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Introductory Remarks

•Unless stated, results presented are for SM Higgs boson with mH=125 GeV. 

•At 2014 ECFA, ATLAS presented a comprehensive results for Higgs boson 
couplings at HL-LHC. 
➡More recent analyses focused on understanding the impact of the 

detector design and on rarer processes. 

•Pile-up: 140 and/or 200, depending on analysis.



Main Analysis Technique for HL-LHC 
Truth+Smear Technique 

• Generate truth-only 14 TeV events 

• Overlay the truth information with jets from the pile-up library: 

➡Pile-up library consists of pile-up jets generated with full simulation (i.e. 
with detector response simulated) 

➡<µ> = 140 or 200 

• Reconstruct electron, muons, jets and missing-ET from truth+overlay 

• Smear the pT and energy of reconstructed electrons, muons, jets and missing-
ET using appropriate smearing functions 

• Apply trigger efficiencies 

• Apply efficiencies for electron, muon and jet reconstruction 

Smearing and efficiency functions 

• dependent on pT and η 

• Functions are based on fully simulated samples samples using upgrade ATLAS 
detector geometry and high pile-up 

• Approach has been validated by studies on limited number of physics studies 
comparing full sim and truth+smearing approach 



Jet techniques:  
pile-up reduction & flavour tagging

•At <µ> = 200, 4.8 pileup jets (pT >30 GeV, |η|<2.5) per event  

•To reduce sensitivity to pile-up in jets we apply a track-confirmation 
requirement: 
➡Jets with pT < 100 GeV and |η|<3.8 (not b-jets) must have a jet that 

matches with a track that comes from the primary vertex. 

•Reduces pile-up by factor ~50 

•Parametrised b-tagging, based on Run 1 MV1 tagger, run on truth-jets  

➡Provides a 70% working point for b-tagging 
➡mistag rates for light and charm jets  
➡dependent on pT and η 

•This can very likely be improved … (less mistags) 



ATLAS Phase II Scoping 
Document

•Two VBF production analysis: each evaluated in 
the context of three different detector scenario 

•Only Reference results presented in this talk.
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The Low scenario in addition implies the removal of a complete Strip barrel layer (layer # 3), and the
removal of the stereo modules from two additional Strip barrel layers (leaving only axial modules in
layers #2 and #4). The very-forward Pixel system is completely dropped, so that the coverage is as
in the LoI layout, i.e. |⌘|<2.7.
The configuration of the ITk detector is described in detail in Chapter IV. In particular, cross-section
drawings in Figs. 6-9 visualise the layouts of the ITk detector for the three scoping scenarios.

Table 3. Upgrade plans of the ATLAS ITk and calorimeter systems for the three scenarios considered [2].

Scoping Scenarios
Reference Middle LowDetector System

(275 MCHF) (235 MCHF) (200 MCHF)

Inner Tracker

Pixel Detector |⌘|  4.0 |⌘|  3.2 |⌘|  2.7

Barrel Strip Detector 3

3 3

[No stub layer]
[No stereo in layers #2,#4]

[Remove layer #3]
[No stub layer]

Endcap Strip Detector 3
3 3

[Remove 1 disk/side] [Remove 1 disk/side]

Calorimeters

LAr Calorimeter Electronics 3 3 3

Tile Calorimeter Electronics 3 3 3

Forward Calorimeter 3 7 7

High Granularity
3 7 7

Precision Timing Detector

II.3.3 Calorimeters
The ATLAS calorimetry uses liquid argon detector technology for the electromagnetic barrel and
end-cap (EMB and EMEC) , the hadronic end-cap (HEC) and the forward (FCal) calorimeters, and
scintillating Tiles for the hadronic barrel calorimeter. A cross-sectional view of the forward calorimetry
in ATLAS is shown in Fig. 38.
The upgrade programme of the calorimeter system is summarised in Table 3. The Reference sce-
nario includes a new sFCal, with higher transverse granularity for improved handling of the large
fluctuations in the energy deposition due to the large pile-up expected during operations at the HL-
LHC. The sFCal design includes 100 µm liquid argon gaps in the first sFCal1 module (with respect
to the existing 250 µm in FCal1), an improved HV distribution network, and improved cooling, to
cope with the large energy deposit expected in the detector because of the very high instantaneous
luminosity. Large energy deposits could lead to space-charge effects from ion-buildup in the liquid
argon gap, as well as to large reductions in the voltage on the electrodes, and finally to potential
over-heating (even local boiling) in the liquid argon.

