
CMS: arXiv:1410.8812 

13 TeV ATLAS: https://atlas.web.cern.ch/Atlas/
GROUPS/PHYSICS/PAPERS/
EXOT-2015-05/  

Mono-Z/W (hadr)    8TeV ATLAS: arXiv:1309.4017[hep-ex] 
CMS: CMS PAS EXO-12-055 

  13 TeV ATLAS: ATLAS-CONF-2015-080 

Mono-Z(ll)             8 TeV ATLAS: arXiv: 1404.0051[hep-ex] 
CMS: arXiv: 1511.09375 

Mono-W(lv)           8 TeV ATLAS: arXiv:1407.7495[hep-ex] 
CMS: arXiv:1408.2745[hep-ex] 

Mono-H(bb)           8 TeV ATLAS: arXiv:1510.0621[hep-ex] 

13 TeV ATLAS: ATLAS-CONF-2016-019 

Mono-H(gamgam) 8 TeV ATLAS: arXiv:1506.01081[hep-ex] 

13 TeV ATLAS: ATLAS-CONF-2016-011 

K. Hamano DM@LHC’16

Initial State Higgs emission Yukawa suppressed 
Higgs boson part of DM interaction 

Higgs boson emission by mediator in s-channel 
H→bb: Larger branching ratio 
H→γγ: Clean signature

2

h,Z, �,

Z 0, S, ...

h

�

�q̄, g

q, g

FIG. 1: Schematic diagram for mono-Higgs production in pp
collisions mediated by electroweak bosons (h, Z, �) or new me-
diator particles such as a Z0 or scalar singlet S. The gray
circle denotes an e↵ective interaction between DM, the Higgs
boson, and other states.

signals at the 8 TeV and 14 TeV LHC, with 20 fb�1 and
300 fb�1 respectively, in four Higgs boson decay channels
(bb̄, ��, 4`, ``jj), including both new physics and SM
backgrounds. In Sec. V, we conclude.

II. NEW PHYSICS OPERATORS AND MODELS

We describe new physics interactions between DM and
the Higgs boson that may lead to mono-Higgs signals at
the LHC. In all cases, the DM particle is denoted by �
and may be a fermion or scalar. We also assume � is a
gauge singlet under SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

First, we consider operators within an EFT frame-
work where � is the only new degree of freedom beyond
the SM. Next, we consider simplified models with an
s-channel mediator coupling DM to the SM. For both
cases, Fig. 1 illustrates schematically the basic Feynman
diagram for producing h + 6ET (although not all mod-
els considered here fit within this topology). Quarks or
gluons from pp collisions produce an intermediate state
(e.g., an electroweak boson or a new mediator particle)
that couples to h��.

At the end of this section, we identify several bench-
mark scenarios (both EFT operators and simplified mod-
els) that we consider in our mono-Higgs study, see Ta-
ble I.

A. E↵ective operator models

The simplest operators involve direct couplings be-
tween DM particles and the Higgs boson through the
Higgs portal |H|2 [14–20]. For scalar DM, we have a
renormalizable interaction at dimension-4:

�|H|2�2 , (1)

where � is a real scalar and � is a coupling constant. For
(Dirac) fermion DM, we have two operators at dimension-
5:

1

⇤
|H|2�̄� ,

1

⇤
|H|2�̄i�5� , (2)

suppressed by a mass scale ⇤. Mono-Higgs can arise via
gg ! h⇤ ! h�� through these operators. However, it is

important to note that these interactions lead to invis-
ible Higgs boson decay for m� < mh/2. Treating each
operator independently, the partial widths in each case
are

�(h ! ��) =
�2v2

4⇡mh
scalar � (3a)

