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  I. Nomidis, A.U.Th.              Study of the b-quark properties with the first ATLAS data

Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerWe are required to improve, and that poses a challenge…
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•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometeron the theory


In this presentation: 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerPlans for detector upgrade
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerProjected performance of object reconstruction
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerProjected analysis results for interesting channels
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerTheory dependence of measurements

Requirements, improvements, challenges in Higgs physics at HL-LHC
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To exploit the full potential of the HL-LHC, 
improvements are mandatory in all aspects☞

For expected results with <3000 fb-1, see talks (29/9) by
 A. Perieanu (CMS) and O. Boeriu (ATLAS)
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerMeasure the couplings of the Higgs boson with few per-cent accuracy

Goal for Higgs physics at the HL-LHC
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerAccess to rare decays and Higgs-pair production
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerAlso: direct searches for heavy Higgs partners

The larger dataset will 
improve mostly the fermion 
coupling measurements 
which generally benefit 
from higher statistics

Small experimental uncertainties 
for vector boson couplings, so 
larger dependence on theoretical 
uncertainties

Measurements are extremely important to BSM phenomenology
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerAiming to increase the dataset from 300 fb-1 to 3000 fb-1 after 10 years of operation (2026-2037)
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerInstantaneous luminosity must go up to 5-7.5 × 1034 cm-2s-1, extreme pile-up conditions with 
up to 140-200 interactions per bunch crossing on average (⟨μ⟩) and high radiation levels
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerDetector and trigger improvements are mandatory in order to keep the same level of 
performance and precision physics capability
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Life in 2030 with ⟨μ⟩ ~ 140 without upgrades 
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerTrigger: pT thresholds will rise, will be losing interesting events
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerInner tracker: performance will drop dramatically for efficiency; much higher fake rates
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerDegradation of primary vertex 
reconstruction and identification will have 
strong impact on b-tagging performance 
and pile-up jet suppression 
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCalorimeters: swamped with noise
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerChallenge on jet energy resolution and 
missing ET
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerPhysics example: highly reduced yields for 
one of the ‘golden’ channels, H→ZZ→4ℓ

ATLAS and CMS detector upgrade is imperative…
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➡ Due to aging that would degrade the performance dramatically


➡ Current detectors simply cannot handle ⟨μ⟩ of 140 or above
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The upgraded detectors should help to maintain similar levels of performance as today. 

   CERN-LHCC-2015-010
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Very similar planning between the two experiments 
for the Phase-II upgrade; different scenarios studied 
but decision not taken yet 
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerReplacement of inner detectors with all-Si trackers
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerBetter radiation tolerance, high granularity; 
maintain efficiency and acceptable fake rate
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerConsidering extending coverage of tracking detectors up to as far as |η|=4
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerTracker extension extremely useful for pile-up mitigation in the forward region
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerSmarter and faster electronics for trigger at level-1 to keep the pT thresholds low
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerIncreased latency (10-30 μsec) and output rate (400-1000 kHz) for L1 trigger
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerUpgrades to muon systems
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerFor better performance and triggering at large |η|, already in Phase-I upgrade for 
ATLAS, later for CMS
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerForward calorimetry
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCMS to replace endcap calorimeter with 
“HGCAL” (with good timing) 
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerATLAS considering new high-granularity 
calorimeter and dedicated timing detector

ATLAS and CMS detector upgrade
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerDetector response modelled with full Geant4 simulation of benchmark 
processes (e.g.  ttbar, Z→ℓℓ)
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerPile-up assumed to be ⟨μ⟩=140/200 and is added by overlaying minimum-
bias events in generated processes
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerNote-I: reconstruction + identification not fully optimized for 
extreme pile-up conditions
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerNote-II: simple pile-up mitigation techniques are utilized

Performance at high pile-up
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCritical aspect for almost all analyses
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerBasic approach: associate tracks of jet with the 
primary vertex
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerTracker extended in |η| helps
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerOther ideas to mitigate pile-up:
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerWith timing information from the 
calorimeters
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerWith longer beam spot


Pile-up mitigation
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerATLAS:
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerResolution and efficiency are extracted from fully-simulated benchmark processes
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCorrections functions are applied on generator-level objects to emulate detector response
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Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerPerformance of upgraded detector most times is similar as today, so keeping systematics 
at the same level
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Outline

Physics result
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerQuoting results with full theoretical uncertainties (as in Run-I or with best available), also 
reduced to 50% and 0%
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Performance studies with early data
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Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCMS:
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerFor combination results: projecting current analyses to 3 ab-1, assuming same performance 
as today


  I. Nomidis, A.U.Th.              Study of the b-quark properties with the first ATLAS data

Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerQuoting results with total systematics as in Run-I (‘scenario 1’) or with theoretical 
uncertainties reduced by 50% and systematics scaled by 1/√Lint (‘scenario 2’)
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerFor dedicated analyses (HH): detector response extracted from fully-simulated benchmark 
processes, using smearing functions on generator-level objects or Delphes fast simulation
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerFull simulation for H→ZZ*→4ℓ

Projection methodology
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Table 3: Precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. These values are obtained
at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are

% uncertainties on couplings for [Scenario 2, Scenario 1] as described in the text. For the fit
including the possibility of Higgs boson decays to BSM particles d the 95% CL on the branching
fraction is given.

L (fb�1) k

g

kW kZ kg kb kt k

t

kZg

k

µµ

BRSM
300 [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [23, 23] [14, 18]
3000 [2, 5] [2, 5] [2, 4] [3, 5] [4, 7] [7, 10] [2, 5] [10, 12] [8, 8] [7, 11]
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Figure 14: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time
of the pre-approval. Uncertainties are 1/2). The projections assume

p
s = 14 TeV and an

integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right). The projections are obtained with the
two uncertainty scenarios described in the text.

where f (i),µn ( f̃ (i),µn) is the (conjugate) field strength tensor of a Z boson with polarization vector
ei and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0�
correspond to the terms with a1 and a3, respectively.

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.
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•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerUsing narrow-width approximation for Higgs, can relate 
observed yields to production cross-section (σi) and partial
+total decay widths (Γi, Γtot):
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerExpressing compatibility of measurements with respect to SM 
expectation with the coupling modifiers (κx) and their ratios 
(λxy=κx/κy) 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerUltimate precision: <5% for κ, λ

Coupling precisions
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fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

Scenario 1 
Systematics as in Run-1


Scenario 2 
Theoretical unc. scaled by 
50%, other systematics 
scaled by √Lint

CMS NOTE-13-002
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerSignal strength (μ) used to express compatibility of σ×BR measurements with theory
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•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerGoal is to minimize the uncertainty of the measurements (Δμ/μ) — QCD+PDF uncertainties 
become significant

Signal strength precisions
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systematic uncertainties and their correlations.

Table 1: Summary of the information on the analyses used as input in this combination, includ-
ing decay mode, production channel (tag), final states, analysis categories, mass resolution, and
documentation.