Chapter II: Overview of the ATLAS Phase-II upgrade program Page 10 of 229



Higgs Properties Overview
•New analyses since ECFA 2014 workshop

Analysis Status / Publication

bbH, H→γγ In preparation

H→J/ψ γ ATL-PHYS-PUB-2015-043

VBF H→W+W− ATL-PHYS-PUB-2016-018

VBF H→ZZ→4ℓ ATL-PHYS-PUB-2016-008

Γ(H) from off-shell couplings  
(WW, ZZ) ATL-PHYS-PUB-2015-024

H→ZZ→µ+µ−µ+µ−  

(for acceptance studies) In ATLAS Phase-II ScopingDocument

H→µ+µ− In preparation 
(might not make it to ECFA2016)



bbH, H→γγ
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•Object pre-selection
Initial Smearing and cuts

¾ Initial electron, photon, muon and jets quantities smearing using 
PT/η dependent functions

¾ Fake e→γ objects generation

¾ Pileup jets overlay (μ=200) at 2% working point

¾ Jet overlap removal with respect to γ, e (15% EM fraction 
requirement at ΔR<0.1 )

¾ Fake jet →γ and jet→e generation

¾ γ, e and μ candidates isolated at ΔR<0.4 with respect to jets and 0.2 
with respect to EM objects

¾ Preeselection kinematic cuts:

� ≥ 2 isolated photons
� PT>30 GeV
� 1.52<|η|<2.4, 

0 <|η|< 1.37

Photons

� ≥ 2 b-matched jets
� jet PT>30 GeV
� |η|< 3.8 

Jets

� No isolated μ, e
9 with PT>25 GeV
9 e-:|η|< 2.5
9 μ :|η|< 4.0

Isolated leptons

The Channel

MC Samples

Analysis
Definition

Additional
Checks

Occlusion &
plans

Backup

15 / 9 / 2016 𝑏 𝑏H(ɣɣ) analysis

•Backgrounds: ZH, ttH, ttγ, tt, 4 jets, 3 jets+γ, 2 jets+γγ 

•Jets faking photons is considered 

•Cut-based and multivariate analysis

14

PDF comparison and fluctuations
• Since no diphoton mass is included in the TMVA no distinction 

between resonant and non-resonant component is possible for 
background

• Kolmogorov test applied in half the sample statistics
• Statistical uncertainties result of the fitting

Background with 
true photons Signal

•TMVA background rejection

The Channel

MC Samples

Analysis
Definition

Additional
Checks

Occlusion &
plans

Backup

Background with 
fake photons

15 / 9 / 2016 𝑏 𝑏H(ɣɣ) analysis

•No m(γγ) in BDT ; m(γγ) cut 
applied after BDT cut

Not approved



bbH, H→γγ   signal & background
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Background compositions

Stream
120GeV < mdi-photon < 130GeV

Expected events % of total background

𝑏 𝑏𝛾𝛾 110 ± 5 (7,72 ± 4,31)%

𝑏 𝑏𝑗𝛾 211 ± 105 (14,73 ± 8,16)%

𝐻(→ 𝑏 𝑏)𝐻(→ 𝛾𝛾) 9,07 ± 0,10 (0,63 ± 0,41)%

𝑗𝑗𝛾𝛾 366 ± 23 (25,61 ± 14,15)%

𝑡  𝑡𝛾 2,7 ± 1,4 (0,19 ± 0,16)%

𝑡  𝑡𝐻(→ 𝛾𝛾) 31,2 ± 1,0 (2,19 ± 1,26)%

𝑡  𝑡𝑙 0 ± 0 (0 ± 0)%

𝑍(→ 𝑏 𝑏)𝐻(→ 𝛾𝛾) 10,31 ± 0,10 (0,72 ± 0,46)%

𝑐  𝑐𝛾𝛾 95 ± 5 (6,70 ± 3,75)%

𝑐  𝑐𝑗𝛾 593 ± 419 (41,50 ± 22,88)%

Gold scenario m2γ cut at the TMVA output
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1

3

4

The Channel

MC Samples

Analysis
Definition

Additional
Checks

Occlusion &
plans

Backup

•Final analysis Cuts

Most prominent contribution composed mainly of reducible 
background components, increased uncertainties