�(h ! ��̄) =
v2mh

8⇡⇤2
fermion � (3b)

neglecting O(m2
�/m

2
h) terms, where v ⇡ 246 GeV is the

Higgs vacuum expectation value. If invisible decays are
kinetimatically open, it is required that � . 0.016 (⇤ &
10 TeV) for scalar (fermion) DM to satisfy Binv < 38%
obtained in Ref. [6]. In this case, since the couplings
must be so suppressed, the leading mono-Higgs signals
from DM are from di-Higgs production where one of the
Higgs bosons decays invisibly, as we show below. On the
other hand, if m� & mh, invisible Higgs boson decay is
kinematically blocked and the DM-Higgs couplings can
be much larger.
At dimension-6, there arise several operators that give

mono-Higgs signals through an e↵ective h-Z-DM cou-
pling. For scalar DM, we have

1

⇤2
�†i

$
@µ�H†iDµH (4)

while for fermionic DM we have

1

⇤2
�̄�µ�H†iDµH ,

1

⇤2
�̄�µ�5�H

†iDµH . (5)

When the Higgs acquires its vev, the Higgs bilinear be-
comes

1

⇤2
H†iDµH ! � g2v

2

4cW⇤2
Zµ

⇣
1 +

h

v

⌘2
, (6)

where g2 is the SU(2)L gauge coupling and cW ⌘ cos ✓W
is the cosine of the weak mixing angle. Thus, these oper-
ators generate mono-Higgs signals via qq̄ ! Z⇤ ! h��.
However, for m� < mZ/2, these operators are strongly
constrained by the invisible Z width. The partial width
for scalar DM is

�(Z ! ��†) =
g22v

4mZ

768⇡c2W⇤4
scalar � , (7)

neglectingO(m2
�/m

2
Z) terms. For fermionic DM, the par-

tial width is larger by a factor of four for either of the
operators in Eq. (5). Requiring �inv

Z . 3 MeV [21] im-
poses that ⇤ & 400 GeV (550 GeV) for scalar (fermion)
DM if such decays are kinematically open.
At higher dimension, there are many di↵erent oper-

ators to consider for coupling h�� to additional SM
fields. Here we focus in particular on operators arising at
dimension-8 that couple DM particles and the Higgs field
with electroweak field strength tensors [22]. (Such oper-
ators have been considered recently in connection with
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Interpretation Models
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• Interpretations based on Dark Matter Forum recommendation  [arXiv:1507.00966 [hep-ex]] 
• Complete theories predicting DM particles 

• SUSY, extra dimensions, … 
• Simplified models 

• Limited number of new particles/interactions 
• Building blocks of more complete theories 

• DΜ: Dirac particles 
• Mediator (narrow): Vector, axial-vector, scalar, pseudo-scalar  
• Two vector mediator models studied:  

• Effective field theory 
• Mediator integrated out 
• Less model dependent 

• Two parameters: DM mass, effective energy scale/coupling strength 
• Variety of operators 
• Holds for momentum transfer < mediator mass 

• Potentially an issue for 13 TeV searches

dark matter benchmark models for early lhc run-2 searches:
report of the atlas/cms dark matter forum 63

and U(1)B breaking do not lead to this mixing at tree-level. In-
stead, kinetic mixing occurs between the U(1)Y and U(1)B gauge
bosons due to the gauge invariant term Fµn

Y FBµn

. This mixing is a
free parameter which we assume to be small in order to focus on
the mono-Higgs signature. Mixing may also occur due to radia-
tive corrections, however this is model dependent so we choose to
ignore this here.

The predictions of the model depend upon the two additional
parameters beyond an s-channel simplified model, namely the
mixing angle between baryonic Higgs hB and the SM-like Higgs
boson sin q and the coupling of the mediator to SM-like Higgs
boson, ghZ0Z0 . Thus, a full model is specified by:

�

Mmed, m
c

, g
c

, gq, sin q, ghZ0Z0
 

. (3.3)

3.1.1.1 Parameter scan

The width of the Z0 mediator is calculated using all possible decays
to SM particles (quarks) and to pairs of DM particles if kinemati-
cally allowed as in the DMV model.