H decay prod. tag exclusive final states cat. res. ref.

gg

untagged gg (4 diphoton classes) 4 1-2%

[6]VBF-tag gg + (jj)VBF 2 <1.5%
VH-tag gg + (e, µ, MET) 3 <1.5%
ttH-tag gg (lep. and had. top decay) 2 <1.5% [23]

ZZ ! 4` Njet < 2 4e, 4µ, 2e2µ

3 1-2% [7]
Njet � 2 3

WW ! `n`n

0/1-jets (DF or SF dileptons) ⇥ (0 or 1 jets) 4 20% [8]
VBF-tag `n`n + (jj)VBF (DF or SF dileptons) 2 20% [24]
WH-tag 3`3n (same-sign SF and otherwise) 2 [25]

tt

0/1-jet (eth, µth, eµ, µµ)⇥ (low or high pt

T) 16
15% [10]1-jet thth 1

VBF-tag (eth, µth, eµ, µµ, thth) + (jj)VBF 5
ZH-tag (ee, µµ)⇥ (thth, eth, µth, eµ) 8 [26]WH-tag thµµ, theµ, ethth, µthth 4

bb
VH-tag (nn, ee, µµ, en, µn with 2 b-jets)⇥x 13 10% [27]

ttH-tag (` with 4, 5 or �6 jets) ⇥ (3 or �4 b-tags); 6 [28](` with 6 jets with 2 b-tags); (`` with 2 or �3 b-jets) 3
Zg inclusive (ee, µµ)⇥ (g) 2 [29]
µµ 0/1-jets µµ 12 1-2% [30–32]VBF-tag µµ + (jj)VBF 3
invisible ZH-tag (ee, µµ)⇥ (MET) 2 [21]

4.3 Signal Strength

The signal strength modifier µ = s/sSM, obtained in the combination of all search channels,
provides a first compatibility test. Figure 11 and Table 2 show the µ uncertainties obtained
in different sub-combinations of search channels, organized by decay mode for an integrated
dataset of 300 fb�1 and 3000 fb�1. We predict a precision 6–14% for 300 fb�1 and 4–8% for a
dataset of 3000 fb�1. Studies show that future measurements of the signal strength will be lim-
ited by theoretical uncertainty of the signal cross section, which is included in the fit. Figure 13
(left) shows the uncertainty on the signal strength omitting the uncertainties from QCD scale
and PDFs for signal and background.

Table 2: Precision on the measurements of the signal strength per decay mode for a SM-like
Higgs boson. These values are obtained at

p
s = 14 TeV using an integrated dataset of 300

and 3000 fb�1. Numbers in brackets are % uncertainties on the measurements estimated under
[Scenario2, Scenario1], as described in the text. For the direct search for invisible Higgs decays
the 95% CL on the branching fraction is given.

L (fb�1) gg WW ZZ bb tt Zg µµ inv.
300 [6, 12] [6, 11] [7, 11] [11, 14] [8, 14] [62, 62] [40,42] [17, 28]
3000 [4, 8] [4, 7] [4, 7] [5, 7] [5, 8] [20, 24] [20,24] [6, 17]

The direct search for invisible Higgs decays in events produced in association with a Z boson
yields a 95% confidence level upper limit on the branching fraction of 28 (17)% for Scenario 1
and 17 (6.4)% for Scenario 2 for 300 (3000) fb�1.
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon

Scenario 1 
Systematics as in Run-1


Scenario 2 
Theoretical unc. scaled by 
50%, other systematics 
scaled by √Lint

CMS NOTE-13-002

µ/µ∆
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Very similar precisions for ATLAS and CMS projections.
Some large differences (Η→ττ, Η→bb) due to more channels used in the combination for CMS

Δµ/µ
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�µ̂/µ̂ (%)

Production mode Total Statistical Experimental Theoretical

tt̄H +21
�17

+13
�12

+5
�4

+17
�11

WH +26
�25

+21
�20

+13
�12

+10
�8

ZH +35
�31

+32
�29

+7
�7

+12
�8

ggF +19
�14

+3
�3

+1
�1

+19
�14

VBF +29
�29

+18
�18

+1
�1

+23
�23

Table 5: Expected relative uncertainties on the signal strength measurements per production mode and
their statistical, experimental and signal theoretical components for di-photon decay channel of the Higgs
boson. The experimental component includes the uncertainty on the background estimate in the Higgs
mass peak region as described in the text and the luminosity uncertainty on the signal.

tt̄H WH ZH VBF
Significance 8.2 4.2 3.7 3.8

Table 6: Signal significances of H ! �� produced in tt̄H, WH, ZH gluon-gluon fusion and vector-boson
fusion production modes.

5 Conclusions

An analysis based on jet and lepton multiplicity and identification of Z bosons implemented along with
latest ATLAS detector performance parametrizations corresponding to the HL-LHC running conditions
is performed to estimate the projected signal and background yields and signal excess significance of the
Higgs boson in the di-photon decay channel produced in association with t quarks or W or Z bosons. This
is an improved version of a previous analysis [10, 12]. Higgs boson production in all three production
mechanisms are expected to be observed with 3000 fb�1 of data collected by ATLAS at the HL-LHC.
Evidence for WH and ZH production is expected. Although the ttH-2` category alone does not allow for
observing a significant signal, when it is combined with the 1-lepton category a clear observation of the
tt̄H production mode with H ! �� at the 8.2� level is expected. The projected signal strength precision
is between 17% and 35%, depending on the production mode. Clear signals in the di↵erent production
mechanisms are the first step to perform precision measurements on the coupling of the Higgs boson to
leptons and vector bosons.
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerClean signal peaks on top of smooth background continuum; good performance even in these 
extreme conditions
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCan provide clean observation of all production modes

‘Golden’ channels: H→ZZ*→4ℓ (ℓ=e,μ)  and  H→γγ
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Table 5: Expected relative uncertainties on the signal strength measurements per production mode and
their statistical, experimental and signal theoretical components for di-photon decay channel of the Higgs
boson. The experimental component includes the uncertainty on the background estimate in the Higgs
mass peak region as described in the text and the luminosity uncertainty on the signal.

tt̄H WH ZH VBF
Significance 8.2 4.2 3.7 3.8

Table 6: Signal significances of H ! �� produced in tt̄H, WH, ZH gluon-gluon fusion and vector-boson
fusion production modes.

5 Conclusions

An analysis based on jet and lepton multiplicity and identification of Z bosons implemented along with
latest ATLAS detector performance parametrizations corresponding to the HL-LHC running conditions
is performed to estimate the projected signal and background yields and signal excess significance of the
Higgs boson in the di-photon decay channel produced in association with t quarks or W or Z bosons. This
is an improved version of a previous analysis [10, 12]. Higgs boson production in all three production
mechanisms are expected to be observed with 3000 fb�1 of data collected by ATLAS at the HL-LHC.
Evidence for WH and ZH production is expected. Although the ttH-2` category alone does not allow for
observing a significant signal, when it is combined with the 1-lepton category a clear observation of the
tt̄H production mode with H ! �� at the 8.2� level is expected. The projected signal strength precision
is between 17% and 35%, depending on the production mode. Clear signals in the di↵erent production
mechanisms are the first step to perform precision measurements on the coupling of the Higgs boson to
leptons and vector bosons.
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production signals is shown. The contamination is reduced significantly in the Reference scenario
with respect to the Middle and Low ones. This in turn allows for a much better discrimination between
the VBF and the ggF signal, and hence a better potential for precision Higgs boson properties
measurements in this production mode.