15 / 9 / 2016 𝑏 𝑏H(ɣɣ) analysis
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Significance and signal –background estimation

1) Results not including the diphoton mass as discriminating 
variable to allow TMVA to take better advantage of statistics

2) Diphoton mass cut applied at the output of TMVA analysis

3) Final Significance and background compositions extracted 
after 120 GeV < mγγ < 130GeV application

TMVA Initial results
Significance (σ) 0,0765 ± 0,0034

Signal events 7,79 ± 0,074

Background events 10368 ± 894

•Final analysis Cuts

The Channel

MC Samples

Analysis
Definition

Additional
Checks

Occlusion &
plans

Backup

Final analysis results after mγγ cut
Significance (σ) 0,184 ± 0,028

Signal events 6,96 ± 0,07

Background events 1429 ± 433

15 / 9 / 2016 𝑏 𝑏H(ɣɣ) analysis

Not approved

Not approved



H→J/ψ γ

J/ � Final state
Expected Background Signal

Inclusive QCD Other Backgrounds
Mass Range [GeV] Z ! µ+µ�� H�⇤� ! µ+µ��

80-100 115-135 Z H
Cut Based Analysis 7800±500 3500±400 780 ±100 15.1 ±1.4 50±3 3.2±0.1

Multivariate Analysis 1700±200 13.7 ±1.3 2.9±0.1

Table 1: The expected background yield for the two mµ+µ�� ranges of interest in the data sample of 3000 fb�1

collected at
p
s = 14 TeV. The expected Higgs and Z boson yields, obtained assuming SM branching ratios, are

also shown.

The theoretical uncertainties associated with the Higgs and Z boson signal yields are assessed following
Refs. [22, 32, 33]. The detector-related systematic uncertainties associated with lepton and the photon re-
construction are assumed to be equal to those in Ref. [6] as they a↵ect the analysis in a similar way. The
systematic uncertainty on the background shape in this projection is assumed to follow two di↵erent scen-
arios: 5% and 2% uncertainty. This systematic uncertainty, which is expected to be reducible using the
wealth of data at 3000 fb�1, arises from the limited knowledge of the shape of the inclusive background
but also covers possible di↵erences in the background shape due to changes in background kinematics
when moving from

p
s = 8 TeV to

p
s = 14 TeV. In the following the conservative 5% approach is used

for all of the results.

3 Results

To extract a limit on the branching ratioB (H ! J/ �) andB (Z ! J/ �), unbinned maximum-likelihood
fits are performed to the predicted HL-HLC datasets for two di↵erent integrated luminosity scenarios:
300 fb�1 and 3000 fb�1. For the Higgs analysis, results are given for both the multivariate and the cut
based analysis.

The probability density functions for the signal (H ! J/ � and Z ! J/ �) and the background pro-
cesses (inclusive QCD and exclusive H , Z ! µ+µ� � production) used in the fit are taken from Ref. [6].
The normalization of these background components and their systematic uncertainties are included in
the fit as nuisance parameters and are profiled. A multi-observable model, using mµ+µ�� and p

µ+µ��
T as

discriminating variables, is used to extract the results.

The expected 95% CL upper limits on the branching ratio for the Higgs and Z boson are presented in
Table 2. The fit result is shown in Fig. 1 for both the 300 fb�1 and 3000 fb�1 scenarios. The expected
Higgs and Z boson signals are also shown in the figure, assuming SM branching ratios enhanced by factors
of 100 and 10, respectively. In Table 3, the same results for the projection of the expected H , Z ! J/ �
branching ratio limits to 3000 fb�1 are presented for the alternative background normalisation uncertainty
scenario (2%).

For the Higgs boson decay search, expected 95% CL upper limits on the cross section times branching
fraction� (pp ! H)⇥B (H ! Q �) are also provided. The result of the two dimensional fit

⇣
mµ+µ� , pµ+µ��

T

⌘

for the 300 fb�1 and 3000 fb�1 datasets are presented in Table 4 for the multivariate and the cut based ana-
lyses.
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•SM expected BR(H→J/ψ γ): (2.9 ± 0.2) ⨉ 10−6 

•Cut-based and Multivariate analysis 

•Multivariate results: ~3 signal events, 1700 background
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Figure 1: mµ+µ�� (upper plots) and p
µ+µ��
T (lower plots) projections of the simultaneous fit. The pseudo-data

correspond to the expected event yields for 300 fb�1 (a) and 3000 fb�1 (b). In the figure, for reference only, the
Higgs and Z signal are shown assuming SM branching ratio enhanced by factors of 100 and 10, respectively.
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3000 fb−1 