The dependence of the missing transverse momentum (/ET) on
the model parameters is studied by varying the parameters one at
a time. The variation of parameters other than Mmed and m

c

does
not result in significant variations of the /ET spectrum, as shown in
Figures 3.5. Figure 3.6 shows that for an on-shell mediator, varying
m

c

with the other parameters fixed does not affect the /ET distri-
bution, while the distribution broadens significantly in the case of
an off-shell mediator. For this reason, the same grid in Mmed, m

c

as for the vector mediator of the jet+/ET search (Table 2.1) is chosen
as a starting point. The coupling ghZ0Z0 , along with gq and g

c

, are
subject to perturbativity bounds:

gq, g
c

< 4p

and

ghZ0Z0 <
p

4pmZ0 sin q

The value ghZ0Z0/mZ0 = 1 is chosen as a benchmark value for the
generation of Monte Carlo samples since it maximizes the cross
section (as shown in the following paragraph) without violating
the bounds. The mediator-DM coupling g

c

is fixed to 1, and the
mediator-quark gq coupling is fixed to 1/3. The kinematic distri-
butions do not change as a function of these parameters, so results
for other values of ghZ0Z0/mZ0 , g

c

and gq can be obtained through
rescaling by the appropriate cross sections.

Figs 3.7 and 3.8 show the kinematic distributions for the two
leading jets in the H ! b̄b decay channel, for two values of the
mediator mass and varying the DM mass.

Analyses should perform further studies, beyond those studies
performed for the forum, to estimate the reach of the analysis with

Z’+2HDM
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Large Hadron Collider Run 2
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1232 superconducting dipoles with B field of  (up to) 8.3T  
1.9K → the coolest place in the universe!  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A Toroidal LHC ApparatuS
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ATLAS

Magnets 2T solenoid,  
3 air-core toroids

Tracking silicon + transition 
radiation tracker

EM Calorimetry sampling Liquid Argon

Hadron 
Calorimetry

plastic scintillator (barrel)  
Liquid Argon(endcap)

Muon independent system 
with trigger capabilities

Trigger 3 Level Implementation 
from 40 MHz to 400 Hz
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ATLAS performance overview

9
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H→bb + MET
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Event Selection

11

• 13 TeV, 3.2 fb-1, MET trigger 
• MET>150 GeV, and track based MET pTmiss>30 GeV 
• Lepton veto  

• no isolated electron or muon with pT>7 GeV 
• Higgs boson candidate 

• Resolved Region (MET<500 GeV) 
• Two small-R jets (R=0.4) 
• Leading jet pT>45 GeV  

• Merged Region (MET>500 GeV) 
• One large-R jet (R=1.0) 

• 1 or 2 b-tagged jets 
• Other topological requirements in resolved region 

• Aim to suppress multi-jet background 
• min[Δφ(ΜΕΤ,jets)] > 20∘ → no jets near met 

• Δφ(ΜΕΤ,pTmiss) < 90∘ → MET and track-met align 
• Δφ(ΜΕΤ,Higgs) > 120∘ → MET and Higgs back-to-back 
• Δφ(j1,j2) <140∘ → jets comprising Higgs not back-to-back 

• Final discriminant: mjj or mJ in bins of MET and b-tags
ATLAS-CONF-2016-019

ATLAS-CONF-2016-019
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Resolved candidate
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 MET 213 GeV and two b-tagged small-
R calorimeter jets, mjj = 120 GeV

ATLAS-CONF-2016-019
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Flavour tagging
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For 70% efficiency in identifying small-R (track) jets 
containing a b-hadron, misidentification probabilities: 

~12(18)% for charm-quark jets and  
~0.2(0.6)% for light-flavour jets 

[from simulated ttbar events]

cτ = 492 µm

ATLAS-PHYS-PUB-2015-022
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Merged candidate

14

MET 694 GeV, large-R jet mass  
106 GeV and two b-tagged track jets

ATLAS-CONF-2016-019
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Large-R jets and substructure
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78

Boosted objects and large-R jetsTrimming (a kind of grooming)

Trimming is a simple kind of grooming, with two configurable parameters.
1 The subjet radius (ATLAS standard was R=0.3 in Run 1, now R=0.2 )
2 The subjet min pT fraction wrt parent jet (standard is f=5%)

lily.asquith@cern.ch LHC substructure 32 / 57

Begin from an anti-kT jet with 
radius parameter R=1.0  

(small radius jets R=0.4) Subjets are constructed 
with the kT algorithm  

with Rsub=0.2 Subjets with pT <5%  
of the large-R jet,  

are removed

0.2
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Background Control Regions