Table 33. Pile-up contamination of the VBF and ggF H! ZZ(⇤) signal for the various scenarios in the three
BDT output bins as defined in the text.

Pile-up impurity (%)
Scoping scenario Bin 1 Bin 2 Bin 3

VBF Sample
Reference 2.0 4.6 13.1
Middle 3.0 6.4 23.6
Low 5.2 12.0 38.7

ggF Sample
Reference 23.2 37.9 52.1
Middle 24.0 43.4 65.0
Low 41.2 59.4 76.2

In conclusion, the Reference scenario brings several improvements over the Middle and Low
scenarios. Due to the extension of the tracking confirmation to larger ⌘ values, it brings much better
separation between the background, which has substantial pile-up contamination, and the signal.
This will be especially important once systematic uncertainties on pile-up modelling and jet energy
scale are taken into account.

XI.3.3 Studies of the VBF H!WW(⇤)! `⌫`⌫ process
A high precision measurement of the vector-boson fusion production mode of the Higgs boson, with
subsequent decay through the H ! WW(⇤) ! `⌫`⌫ channel, enables the extraction of the vector
boson coupling to the Higgs boson with a very small theoretical uncertainty arising from the pro-
duction process. This measurement also provides a good benchmark for investigating the effects
of the high pile-up environment. Due to the absence of a fully reconstructed final state (because
of the final-state neutrinos) and the unique VBF topology, this measurement will be quite sensitive
to the detector performance under HL-LHC conditions, since the analysis uses missing transverse
momentum, forward jets without any jet activity in the central region and the veto of b-tagged jets for
tt̄ background rejection.

The result from the Run 1 cut-based analysis achieved an expected (observed) significance of
2.1 (3.0) � for the H!WW (⇤)! `⌫`⌫ channel [91]. The present analysis attempts to minimise the
uncertainty on the VBF signal strength, and to improve the precision on the vector boson coupling
constant determination in order to estimate possible residual contributions from BSM processes.

This analysis is performed in a different manner to the other physics analyses in this document.
The fully simulated 8 TeV Monte Carlo samples are extrapolated to the 14 TeV conditions based
on parton distribution function (PDF) re-weighting and emulation of the difference in performance
of the ATLAS detector with the high pile-up environment. The signal is considered to be Higgs
boson production through VBF and in associated production with a W and a Z boson (VH). The
ggF production mode is considered as a background. The following background processes are

Chapter XI: Performance and Physics Page 192 of 229

VBF H→ZZ*→4ℓ

13

[GeV]4lm
100 105 110 115 120 125 130 135 140

En
tri

es
/1

G
eV

0

5

10

15

20

25

30

VBF
WH
ZH
ttH
ggF
Background

ATLAS Simulation Preliminary
 = 14 TeVs, -1 L=3000fb∫

VBF-like category

ATLAS
Phase-II Upgrade

Scoping Document
September 25, 2015 - Version 1.0

BDTG response
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

dx / 
(1

/N
) d

N

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4

 Testing
 Testing

Training
Training

ATLAS Simulation

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

 + 2 jet-l+l-l+ l→ ZZ →H 

-1 L dt = 3.0 ab
 

 ∫ = 14 TeV, s Reference scenario

BDT bin 3 2 1

VBF125
ggF125

BDTG response
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

dx / 
(1

/N
) d

N

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  Testing
 Testing

Training
Training

ATLAS Simulation

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

 + 2 jet-l+l-l+ l→ ZZ →H 

-1 L dt = 3.0 ab
 

 ∫ = 14 TeV, s Middle scenario

BDT bin 3 2 1

VBF125
ggF125

BDTG response
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

dx / 
(1

/N
) d

N

0

0.2

0.4

0.6

0.8

1

1.2

1.4
 Testing
 Testing

Training
Training

ATLAS Simulation

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

 + 2 jet-l+l-l+ l→ ZZ →H 

-1 L dt = 3.0 ab
 

 ∫ = 14 TeV, s Low scenario

BDT bin 3 2 1

VBF125
ggF125

Figure 99. BDT output for for the Reference (top), Middle (bottom left), Low (bottom right) scenarios for the
VBF H ! ZZ(⇤) analysis. The signal refers to VBF Higgs boson production and background refers to ggF
production. The error bars show the Monte Carlo statistical uncertainty.

Table 32. The local Z0-values and the precision on the combined signal strength �µ/µ in the Reference,
Middle, and Low scenarios for VBF H! ZZ(⇤) without and with the inclusion of theoretical uncertainties. The
additional integrated luminosity, �I, to allow the �µ/µ precision in the Middle and Low scenarios to match the
Reference scenario is also given.

Scoping Scenario without theo. unc. with theo. unc.
�µ/µ �I (fb�1) Z0-value (�) �µ/µ �I (fb�1) Z0-value (�)

Reference scenario 0.134 – 11.41 0.167 – 7.64
Middle scenario 0.137 125 10.86 0.174 350 7.48
Low scenario 0.142 425 9.84 0.186 1000 6.75

Chapter XI: Performance and Physics Page 191 of 229

ATL-PHYS-PUB-2016-008
⟨μ⟩=200

ATLAS
Phase-II Upgrade

Scoping Document
September 25, 2015 - Version 1.0

BDTG response
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

dx / 
(1

/N
) d

N

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4

 Testing
 Testing

Training
Training

ATLAS Simulation

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

 + 2 jet-l+l-l+ l→ ZZ →H 

-1 L dt = 3.0 ab
 

 ∫ = 14 TeV, s Reference scenario

BDT bin 3 2 1

VBF125
ggF125

BDTG response
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

dx / 
(1

/N
) d

N

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  Testing
 Testing

Training
Training

ATLAS Simulation

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

 + 2 jet-l+l-l+ l→ ZZ →H 

-1 L dt = 3.0 ab
 

 ∫ = 14 TeV, s Middle scenario

BDT bin 3 2 1

VBF125
ggF125

BDTG response
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

dx / 
(1

/N
) d

N

0

0.2

0.4

0.6

0.8

1

1.2

1.4
 Testing
 Testing

Training
Training

ATLAS Simulation

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

 + 2 jet-l+l-l+ l→ ZZ →H 

-1 L dt = 3.0 ab
 

 ∫ = 14 TeV, s Low scenario

BDT bin 3 2 1

VBF125
ggF125

Figure 99. BDT output for for the Reference (top), Middle (bottom left), Low (bottom right) scenarios for the
VBF H ! ZZ(⇤) analysis. The signal refers to VBF Higgs boson production and background refers to ggF
production. The error bars show the Monte Carlo statistical uncertainty.

Table 32. The local Z0-values and the precision on the combined signal strength �µ/µ in the Reference,
Middle, and Low scenarios for VBF H! ZZ(⇤) without and with the inclusion of theoretical uncertainties. The
additional integrated luminosity, �I, to allow the �µ/µ precision in the Middle and Low scenarios to match the
Reference scenario is also given.