<µ> = 140
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Figure 1: mµ+µ�� (upper plots) and p
µ+µ��
T (lower plots) projections of the simultaneous fit. The pseudo-data

correspond to the expected event yields for 300 fb�1 (a) and 3000 fb�1 (b). In the figure, for reference only, the
Higgs and Z signal are shown assuming SM branching ratio enhanced by factors of 100 and 10, respectively.
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ATL-PHYS-PUB-2015-043

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-043/


H→J/ψ γ Results 3000 fb−1 

<µ> = 140

The results presented in Tables 2 and 4 demonstrate that the introduction of a simple multivariate analysis
provides a 20% improvement in the expected limits.

Expected branching ratio limit at 95% CL
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

Cut Based Multivariate Analysis Cut Based
300 fb�1 185+81

�52 153+69
�43 7.0+2.7

�2.0
3000 fb�1 55+24

�15 44+19
�12 4.4+1.9

�1.1

Standard Model expectation
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

2.9 ± 0.2 0.80 ± 0.05

Table 2: The expected branching ratio limit at 95% CL for 300 fb�1 and 3000 fb�1 scenarios. The Standard Model
expectations are also reported for comparison.

Expected branching ratio limit at 95% CL
Bkgd. Syst. Unc. Scenario 2%

B (H ! J/ �) [ 10�6 ] Median 1� 2�
Cut Based Analysis 52 +21

�14
+51
�24

Multivariate Analysis 43 +18
�12

+43
�20

B (Z ! J/ �) [ 10�7 ] Median 1� 2�
Cut Based Analysis 4.3 +1.7

�1.2
+3.7
�2.0

Table 3: Comparison of the expected branching ratio limit at 95% CL for 3000 fb�1, assuming the alternative back-
ground systematic uncertainty scenario.

Expected � ⇥ B limit at 95% CL
� (pp ! H) ⇥ B (H ! J/ � ) [fb]
Cut Based Multivariate Analysis

300 fb�1 10.4+2.9
�4.5 8.6+2.4

�3.7
3000 fb�1 3.1+0.9

�1.3 2.5+0.7
�1.0

Table 4: The expected limits at 95% CL on the Higgs cross section times branching fraction for 300 fb�1 and
3000 fb�1 scenarios.
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•No background systematics considered ATL-PHYS-PUB-2015-043

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-043/


VBF H→WW*→eνµνNjet � 2
Bkg. process 14 TeV (%) Run-1 (%)
WW 10 30
VV 10 20
tt̄ 10 33
tW/tb/tqb 10 33
Z+jets 10 20
W+jets 20 30

Table 5: Total uncertainties (in %) for the background processes in this note for the HL-LHC, labelled as 14 TeV,
and the corresponding uncertainties from the Run-1 analysis [5].

Scoping scenario NVBF Nbkg NggF NWW NVV Nt t̄ Nt NZ/�⇤+ jet s NW+ jet s

Reference 200 410 57 48 55 146 20 27 0
Middle 153 457 46 91 36 164 27 23 3
Low 93 408 51 104 10 141 17 37 2

Table 6: Expected signal and background yields after all selection requirements for each of the three scoping
scenarios, assuming 3 ab�1 of integrated luminosity and pile-up of 200 inelastic collisions per bunch crossing. The
background yields are summed together in the column labelled Nbkg.

The experimental systematic uncertainties (e.g. jet energy scale and resolution, and the b-tagging ef-
ficiency) as well as the total uncertainties on top (the largest background) and Z+jets backgrounds are
expected to be smaller with the increased data sample size. The uncertainties on the WW background
are reduced because of the tighter event selection in this note, especially the mjj requirement, which
results in a purer sample of VBS WW production. The VBS WW background has smaller theoretical
uncertainties than the inclusive WW background. A summary of the total uncertainties per background
process, along with a comparison to the equivalent Run-1 uncertainties [5], is listed in Table 5. These
include detector-level and theoretical uncertainties as well as the statistical uncertainties coming from
control regions.