16

• Main backgrounds: normalisation from data 
• Control regions in simultaneous maximum likelihood fit 
• Observed Higgs boson production is also a background 

• W+jets and ttbar: one-muon control region 
• Z+jets: two-lepton control region 
• Multi-jet background (resolved region):  

derived from control region dominated by multi-jets

ATLAS-CONF-2016-019

ATLAS-CONF-2016-019
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Systematic Uncertainties
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and factorisation scales, the choice of PDFs of parton-shower and hadronisation model. The multijet
contribution is estimated from data and is assigned a 50% uncertainty. Uncertainties arising from the
statistical size of the simulated event sample are also taken into account.

Uncertainties on the signal acceptance from the choice of PDFs, from the choice of factorisation and
renormalisation scales, and from the choice of parton-shower and underying event tune have been taken
into account in the analysis. These are typically < 10% each, although they can be larger for regions with
low acceptance at either low or high Emiss

T depending on the model and the choice of masses. In addition,
uncertainties arising from the limited number of simulated events are taken into account.

The contribution of the various sources of uncertainty for an example production scenario is given in
Table 1.

Source of uncertainty Impact (%)
Total 23.0
Statistical 20.5
Systematic 10.3

Experimental Uncertainties
b-tagging 6.6
Luminosity 4.4
Jets+Emiss

T 2.8
Leptons 0.4
Theoretical and Modeling Uncertainties
Top 5.1
Z+jets 3.4
Signal 2.6
W+jets 1.5
Diboson 0.6
Multijet 0.5
Vh (h! bb̄) 0.4

Table 1: The percentage impact of the various sources of uncertainty on the expected production cross section for
signal expectation using the vector mediator model with mZ 0 = 2000 GeV and m� = 1 GeV, normalised with a cross
section of 0.1 pb.

8 Results

Results are extracted by means of a profile likelihood fit to the reconstructed invariant mass distribution of
the dijet or single large-R jet system simultaneously in all signal and control regions. The spectra entering
the fit are those from the three selections associated with the number of leptons with each of these regions
divided into three categories based on the number of b-tags and four kinematic regions. In the zero lepton
region, this division is based on Emiss

T while in the one and two lepton regions, it is based on pT (µ, Emiss
T )

and pT (`, `), respectively. The shape information is not used in the zero b-tag distributions in order to
simplify the fit. This division is designed to isolate, and more e�ectively constrain, di�erent backgrounds.
In particular, the Z + jets background is constrained both by the sample of events containing two leptons
and those containing zero leptons and zero b-tags. In addition, the set of events containing one lepton

9

ATLAS-CONF-2016-019
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Signal Regions

18

ATLAS-CONF-2016-019
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Event Yields in categories
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ATLAS-CONF-2016-019

and zero b-tags constrains the W + jets background while those containing one and two b-tags constrain
both the W + jets and tt̄ backgrounds. The parameter of interest in the fit is the signal yield, while all
parameters describing the systematic uncertainties and their correlations are included in the likelihood
function as nuisance parameters, with Gaussian constraints, implemented using the framework described
in Refs. [86, 87]. The nuisance parameters with the largest e�ect on the determination of the parameter of
interest are the flavour-tagging and jet systematic uncertainties, together with the normalisation of the tt̄
and W +bb̄ backgrounds. The reconstructed Higgs boson candidate mass distribution is shown in Fig. 2 in
each of the Emiss

T categories for the set of events with two b-tags with the integrated event yields shown in
Table 2. Furthermore, shown in Fig. 3 is the Emiss

T distribution in the signal region, noting that in the two
portions of the spectrum, below and above Emiss

T = 500 GeV, the requirements on the hadronic activity is
taken from the small-R and large-R jets, respectively. No significant excess of events is observed above the
background with the global significance of the deviation of the data from the background only prediction
being 0.056.