Scoping Scenario without theo. unc. with theo. unc.
�µ/µ �I (fb�1) Z0-value (�) �µ/µ �I (fb�1) Z0-value (�)

Reference scenario 0.134 – 11.41 0.167 – 7.64
Middle scenario 0.137 125 10.86 0.174 350 7.48
Low scenario 0.142 425 9.84 0.186 1000 6.75
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerMust disentangle ggF/VBF production modes
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerMust control the background from pile-up jets in the forward region
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerAnalysis approach: using BDT method for optimal signal/
background separation
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerNice case study to quantify benefit from upgraded detector: 
extended tracking scenarios (‘reference’, ‘middle’) greatly help in 
reducing pile-up background, pile-up background doubles in the 
modest scenario (‘low’)
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerNotice vulnerability of measurements to large theoretical 
uncertainties (QCD scale for ggF+jets with VBF signature)
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Physics result
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerParticularly challenging due to large backgrounds (dominant systematic uncertainty)
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerGood benchmark for performance at HL-LHC conditions: depends on performance of ETmiss, 
central-jet veto, b-tagging for forward jets (ttbar veto)
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerDeficiencies of more modest upgrade scenarios result in larger background contributions that 
cannot be recovered with larger integrated luminosity
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCareful analysis optimization carried out assuming the predicted performance shows that we 
can achieve 2.7-7σ significance depending on the upgrade scenario and size of theoretical 
uncertainties, reaching a precision of 39-16%, respectively

VBF H→WW→ℓνℓν (ℓ=e,μ)
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Scoping scenario �µ Significance (�)
Signal unc. Full 1/2 None Full 1/2 None

Reference 0.20 0.16 0.14 5.7 7.1 8.0

Middle 0.25 0.21 0.20 4.4 5.2 5.4

Low 0.39 0.32 0.30 2.7 3.3 3.5

Category Njet � 2

Pre-selection
Two isolated leptons (one e and one µ) with opposite charge
Leptons with plead

T > 25–28 GeV and psublead
T > 15 GeV

m`` > 10 GeV

Jet-corrected-track-Emiss
T Emiss

T > 20 GeV

General selection

pjet
T > 70 (60) GeV lead (sublead)

Nb�jet = 0 (before pile-up jet removal)
ptot

T < 20 GeV
Z/�⇤! ⌧⌧ veto (Collinear approx. m⌧⌧ < 50 GeV)

VBF topology
mjj > 1250 GeV and |⌘ j | > 2.0, opposite hemisphere
No jets (pT > 30 GeV) in rapidity gap (CJV)
Require both ` in rapidity gap

H!WW ⇤! e⌫µ⌫ topology
m`` < 60 GeV
��`` < 1.8
mT < 1.07 ⇥ mH

Table 3: Selection criteria used for the 14 TeV analysis. The rapidity gap is the y range spanned by the two leading
jets.

where p``T is the vector-summed transverse momentum of the two leptons and E``
T is defined as (p``T )2+m2

``.
This quantity has a kinematic edge at the Higgs-boson mass (mH ), so accounting for resolution e�ects,
the mT is required to be less than 1.07 ⇥ mH . The selection criteria are summarised in Table 3.

2.4. Systematic uncertainties treatment

The theoretical uncertainties (in %) on the ggF and VBF Higgs-boson production taken from the Run-1
analysis as described in Ref. [5] are shown in Table 4. The uncertainties are split into the following: QCD-
scale Njet cross-section, QCD acceptance, PDF, underlying event (UE) and parton shower (PS) model
uncertainties. The QCD-scale Njet cross-section and acceptance uncertainties are derived by varying the
renormalisation and factorisation scales after the Njet and after the subsequent requirements, respectively.
The PDF and UE/PS model uncertainties are estimated after a signal-region-like selection including the
CJV requirement and are uncertainties on the acceptance.

Because these uncertainties may improve in the future, three scenarios are presented: using the uncer-
tainties given in Table 4, reducing those uncertainties by a factor of one-half, and finally setting those
uncertainties to zero.

Syst. unc. ggF (%) VBF (%)
QCD Njet cross-section 43 1
QCD acceptance 4 4
PDF 8 3
UE/PS 9 3
Total 44 6

Table 4: Theoretical uncertainties on Higgs-boson production.
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•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerRare Higgs decays are sensitive probes for new physics
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerObservation at the SM rate for Η→μμ, Η→Ζγ will only be 
possible with the HL-LHC dataset
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerProbe coupling to 2nd 
generation fermions
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerATLAS: 7σ observation for ⟨μ⟩
~140, measurement of 25% 
(stat.) ⊕ 17% (syst.) precision
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCMS expects 14/20% un-
certainty with scenario 2/1 [*]

Rare decays
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•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerProbe for Yukawa couplings
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerATLAS anticipates to set the 
limit of the BR(H→J/ψ γ) at 
15×SM expectation
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerFirst limit set from ATLAS    
at 600×SM                          
(PRL 114 (2015) 121801)
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerProbe for new physics in the 
loop; important for coupling 
measurement
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•  Cross-section measurement of B± meson production in proton-proton collisions 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerATLAS: 3.9σ observation for 
⟨μ⟩~140, measurement of 25% 
(stat.) ⊕ 17% (syst.) precision
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCMS expects 20/24% un-
certainty with scenario 2/1 [*]

[*] CMS NOTE-13-002
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerSignificant contribution from theoretical uncertainties to the total uncertainty, can be up to 50%
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerTo reach the ultimate precision on Higgs measurements, improvements are required also on the 
theoretical calculations for the signal processes
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerUncertainties for background processes also relevant for specific channels: e.g. electroweak unc. 
for high mass ZZ (H→4ℓ), V/tt+heavy flavour production for VH/ttH (H→bb)
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16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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p
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4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerWhat must be achieved for theory calculations in order to have a smaller than 10% 
contribution to the total uncertainty


Theory uncertainties for Higgs signal
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Scenario Status Deduced size of uncertainty to increase total uncertainty
2014 by .10% for 300 fb�1 by .10% for 3000 fb�1

Theory uncertainty (%) [10–12] gZ �gZ ��Z gZ ��Z �gZ �⌧Z �tg

gg! H
PDF 8 2 - - 1.3 - - - -
incl. QCD scale (MHOU) 7 2 - - 1.1 - - - -
pT shape and 0j! 1j mig. 10–20 - 3.5–7 - - 1.5–3 - - -
1j! 2j mig. 13–28 - - 6.5–14 - 3.3–7 - - -
1j! VBF 2j mig. 18–58 - - - - - 6–19 - -
VBF 2j! VBF 3j mig. 12–38 - - - - - - 6–19 -

VBF
PDF 3.3 - - - - - 2.8 - -

tt̄H
PDF 9 - - - - - - - 3
incl. QCD scale (MHOU) 8 - - - - - - - 2

Table 6: Estimation of the deduced size of theory uncertainties, in percent (%), for di↵erent Higgs
coupling measurements in the generic Model 15 from Table 5, requiring that each source of theory
systematic uncertainty a↵ects the measurement by less than 30% of the total experimental uncertainty
and hence increase the total uncertainty by less than 10%. A dash “-” indicates that the theory uncertainty
from existing calculations [10–12] is already su�ciently small to fulfill the condition above for some
measurements. The same applies to theory uncertainties not mentioned in the table for any measurement.
The impact of the jet-bin and pT related uncertainties in gg ! H depends on analysis selections and
hence no single number can be quoted. Therefore the range of uncertainty values used in the di↵erent
analysis is shown.

tt̄H and VBF production also contribute. Other uncertainties, such as the parametric mb or H ! �� and
H ! Z� theory uncertainties entering the branching ratio calculation, increase the total uncertainty on the
measurements by only 5–10% and are hence already below the goal of an increase by 10%. Therefore
they are not explicitly mentioned in Table 6. However, there are several of these smaller sources so
improved calculations in these areas will help to improve the ultimate precision of future LHC Higgs
measurements.