3. Results

3.1. Signal region yields

Table 6 presents the event yields for the Low, Middle and Reference detector scenarios after the selection
criteria discussed in Section 2 have been applied. The VBF signal to background ratio decreases from
0.49 (Reference) to 0.33 (Middle) to 0.23 (Low). The amount of signal decreases from the Reference to
the Low scenario, but the amount of background remains relatively constant in all three scenarios.

In the Middle and Low scenarios, the expected yield of VBF H!WW ⇤ in signal region, NVBF, decreases
in Table 6 because many pile-up jets are not suppressed in the smaller tracking volume. The pile-up jets
appearing between the two tagging jets cause signal events to be rejected by the CJV, which leads to a
lower signal acceptance. After the mjj selection, the e�ciency for VBF H!WW ⇤ signal events to pass the
CJV selection criteria decreases from 82% (Reference) to 59% (Middle) to 26% (Low) for the scenarios
in Table 7.
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3000 fb−1 

<µ> = 200

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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•Selections:

• 200 signal events and 410 background events 

•Three different background uncertainties considered:                                     
same as Run 1 (Full), 1/2 of Run 1, and None

Scoping scenario �µ Significance (�)
Signal unc. 1/2 1/2
Reference 0.13 9.0
Middle 0.15 7.7
Low 0.23 4.6

Table 9: The �µ and significance are shown for the three scoping scenarios with a pile-up of 140 inelastic collisions
per bunch crossing. The theoretical systematic uncertainties on the VBF and ggF Higgs-boson production are taken
from Table 4 and scaled by one-half.

uncertainties. The results of this note supersede those in Ref. [7] because of the more rigorous treatment
of pile-up jets in this note.

5. Conclusions

This study of VBF H!WW ⇤! e⌫µ⌫ production at the HL-LHC with an average of 200 pile-up collisions
achieves a precision of 14% on the Higgs-boson signal strength with 3 ab�1 of 14 TeV HL-LHC data.
Detector configurations with reduced performance relative to the baseline Reference scenario result in
larger uncertainties: the Middle scenario has a precision of 20%, and the Low scenario obtains 30%
precision. This corresponds to relative deterioration of approximately 25% and 95% in the expected
uncertainty on the Higgs-boson signal strength (�µ) for the Middle and Low scenarios relative to the
Reference scenario, respectively. Most of the degradation from the Low and Middle scenarios comes
from poorer pile-up jet rejection due to the reduced tracking volume. The ATLAS collaboration has
chosen the Reference detector scenario as the baseline for future studies.

15

<µ> = 140
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

Table 8: The expected �µ and significance are shown for the three scoping scenarios considering the same, one-half,
and none of the theoretical systematic uncertainties on the VBF and ggF Higgs-boson production taken from Table 4.

The significance is also reported, and it is calculated for VBF signal by

Significance =
Nsigr

Nbkg +
PN

sys
bkg

i=0 �
2
i,bkg

(5)

with the same variable definition of �i,bkg as in Eq. (4).

The VBF significance and �µ are shown for the three detector scenarios in Table 8, with the full, one-half,
and none of the ggF and VBF Higgs-boson theoretical uncertainties from Table 4. The full background
uncertainties from Table 5 are included in all estimates. Starting with the results using the full ggF and
VBF Higgs-boson theoretical uncertainties, the significance is degraded by 23 (53)% from the Reference
to the Middle (Low) scenario. The expected �µ is increased by 25 (95)% from the Reference to the Middle
(Low) scenario.

More precise cross-section calculations, a better understanding of the detector, and a larger sample size
to measure the systematic e�ects should allow a reduction in systematic uncertainties. For ggF and VBF
Higgs-boson theoretical uncertainties in Table 4 reduced by half, the significance in Table 8 is degraded
by 27 (54)% from the Reference to the Middle (Low) scenario. The expected �µ increases by 31 (100)%
from the Reference to the Middle (Low) scenario. The results are also shown with no signal systematic
uncertainties, and the expected �µ increases from 43 (114)% Reference to the Middle (Low) scenario.

Comparing the full to no signal systematic uncertainties, the relative expected �µ in the Low to that in the
Reference scenario increases from 95% to 114%. Thus improved precision in the theoretical modeling
increases the penalty for reducing the detector performance.

The optimisation of this analysis focuses on �µ, which results in significances of 3.3�, 5.2�, and 7.1�
observed in Table 8. It is possible to tighten the selection criteria for all three scenarios to obtain more
than 5�, but the goal of this analysis is to obtain the best �µ.