Emiss
T Resolved Merged

(GeV) 150–200 200–350 350–500 >500
Z + jets 259 ± 27 171 ± 13 14.6 ± 1.2 3.80 ± 0.44
W + jets 95 ± 28 70 ± 22 7.5 ± 2.4 2.48 ± 0.71
tt̄ & Single top 1444 ± 44 656 ± 25 30.8 ± 1.4 4.83 ± 0.88
Multijet 21 ± 10 11 ± 5 0.58 ± 0.27 –
Diboson 17.8 ± 1.6 18.7± 1.0 2.53 ± 0.22 1.20 ± 0.12
SMV h 2.8 ± 1.3 2.8 ± 1.4 0.46 ± 0.23 0.15 ± 0.08
Tot. Bkg. 1840 ± 33 930 ± 20 56.5 ± 2.1 12.5 ± 1.3
Data 1830 942 56 20
Exp. Signal 80 ± 8 245 ± 18 161 ± 12 149 ± 34

Table 2: The numbers of predicted background events following the profile likelihood fit for each background
process, the sum of all background components, and observed data in the 2 b-tag signal region of the resolved and
merged channels for each Emiss

T region. Statistical and systematic uncertainties are combined. The uncertainties
on the total background take into account the correlation of systematic uncertainties among di�erent background
processes. An example signal expectation using the vector mediator model with mZ 0 = 2000 GeV and m� = 1 GeV,
normalised with a cross section of 1 pb is also listed.

Upper limits on the production cross section for the process times branching ratio of the Higgs boson
decaying to two bottom quarks (pp ! h � �Br (h ! bb̄)), set at 95% confidence level using the CLs

modified frequentist formalism [88] with the profile likelihood ratio test statistic [89], are interpreted as
lower limits on the mass parameters of interest in the specific model. In Fig. 4(a) the Z 0-2HDM exclusion
contour in the (mZ 0,mA) plane for tan � = 1, m� = 100 GeV is presented, with limits more stringent
than obtained in Run 1, excluding Z 0 masses below 1400 GeV and A masses below 500 GeV for large Z 0
masses. In Fig. 4(b), the exclusion contour is shown in the (mZ 0,m� ) plane for the vector mediator model
described in Section 3. This interpretation was not performed in Run 1 and the mass reach for this choice
of couplings excludes Z 0 masses below 900 GeV for low DM mass. The sharp triangular shape of the
limit contours is partially a result of the pattern of the generated signal grid, indicated with blue stars in
Fig. 4(a) and 4(b). Inclusion of a denser grid of signal points will alleviate this issue.

10
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Interpretation of Results: Simplified Models
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Interpretation of Results: EFT

21
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H→γγ + MET
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Event Selection

23

ET1=62.2 GeV and η1=0.39  
ET2=55.5 GeV and η2=1.18  
mγγ=126.9 GeV and pTt=6.5 GeV

m2γγ=2Ε1Ε2(1-cosα)

13 TeV, 3.2 fb-1, photon trigger 
Higgs selection follows H → γγ 

two isolated photons  
ETγ/mγγ > 0.35, 0.25 
tight identification 
mass window 105-160 GeV 

 Background from data side-bands 
 Signal and background  
parametrised à la h→γγ 

Statistical uncertainty dominant
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Event categorisation

24

ATLAS-CONF-2016-011

Backup: Mono-H(γγ) Event selection and 
Backgrounds 
•  13 TeV, 3.2 fb-1, photon trigger. 
• Event selection: 

•  H candidate = two isolated  
   photons with pT > 25 GeV,  
                         |η| < 2.37 

•  H mass window [105 GeV, 160 GeV] 

• Signal and background are parameterized: 
•  Signal : a double sided Crystal Ball (DSCB) function 
•  Background:  

•  An analytical function is chosen from background MC samples. 
•  Evaluated by fitting to background dominant data. 
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is dominated by the intrinsic calorimeter resolution, while the impact from the vertex determination is225

negligible. The production vertex selection was studied with Z ! ee events in data and simulation by226

removing the electron tracks from the events. The MC simulation is found to accurately describe the227

e�ciency measured in data. The integrated e�ciency to locate the diphoton vertex within 0.3 mm of the228

production vertex for SM Higgs boson production via gluon fusion is 87% in the MC sample.229