In some cases where the experimental uncertainty is very small, such as gZ = g ·Z/H , the inclusive
missing higher order uncertainty (MHOU) on gg! H, estimated from QCD scale variations, would need
to be reduced by up to a factor of ⇠6 in order to increase the total uncertainty by less than the goal of
⇠10%. Such a reduction seems very ambitious so this uncertainty may remain significant for Higgs
measurements at the HL-LHC.

Finally, it should be noted that the -framework is itself an approximation as discussed in the begin-
ning of Sec. 3. Currently there are no theory uncertainties assigned for these approximations, although
they could become significant at the HL-LHC.

4 Conclusions

Several new Higgs boson production and decay modes can be observed by the ATLAS detector with
3000 fb�1 at the HL-LHC compared to a sample of 300 fb�1 that will be accumulated before the Phase-II
upgrades, and the precision of all channels can be improved. Compared to previous studies, analyses in
the H ! Z� and VH/ttH ! �� channels have been refined, and the VH ! bb̄ channel has now been

14
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•  Cross-section measurement of B± meson production in proton-proton collisions 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerNeed for improved PDFs and QCD calculations
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerggH:  clearly needing higher order calculations for multi-jet final states
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerAccess to λΗΗΗ is a unique way to fully establish the Higgs field potential, particularly interesting 
for BSM…
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Figure 1: SM loop diagrams for Higgs pair production via gluon fusion.

So far, the theoretical cross section of di-Higgs production in the context of large extra dimen-
sion has been calculated in the ��, e�e+, and pp colliders [57, 58, 59, 60]. In this work, we perform
a detailed search for the ADD model based on the di-Higgs production in proton-proton collisions
at the LHC and FCC at the center-of-mass energies of 14, 33, 100 TeV. All major backgrounds
are taken into account and the e↵ects of a CMS-like detector is considered. The jet substruc-
ture technique is utilized to capture boosted Higgs bosons and to reach a reasonable background
rejection and e�cient event reconstruction.

2 Double Higgs production in pp collisions

The double Higgs boson production at hadron colliders within the SM has been studied in [61, 62].
The representative Feynman diagrams for production of two Higgs bosons at hadron colliders are
presented in Fig.1. The di-Higgs final state proceeds through gg fusion via quark loop diagrams
and qq̄ annihilation. The main contribution to the total production rate comes from the loop
diagram involving mostly the top quark in the gg fusion. Due to larger parton distribution
functions of the gluon and very small Yukawa couplings of the Higgs boson with light quarks, the
dominant contribution of the di-Higgs production comes from gluon-gluon fusion involving the
triangle and box diagrams. The total cross section of di-Higgs at next-to-leading (NLO) order
calculated assuming the top quark mass Mt =173.1 GeV, bottom quark mass Mb = 5 GeV, Higgs
boson mass MH = 125 GeV, ↵LO

s (M2
Z) = 0.13939 and ↵NLO

s (M2
Z) = 0.12018 at

p
s = 14 TeV,

33 TeV and 100 TeV are 33.89 fb, 207.29 fb and 1417.83 fb, respectively [63]. For cross section
calculation, the CTEQ66 [64] PDF set is used. An interesting aspect of di-Higgs production is
the destructive interference between the box and the triangle contributions shown in Fig.1. It is
worth mentioning that the destructive interference is not negligible so that it leads to a reduction
of around 50% in the production rate 2.

Within the ADD model, the double Higgs production occurs at tree level through both gg
fusion and qq̄ annihilation via s-channel. The representative Feynman diagrams are presented
in Fig.2. As it can be seen, in the ADD model two Higgs bosons are produced at tree level via
virtual gravitons exchanges. The presence of the new diagrams lead to increase the total rate of

2
The amount of reduction in the total cross section due to the interference term depends on the center-of-mass

energy of the collision. At

p
s = 14 TeV, it amounts to 50%.

4

1 Introduction

The ATLAS and CMS collaborations have reported the discovery of a particle at a mass of mH ' 125 GeV
[1–3], consistent with the Standard Model Higgs Boson (H). In order to test the correctness of the Standard
Model and establish whether the Higgs mechanism is responsible for the electroweak symmetry breaking,
the measurement of the Higgs trilinear self-coupling and subsequent reconstruction of the Higgs potential
is crucial.

A direct measurement of the Higgs trilinear self-coupling �HHH can be done via the study of Higgs boson
pair production. At hadron colliders, the dominant production mechanism is gluon fusion, with the other
production mechanisms: Vector Boson Fusion, Higgsstrahlung, and Associated Production with tt̄, being
more than an order of magnitude smaller [4–6]. For centre-of-mass energies of 14 TeV, the production
cross section of pairs of 125 GeV Higgs bosons is estimated to be 40.8 fb (with an error of ±8.5% from
QCD scale uncertainties, and ±7% from PDF+↵S uncertainties) [7, 8].

Albeit the possibility of measuring the Higgs trilinear self-coupling via Higgs pair production at the LHC
has been analyzed by several studies [9–17], the signal measurement poses a challenge. One conclusion
is that a large dataset is needed to be sensitive to the Higgs trilinear self-coupling in the Standard Model,
because of the smallness of the signal rates and the large backgrounds [18]. Moreover, given the order of
magnitude of the cross section this is an ideal measurement to be assessed in the context of the proposed
High Luminosity upgrade of the LHC, which is planned to take place after the completion of the collision
program of the current accelerator. The so-called HL-LHC will provide 3000 fb�1 of proton-proton
collisions at a centre-of-mass energy of

p
s =14 TeV.

The various decays of the Standard Model Higgs boson o�er a variety of final states which can be studied,
and the most interesting of these are given in Table 1, alongside their branching ratios and the approximate
event yield in the anticipated full HL-LHC dataset.