4. Cross checks

4.1. Analysis optimisation with forward tracker

The uncertainty on the signal strength, �µ, which is defined in Equation 4, is used to find the optimal
mjj, | �y j j |, CJV, leading jet pT, and sub-leading jet pT thresholds for the Low, Middle and Reference
scenarios. Of the variables used for event selection, mjj, | �y j j |, and the CJV are most a�ected by

12

<µ> = 200

ATL-PHYS-PUB-2016-018

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-018/


VBF H→WW*→eνµν Plots

ll
φ ∆

0 1 2 3

/1
0
)

π
E

ve
n
ts

 /
 (

0

50

100

tt WZ/ZZ

WW Single Top

Z+jets W+jets

ggF H VBF H

ATLAS Simulation
-1=14 TeV, 3.0 abs

νµν e→ WW →VBF H 

ATLAS Simulation
-1=14 TeV, 3.0 abs

νµν e→ WW →VBF H 

(a)

 [GeV]Tm
0 100 200

E
ve

n
ts

 /
 4

0
 G

e
V

50

100

150

200
tt WZ/ZZ

WW Single Top

Z+jets W+jets

ggF H VBF H

ATLAS Simulation
-1=14 TeV, 3.0 abs

νµν e→ WW →VBF H 

ATLAS Simulation
-1=14 TeV, 3.0 abs

νµν e→ WW →VBF H 

(b)

|jjy∆|
0 2 4 6 8

E
ve

n
ts

 /
 0

.8
3

100

200

tt WZ/ZZ

WW Single Top

Z+jets W+jets

ggF H VBF H

ATLAS Simulation
-1=14 TeV, 3.0 abs

νµν e→ WW →VBF H 

ATLAS Simulation
-1=14 TeV, 3.0 abs

νµν e→ WW →VBF H 

(c)

 [GeV]jjm
0 1000 2000 3000

E
ve

n
ts

 /
 3

2
5
 G

e
V

0

50

100

150

200

tt WZ/ZZ

WW Single Top

Z+jets W+jets

ggF H VBF H

ATLAS Simulation
-1=14 TeV, 3.0 abs

νµν e→ WW →VBF H 

ATLAS Simulation
-1=14 TeV, 3.0 abs

νµν e→ WW →VBF H 

(d)

Figure 2: The (a) ��`` , (b) mT, (c) | �y j j |, and (d) mjj distributions are shown with all signal region selections
applied except for the one on the kinematic variable shown, and an arrow indicates the selection threshold. For
| �y j j |, the arrow indicates a minimum threshold from the |⌘ j | > 2 and opposite-hemisphere jet requirements. All
distributions assume the Reference scenario detector performance.

where the sum over �2
i,bkg includes the experimental and theoretical uncertainties on each background pro-

cess. The individual background uncertainty �i,bkg is computed by multiplying the expected background
yield for background process i, which is labeled Ni,bkg, by the fractional uncertainty from Table 4 or 5.
The theoretical uncertainties on the Higgs-boson production, labelled � j,sig, come from the fractional
uncertainties in Table 4 multiplied by the expected signal yield.

The individual background uncertainties are treated as uncorrelated in Eq. (4), but this is not strictly
correct. For the VBF analysis in Ref. [5], adding the uncertainties in an uncorrelated manner is a
conservative estimate, with the proper treatment resulting in a small reduction of approximately 5% in the
total background uncertainties.
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VBF H→ZZ→4ℓ
Event pre-selection

Lepton selection Require all truth electrons to have ET > 7 GeV, |⌘ | < 2.47
Require all truth muons to have pT > 6 GeV |⌘ | < 2.7

Event selection
H ! 4l kinematic
selection

Require at least one quadruplet of leptons consisting of two pairs of same-
flavour opposite-charge leptons fulfilling the following requirements
pT thresholds for three leading leptons in the quadruplet 20, 15, and 10
GeV
Select best quadruplet to be that with the leading, subleading dilepton
masses closest to the Z mass
Leading dilepton mass requirement 50 GeV < m12 < 106 GeV
Subleading dilepton mass requirement mThreshold < m34 < 115 GeV
Remove quadruplet if alternative same-flavour opposite-charge dilepton
gives mll < 5 GeV or�R(l, l 0) < 0.10 (0.20) for same (di�erent) flavour
leptons in the quadruplet

Dijet selection Require pT > 30 GeV, |⌘ | < 4.5 for each jet
Remove jets overlapping leptons within �R < 0.2
Dijet mass mjj > 130 GeV

Table 1: Kinematic selection employed to isolate truth-level H ! 4l + 2 j events.