In the simplified model of DM production, the Higgs boson recoils against the DM pair, resulting in large230

Emiss
T in the event and large pT of the diphoton candidate, denoted as p��T . By contrast, in the heavy scalar231

model, Emiss
T and p��T can span a wide range. Consequently, dividing the events into multiple categories232

based on these quantities increases the sensitivity to the two signal models. The events in the m�� window233

are divided into four categories based on Emiss
T , phard

T and p��T , where phard
T is the scalar sum of the pT of234

all selected jets and photons in the event.235

The definitions of the categories are optimised using MC samples for DM production, SM Higgs boson236

background, and continuum �� background, taking into account the systematic uncertainties. The237

optimised definitions of the categories are shown in Table 2.238

Table 2: Optimised criteria used in the categorisation. A ‘-’ denotes no requirement on that observable in that
category. The ‘Rest’ category excludes events that are in any of the other categories. The p��T > 15 GeV
requirement in the ‘Rest’ category is motivated by the fact that the background from the SM Higgs boson produced
via gluon fusion is very large at low values of p��T .

Category Emiss
T [GeV] phard

T [GeV] p��T [GeV]

High Emiss
T , high p��T > 100 - > 100

High Emiss
T , low p��T > 100 -  100

Intermediate Emiss
T > 50 and  100 > 40 -

Rest - - > 15

7 Signal and Background Parameterisation239

The signal is extracted by fitting an analytical function to the diphoton invariant mass spectrum in each240

category, which describes the background and a signal contribution.241

7.1 Signal model242

For signal modelling, a double sided Crystal Ball (DSCB) function2 is used, with mh = 125 GeV. For the243

fit to the heavy scalar signal, both the signal and the SM Higgs boson background are modelled using the244

heavy scalar signal MC sample, separately in each of the four categories. Similarly, for the fit to the DM245

signal in the simplified model, both the signal and the SM Higgs boson background are modelled using246

the DM signal MC sample in each category.247

2 A double-sided Crystal Ball function is composed of a Gaussian distribution at the core, with two power law distributions
describing the lower and upper tails.

6th March 2016 – 23:05 9

13 TeV 

Four categories, aiming at: 
Simplified Z’ model 
Heavy Scalar 

2mh<mH<2mtop 

pThard vector sum of all jets 
and photons in the event
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Systematic Uncertainties

25

Backup: Mono-H(γγ) Systematic errors 
• Systematic errors: 
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analysis category. The resulting uncertainty on the number of events from gluon-fusion produced325

Higgs boson in the high Emiss
T and the Intermediate categories is 25%, while in the Rest category it326

is 10%.327

PDF uncertainty: For SM Higgs boson backgrounds, the PDF uncertainties are taken from Ref. [40]. For328

the signal processes, the PDF uncertainty is evaluated using the recommendations of PDF4LHC [42],329

both intra-PDF and inter-PDF uncertainties being extracted. Intra-PDF uncertainties are obtained by330

varying the parameters of the NNPDF2.3LO PDF set, while inter-PDF uncertainties are evaluated331

using alternative PDF sets. The final inter-PDF uncertainty is the maximum deviation among all332

the variations from the central value using the NNPDF2.3LO PDF set.333

Other theoretical uncertainties: The h ! �� branching ratio uncertainty is 4.9%, taken from Ref. [40].334

The e�ect of multi-parton interactions (MPI) was evaluated by switching it on and o� in P�����8335

in the production of the gluon-fusion produced Higgs boson sample. The resulting uncertainty on336

the number of events in this sample is 50% in the high Emiss
T , low p��T category.337

A summary of the experimental and theoretical uncertainties is given in Table 3 in terms of the fractional338

impact on the number of events from SM Higgs boson background processes.339

Table 3: Breakdown of the dominant systematic uncertainties. The impact of uncertainties on the yield of the SM
Higgs boson background processes is shown. All production modes of the SM Higgs boson are considered together
unless otherwise stated. Representative values for the impact on the four analysis categories are shown, unless a
given source has very di�erent impacts on di�erent categories, in which cases the largest and the smallest impacts
are shown separately.