Table 1: Branching ratios for di�erent HH final states, and their corresponding overall expected yields in 3000 fb�1

of data, assuming a total production cross section of 40.8 fb [7, 8] and a Higgs mass of 125 GeV.
Decay Channel Branching Ratio Total Yield (3000 fb�1)
bb + bb 33% 4.1 ⇥ 104

bb +W+W� 25% 3.1 ⇥ 104

bb + ⌧+⌧� 7.4% 9.0 ⇥ 103

W+W� + ⌧+⌧� 5.4% 6.6 ⇥ 103

Z Z + bb 3.1% 3.8 ⇥ 103

Z Z +W+W� 1.2% 1.4 ⇥ 103

�� + bb 0.3% 3.3 ⇥ 102

�� + �� 0.0010% 1

In this note we present a cut-based analysis for one of the most promising double Higgs boson decay
channels according to Table 1, in which one of the Higgs bosons decays into a pair of b�quarks while
the other one decays into a pair of ⌧ leptons. The larger branching ratio of the H ! ⌧+⌧� decay, when
compared to H ! ��, results in a significantly larger total yield in comparison with the case already
discussed in Ref. [19]. Albeit in our case, a more complex final state and larger backgrounds make
the determination of the signal yield (and strength) more challenging, the combination of the di�erent

2

σ(pp→HH)~40 fb @ NNLO!
λHHH
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerConsidering decays with high BR: bb+ττ and bb+γγ 
channels are our best chances to observe a signal
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerMust have excellent performance in b-tagging, γ resolution, 
τ-efficiency and fake rate
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerDominated by large backgrounds but 
important for combination
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerExpectations: CMS 0.9σ, ATLAS 0.6σ 
[CMS-PAS-FTR-15-002], [ATL-PHYS-PUB-2015-046]

The ultimate goal for HL-LHC: HH
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerObservation at the SM rate possible for 
ATLAS and CMS with the HL-LHC dataset
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•  Cross-section measurement of B± meson production in proton-proton collisions 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerExpectations: CMS 1.6σ, ATLAS 1.3σ     
[CMS-PAS-FTR-15-002], [ATL-PHYS-PUB-2014-019]    
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCombination of both channels provides and expected significance of 1.9σ for CMS
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerWith better performance than the conservative estimates used in the projections and with 
more channels in the combination (bb+WW, bb+bb), there is good chance to observe first 
hints for HH production at the HL-LHC
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerLook to the future of Higgs physics with measurements at the HL-LHC


What we aim to achieve: 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerAccess almost all decays of the Higgs boson and measure couplings with <5% precision
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•  Cross-section measurement of B± meson production in proton-proton collisions 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerFirst measurements of Higgs-pair production for a more complete understanding of the 
electroweak symmetry breaking mechanism


What we need: 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerDetector upgrades and more advanced and pile-up 
robust algorithms
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•  Cross-section measurement of B± meson production in proton-proton collisions 
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerSmarter analysis techniques to cope with the extreme 
background conditions
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerReduced theoretical uncertainties


Disclaimer: New results and updated upgrade plans to be 
presented at ECFA next week

Summary
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14 4 Higgs Boson Properties

systematic uncertainties and their correlations.

Table 1: Summary of the information on the analyses used as input in this combination, includ-
ing decay mode, production channel (tag), final states, analysis categories, mass resolution, and
documentation.

H decay prod. tag exclusive final states cat. res. ref.

gg

untagged gg (4 diphoton classes) 4 1-2%

[6]VBF-tag gg + (jj)VBF 2 <1.5%
VH-tag gg + (e, µ, MET) 3 <1.5%
ttH-tag gg (lep. and had. top decay) 2 <1.5% [23]

ZZ ! 4` Njet < 2 4e, 4µ, 2e2µ

3 1-2% [7]
Njet � 2 3

WW ! `n`n

0/1-jets (DF or SF dileptons) ⇥ (0 or 1 jets) 4 20% [8]
VBF-tag `n`n + (jj)VBF (DF or SF dileptons) 2 20% [24]
WH-tag 3`3n (same-sign SF and otherwise) 2 [25]

tt

0/1-jet (eth, µth, eµ, µµ)⇥ (low or high pt

T) 16
15% [10]1-jet thth 1

VBF-tag (eth, µth, eµ, µµ, thth) + (jj)VBF 5
ZH-tag (ee, µµ)⇥ (thth, eth, µth, eµ) 8 [26]WH-tag thµµ, theµ, ethth, µthth 4

bb
VH-tag (nn, ee, µµ, en, µn with 2 b-jets)⇥x 13 10% [27]

ttH-tag (` with 4, 5 or �6 jets) ⇥ (3 or �4 b-tags); 6 [28](` with 6 jets with 2 b-tags); (`` with 2 or �3 b-jets) 3
Zg inclusive (ee, µµ)⇥ (g) 2 [29]
µµ 0/1-jets µµ 12 1-2% [30–32]VBF-tag µµ + (jj)VBF 3
invisible ZH-tag (ee, µµ)⇥ (MET) 2 [21]

4.3 Signal Strength

The signal strength modifier µ = s/sSM, obtained in the combination of all search channels,
provides a first compatibility test. Figure 11 and Table 2 show the µ uncertainties obtained
in different sub-combinations of search channels, organized by decay mode for an integrated
dataset of 300 fb�1 and 3000 fb�1. We predict a precision 6–14% for 300 fb�1 and 4–8% for a
dataset of 3000 fb�1. Studies show that future measurements of the signal strength will be lim-
ited by theoretical uncertainty of the signal cross section, which is included in the fit. Figure 13
(left) shows the uncertainty on the signal strength omitting the uncertainties from QCD scale
and PDFs for signal and background.

Table 2: Precision on the measurements of the signal strength per decay mode for a SM-like
Higgs boson. These values are obtained at

p
s = 14 TeV using an integrated dataset of 300

and 3000 fb�1. Numbers in brackets are % uncertainties on the measurements estimated under
[Scenario2, Scenario1], as described in the text. For the direct search for invisible Higgs decays
the 95% CL on the branching fraction is given.

L (fb�1) gg WW ZZ bb tt Zg µµ inv.
300 [6, 12] [6, 11] [7, 11] [11, 14] [8, 14] [62, 62] [40,42] [17, 28]
3000 [4, 8] [4, 7] [4, 7] [5, 7] [5, 8] [20, 24] [20,24] [6, 17]

The direct search for invisible Higgs decays in events produced in association with a Z boson
yields a 95% confidence level upper limit on the branching fraction of 28 (17)% for Scenario 1
and 17 (6.4)% for Scenario 2 for 300 (3000) fb�1.
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCMS demonstrates an ultimate precision of Δμ/μ ~ 5-7% 
to be achieved with the combination of VH with ttH using 
multiple decay channels

channels combined for H→bb measurements CMS NOTE-13-002

One-lepton Two-lepton One+Two-lepton
Stat-only Significance 15.4 11.3 19.1

µ̂Stats error +0.07 � 0.06 +0.09 � 0.09 +0.05 � 0.05
Theory-only µ̂Theory error +0.09 � 0.07 +0.07 � 0.08 +0.07 � 007

Significance 2.7 8.4 8.8
Scenario I µ̂w/Theory error +0.37 � 0.36 +0.15 � 0.15 +0.14 � 0.14

µ̂wo/Theory error +0.36 � 0.36 +0.14 � 0.12 +0.12 � 0.12
Significance 4.7 - 9.6

Scenario II µ̂w/Theory error +0.23 � 0.22 - +0.13 � 0.13
µ̂wo/Theory error +0.21 � 0.21 - +0.11 � 0.11

Table 14: Expected signal sensitivity as well as the precision on the signal strength measurement for
mH = 125 GeVfor the one-lepton, two-lepton and combined searches with 3000 fb�1 with hµipu = 140
after including the perspective of a more performant analysis.

come 3.9� and �µ̂ =+0.27
�0.26 for 300 fb�1 (for hµipu = 60) and 8.8�, �µ̂ = ±0.14 for 3000 fb�1 (for

hµipu = 140).
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerLargest BR but studies limited to VH and ttH production mode due to large backgrounds


  I. Nomidis, A.U.Th.              Study of the b-quark properties with the first ATLAS data

Outline

Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerImportant to probe coupling to fermions and constrain BR for BSM 
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerNot observed yet… Possible at the LHC but multiple analyses must be combined to exceed 5σ
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerATLAS expects >9σ just in VH, V leptonic modes

1) Conservative scenario: 
Run-1-like analysis projected at much higher pile-up

2) Realistic / optimistic scenario: 
MVA techniques, improved b-tagging and jet calibration
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Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerImportant to probe coupling to fermions
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerExpecting impact on ETmiss and τ-lepton 
performance
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•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerCMS detailed performance studies with Z→τ+τ-
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerUpgrades will allow to maintain efficiency at 
same levels
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerFake rate will double in the high pile-up 
conditions, but can keep it relatively stable with 
increasing ⟨μ⟩

H→τ+τ-
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerATLAS projections with same MVA approach as in Run-1:
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Physics result

•  Cross-section measurement of B± meson production in proton-proton collisions 
at √s = 7 TeV

 

Performance studies with early data

•  Observation of B± meson production

•  Mass-lifetime measurement of B± mesons

Contribution to technical aspects of the ATLAS experiment

•  Offline Data Quality Monitoring software for the muon spectrometerW/o theory uncertainties: Δμ/μ ~ 24% in the extreme 
background scenarios… could be reduced to 8%-18%, 
depending on the forward tracker coverage scenario / 
pile-up jet rejection

VBF H→τlep τhad 

⟨μ⟩=140
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H→WW,  Phys. Rev. D 92, 012006 (2015)
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FIG. 18. E�ciencies of the veto of the (a) first jet and (b)
second jet in inclusive ggF production of the Higgs boson, as
a function of the veto-threshold p

t

.

cross section needed for the highest-order calculation of
the jet-veto-e�ciency method is not available, though the
other two calculations of the veto e�ciency can be per-
formed using the mcfm generator. The highest-order
calculation is in the range spanned by the other two cal-
culations in both the case of ✏

0

and in the case of ✏
1

evalu-
ated using a partial calculation of the NNLO nj � 1 cross
section [82]. The central value of ✏

1

is thus estimated to
be the average of the available calculations, with the un-
certainty given by the maximum di↵erence with respect
to these calculations or the scale-varied estimate of the
average. This results in a relative uncertainty of 15%
on ✏

1

, as shown in Fig. 18. The figure shows that the
reweighted powheg+pythia8 prediction for ✏

1

agrees

with the calculation to within a few percent for a jet p
t

threshold of 25GeV.
A prior ATLAS analysis in this decay channel [5] relied

on the ST procedure for all uncertainties associated with
jet binning. The JVE estimation reduces uncertainties
in the ggF categories by incorporating a resummation
calculation (in ✏

0

) and the NLO calculation of H +2 jets
(in ✏

1

). The uncertainties for the ST (JVE) procedure
are 18% (15%), 43% (27%), and 70% (34%) for the cross
sections in the nj =0, nj =1, and nj � 2 ggF-enriched
categories, respectively. These uncertainties are reduced
when the categories are combined, and contribute a total
of ⇡ 5% to the uncertainty on the measured ggF signal
strength (see Table XXVI).
Additional uncertainties on the signal acceptance are

considered in each signal category. The scale and PDF
uncertainties are typically a few percent. A genera-
tor uncertainty is taken from a comparison between
powheg+herwig and amc@nlo+herwig [83], which
di↵er in their implementation of the NLO matrix ele-
ment and the matching of the matrix element to the par-
ton shower. Uncertainties due to the underlying event
and parton shower models (UE/PS) are generally small,
though in the nj =1 category they are as large as 14% in
the signal regions where p `2

t

< 20GeV. The UE/PS un-
certainties are estimated by comparing predictions from
powheg+herwig and powheg+pythia8.

The evaluation of the ggF background to the nj � 2
VBF category includes an uncertainty on the acceptance
of the central-jet veto. The uncertainty is evaluated to
be 29% using the ST method, which treats the inclusive

TABLE X. Signal-yield uncertainties (in %) due to the model-
ing of the gluon-fusion and vector-boson-fusion processes. For
the nj =0 and nj =1 categories the uncertainties are shown
for events with same-flavor leptons; for events with di↵erent-
flavor leptons the uncertainties are evaluated in bins of m``

and p `2
t

. For the nj � 2 VBF category the uncertainties are
shown for the most sensitive bin of BDT output (bin 3).

Uncertainty source
nj =0 nj =1 nj � 2 nj � 2

ggF VBF

Gluon fusion
Total cross section 10 10 10 7.2
Jet binning or veto 11 25 33 29
Acceptance
Scale 1.4 1.9 3.6 48
PDF 3.2 2.8 2.2 -
Generator 2.5 1.4 4.5 -
UE/PS 6.4 2.1 1.7 15

Vector-boson fusion
Total cross section 2.7 2.7 2.7 2.7
Acceptance
Scale - - - 3.0
PDF - - - 3.0
Generator - - - 4.2
UE/PS - - - 14
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TABLE XXIV. Impact on the signal strength µ̂ from the prefit and postfit variations of the nuisance parameter uncertainties,
�✓. The + (�) column header indicates the positive (negative) variation of �✓ and the resulting change in µ̂ is noted in the
entry (the sign represents the direction of the change). The right-hand side shows the pull of ✓ and the data-constraint of �✓.
The pulls are given in units of standard deviations (�) and �✓ of ±1 means no data-constraint. The rows are ordered by the
size of a change in µ̂ due to varying ✓ by the postfit uncertainty �✓.

Impact on µ̂

Systematic source Prefit �µ̂ Postfit �µ̂ Plot of postfit ±�µ̂

+ � + �

ggF H, PDF variations on cross section �0.06 +0.06 �0.06 +0.06
ggF H, QCD scale on total cross section �0.05 +0.06 �0.05 +0.06
WW , generator modeling �0.07 +0.06 �0.05 +0.05
Top quarks, generator modeling on ↵top in ggF cat. +0.03 �0.03 +0.03 �0.03
Misid. of µ, OC uncorrelated corr. factor ↵misid, 2012 �0.03 +0.03 �0.03 +0.03
Integrated luminosity, 2012 �0.03 +0.03 �0.03 +0.03
Misid. of e, OC uncorrelated corr. factor ↵misid, 2012 �0.03 +0.03 �0.02 +0.03
ggF H, PDF variations on acceptance �0.02 +0.02 �0.02 +0.02
Jet energy scale, ⌘ intercalibration �0.02 +0.02 �0.02 +0.02
VBF H, UE/PS �0.02 +0.02 �0.02 +0.02
ggF H, QCD scale on ✏1 �0.01 +0.03 �0.01 +0.03
Muon isolation e�ciency �0.02 +0.02 �0.02 +0.02
V V , QCD scale on acceptance �0.02 +0.02 �0.02 +0.02
ggF H, UE/PS - �0.02 - �0.02
ggF H, QCD scale on acceptance �0.02 +0.02 �0.02 +0.02
Light jets, tagging e�ciency +0.02 �0.02 +0.02 �0.02
ggF H, generator modeling on acceptance +0.01 �0.02 +0.01 �0.02
ggF H, QCD scale on nj � 2 cross section �0.01 +0.02 �0.01 +0.02
Top quarks, generator modeling on ↵top in VBF cat. �0.01 +0.02 �0.01 +0.02
Electron isolation e�ciency �0.02 +0.02 �0.02 +0.02