Source Maximum uncertainty (%)

Experimental

Luminosity 5
Trigger e�ciency 0.4
Vertex selection 3.6 (Intermediate), 20 (High Emiss

T )
Photon identification e�ciency 2.8
Photon energy scale 1
Photon energy resolution 2
Photon isolation e�ciency 4
Emiss

T reconstruction 1 (Rest), 20 (Intermediate and High Emiss
T )

Pile-up reweighting 4.5

Theoretical

QCD scale uncertainty of ggH pT spectrum 10 - 20
Modelling of ggH Emiss

T spectrum 25
PDF 9
MPI 1 (Intermediate), 50 (High Emiss

T )
BR(h ! ��) 4.9

6th March 2016 – 23:05 12
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A summary of the experimental and theoretical uncertainties is given in Table 4 in terms of the fractional
impact on the number of events from SM Higgs boson production processes.

Table 4: Breakdown of the dominant systematic uncertainties. The impact of uncertainties on the yield of the SM
Higgs boson processes is shown. All production modes of the SM Higgs boson are considered together unless
otherwise stated. Representative values for the impact on the four analysis categories are shown, unless a given
source has very di�erent impacts on di�erent categories, in which cases the largest and the smallest impacts are
shown separately.

Source Maximum uncertainty (%)

Experimental

Luminosity 5
Trigger e�ciency 0.4
Vertex selection 3.6 (Intermediate), 20 (High Emiss

T )
Photon identification e�ciency 2.8
Photon energy scale 1
Photon energy resolution 2
Photon isolation e�ciency 4
Emiss

T reconstruction 1 (Rest), 20 (Intermediate and High Emiss
T )

Pile-up reweighting 4.5

Theoretical

QCD scale uncertainty of ggH pT spectrum 10 - 20
Modelling of ggH Emiss

T spectrum 25
PDF 9
MPI 1 (Intermediate), 50 (High Emiss

T )
BR(h ! ��) 4.9

9 Results

Fig. 3 shows the m�� distribution in the four categories as well as the analytical fits. No significant excess
is observed in any category, so exclusion limits are set on the production cross sections of the theoretical
models.

The statistical results of the analysis are derived from a likelihood fit, where the likelihood is a function
of the observed events, the expectations for the backgrounds and for the signal events in the respective
models, the signal and background probabilty distribution functions, and the systematic uncertainties
which are modelled as nuisance parameters. The fit is performed in the range from 105 GeV to 160 GeV.
95% confidence level (CL) upper limits are calculated using a one-sided profile-likelihood ratio and the
CLs formalism under the asymptotic approximation [43, 44].

In the heavy scalar interpretation, the 95% CL upper limits on the pp! H cross section times BR(H !
h � � ! �� � �) as a function of mH for m� of 50 GeV and 60 GeV cases are shown in Fig. 4. The limits

12
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Signal Regions
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Interpretation of Results: Simplified Models

27

ATLAS-CONF-2016-011



LHC upgrade timescale

• HL-LHC upgrade proposed
� Goal to collect 3000 fb�1 by 2035

• Corresponding proposals for upgrades of the LHC experiments

� Central feature of ATLAS upgrade programme a new, all silicon tracking system

36 of 39
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Summary
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Higgs sector landscape  
transformed since July 4th, 2012! 

Observed Higgs boson now a tool for  
probing New Physics! 

- Precision property measurements 
(fiducial/differential cross-sections, couplings, etc.) 

- Anomalous/rare production/decays 
(FCNC, LFV, h→Qγ, …) 

- Εxtended sectors 
(H→hh, A→Zh, h→aa,…) 

- Probe for Dark Matter

Latest H(→bb/γγ)+MET 
searches presented 

 
On-going Run 2 will provide 

substantially enhanced 
sensitivity in all of these 

directions!