-0.1 -0.05 0 0.05 0.1

Impact on ✓̂

Pull, Constr.,
✓̂ (�) �✓

�0.06 ± 1
�0.05 ± 1
0 ± 0.7

�0.40 ± 0.9
0.48 ± 0.8
0.08 ± 1

�0.06 ± 0.9
�0.03 ± 1
0.45 ± 0.95
0.26 ± 1

�0.10 ± 0.95
0.13 ± 1
0.09 ± 1
0 ± 0.9
0 ± 1
0.21 ± 1
0.10 ± 1

�0.04 ± 1
�0.16 ± 1
�0.14 ± 1

are summarized in Table XXIV for a set of 20 nuisance
parameters ordered by the magnitude of �

ˆµ (Higgs sig-
nal hypothesis is taken at mH =125GeV). The highest-
ranked nuisance parameter is the uncertainty on the total
ggF cross section due to the PDF variations. It changes
µ̂ by �0.06/+0.06 when varied up and down by �✓, re-
spectively. It is followed by the uncertainty on the to-
tal ggF cross section due to QCD scale variations and
WW generator modeling uncertainty. Other uncertain-
ties that have a significant impact on µ̂ include the e↵ects
of generator modeling on ↵

top

, the systematic uncertain-
ties on ↵

misid

originating from a correction for oppositely
charged electrons and muons, the luminosity determina-
tion for 8TeV data, and various theoretical uncertainties
on the ggF and VBF signal production processes. In to-
tal there are 253 nuisance parameters which are divided
into three main categories: experimental uncertainties
(137 parameters), theoretical uncertainties (72 param-
eters) and normalisation uncertainties (44 parameters).
They are further divided into more categories as shown
in Table XXVI.

VIII. YIELDS AND DISTRIBUTIONS

The previous section described the di↵erent parame-
ters of the simultaneous fit to the various signal cate-
gories defined in the preceding sections. In particular,
the signal and background rates and shapes are allowed
to vary in order to fit the data in both the signal and
control regions, within their associated uncertainties.
In the figures and tables presented in this section, back-

ground processes are individually normalized to their
postfit rates, which account for changes in the normaliza-
tion factors (�) and for pulls of the nuisance parameters
(✓). The varying background composition as a function
of m

t

(or O
BDT

in the nj � 2 VBF-enriched category)
induces a shape uncertainty on the total estimated back-
ground. As described in Sec. VIIC, additional specific
shape uncertainties are included in the fit procedure and
are accounted for in the results presented in Sec. IX. No
specific m

t

shape uncertainties are applied to the figures
since their contribution to the total systematic uncer-
tainty band was found to be negligible. The Higgs boson
signal rate is normalized to the observed signal strength
reported in Sec. IX.
This section is organized as follows. The event yields

are presented in Sec. VIIIA for each signal category in-
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TABLE XXIV. Impact on the signal strength µ̂ from the prefit and postfit variations of the nuisance parameter uncertainties,
�✓. The + (�) column header indicates the positive (negative) variation of �✓ and the resulting change in µ̂ is noted in the
entry (the sign represents the direction of the change). The right-hand side shows the pull of ✓ and the data-constraint of �✓.
The pulls are given in units of standard deviations (�) and �✓ of ±1 means no data-constraint. The rows are ordered by the
size of a change in µ̂ due to varying ✓ by the postfit uncertainty �✓.

Impact on µ̂
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Misid. of µ, OC uncorrelated corr. factor ↵misid, 2012 �0.03 +0.03 �0.03 +0.03
Integrated luminosity, 2012 �0.03 +0.03 �0.03 +0.03
Misid. of e, OC uncorrelated corr. factor ↵misid, 2012 �0.03 +0.03 �0.02 +0.03
ggF H, PDF variations on acceptance �0.02 +0.02 �0.02 +0.02
Jet energy scale, ⌘ intercalibration �0.02 +0.02 �0.02 +0.02
VBF H, UE/PS �0.02 +0.02 �0.02 +0.02
ggF H, QCD scale on ✏1 �0.01 +0.03 �0.01 +0.03
Muon isolation e�ciency �0.02 +0.02 �0.02 +0.02
V V , QCD scale on acceptance �0.02 +0.02 �0.02 +0.02
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-0.1 -0.05 0 0.05 0.1

Impact on ✓̂
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�0.06 ± 1
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0 ± 0.7
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0.13 ± 1
0.09 ± 1
0 ± 0.9
0 ± 1
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0.10 ± 1

�0.04 ± 1
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are summarized in Table XXIV for a set of 20 nuisance
parameters ordered by the magnitude of �

ˆµ (Higgs sig-
nal hypothesis is taken at mH =125GeV). The highest-
ranked nuisance parameter is the uncertainty on the total
ggF cross section due to the PDF variations. It changes
µ̂ by �0.06/+0.06 when varied up and down by �✓, re-
spectively. It is followed by the uncertainty on the to-
tal ggF cross section due to QCD scale variations and
WW generator modeling uncertainty. Other uncertain-
ties that have a significant impact on µ̂ include the e↵ects
of generator modeling on ↵

top

, the systematic uncertain-
ties on ↵

misid

originating from a correction for oppositely
charged electrons and muons, the luminosity determina-
tion for 8TeV data, and various theoretical uncertainties
on the ggF and VBF signal production processes. In to-
tal there are 253 nuisance parameters which are divided
into three main categories: experimental uncertainties
(137 parameters), theoretical uncertainties (72 param-
eters) and normalisation uncertainties (44 parameters).
They are further divided into more categories as shown
in Table XXVI.

VIII. YIELDS AND DISTRIBUTIONS

The previous section described the di↵erent parame-
ters of the simultaneous fit to the various signal cate-
gories defined in the preceding sections. In particular,
the signal and background rates and shapes are allowed
to vary in order to fit the data in both the signal and
control regions, within their associated uncertainties.
In the figures and tables presented in this section, back-

ground processes are individually normalized to their
postfit rates, which account for changes in the normaliza-
tion factors (�) and for pulls of the nuisance parameters
(✓). The varying background composition as a function
of m

t

(or O
BDT

in the nj � 2 VBF-enriched category)
induces a shape uncertainty on the total estimated back-
ground. As described in Sec. VIIC, additional specific
shape uncertainties are included in the fit procedure and
are accounted for in the results presented in Sec. IX. No
specific m

t

shape uncertainties are applied to the figures
since their contribution to the total systematic uncer-
tainty band was found to be negligible. The Higgs boson
signal rate is normalized to the observed signal strength
reported in Sec. IX.
This section is organized as follows. The event yields

are presented in Sec. VIIIA for each signal category in-