A boosted decision tree-based (BDT) approach was used to separate VBF from gluon fusion + 2 jet
Higgs-boson production, where training was performed using VBF H ! 4l events as “signal” and dijet
gluon fusion H ! 4l events as “background”. To determine the optimal set of training variables to
distinguish the two processes, an iterative scan was performed over a number of sets of single jet, dijet,
and Higgs-dijet kinematic variables which were found to have sensitivity to the di�erent Higgs-boson
production modes. The optimized permutation of variables was that which produced a BDT training that
maximized the approximate significance Z0 of VBF signal events (denoted nVBF) over ggF events (denoted
nggF), written as Z0 ⇡ nVBF/

p
nVBF + nggF.

Ultimately, the set of kinematic variables which was found to optimize discrimination of VBF and gluon
fusion production was,

mjj, �⌘jj, pTH jj, pT(jet 1), pT(jet 2), ⌘Zepp
H .

Here, pT(jet 1) and pT(jet 2) are the transverse momenta of the leading and subleading jets, while mjj and
�⌘jj are the dijet mass and pseudorapidity separation, respectively. The kinematic variables related to the
Higgs-dijet system are the Higgs-dijet system transverse momentum pTH jj and ⌘Zepp

H , defined as,

⌘Zepp
H = ⌘H �

D
⌘(jet 1), ⌘(jet 2)

E
. (1)

Distributions of the optimal training variables are shown in Appendix A for each detector layout scenario
considered in this note. It was found that when tracking coverage in the forward region decreased, the ad-
ditional acceptance of events with � 1 forward pile-up jets in the gluon fusion and VBF samples increased
appreciably, leading to a loss of discriminating power in commonly used VBF search variables like mjj and
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3000 fb−1 

<µ> = 200

•Selections:

•Use BDT and m(4ℓ) as discriminating variables.

•192 signal events and 326 background events (ggF, qqZZ) 

Statistical uncertainty only
Scoping scenario VBF + 2 j events ggF + 2 j events qqZ Z + 2 j events Z0 �µ/µ

Reference 192 (168) 287 (140) 39 (16) 10.2 0.152
Middle 218 (167) 454 (155) 69 (15) 9.5 0.157
Low 259 (159) 803 (182) 124 (21) 8.6 0.165

Statistical uncertainty + QCD scale var. uncertainty (S-T method)
Scoping scenario VBF + 2 j events ggF + 2 j events qqZ Z + 2 j events Z0 �µ/µ

Reference 192 287 39 7.2 0.182
Middle 218 454 69 6.9 0.192
Low 259 803 124 6.2 0.208

Table 9: Expected signal and background event counts for di�erent jet tracking coverage scenarios at I = 3000 fb�1

and hµi = 200 in the region (BDT score) > 0 and 120 < m4l < 130 GeV. Shown also is the VBF signal significance
and signal strength precision for each scenario. Background is composed of both ggF and qqZ Z events, and
scenarios are shown where only the statistical uncertainty (top), and also Stewart-Tackmann uncertainties (bottom)
are considered in the fit. Bracketed terms represent the number of events in the signal region with two selected jets
from the primary vertex.

4.4. Predictions for hµi = 140 with trigger, qqZZ background

The BDT training and statistical analysis was also re-performed including trigger e�ects, qqZ Z back-
ground, and the narrower mass window for hµi = 140 conditions. It is important to note that these results
do not represent a fully accurate simulation of the experimental conditions; while the amount of simulated
pile-up jets was reduced to match the expected number of pp bunch crossings, the tracking confirmation
employed was the same as for hµi = 200 conditions. Therefore, the estimates presented are likely more
pessimistic than expected from a more realistic reproduction of operating conditions.

The results for these tests are given in Table 10, where values including the Stewart-Tackmann uncertainty
are also shown. Plots of the BDT response for each detector layout are also shown in Figure 5. Due to
the lower overall amount of forward pile-up, the performance improvement gained by extended tracking
is smaller between equivalent tracking scenarios at hµi = 200 and 140. In particular, it was found that
moving from the Reference to Low tracking scenarios under hµi = 140 conditions led to a degradation of
8% in Z0, and an increase of 2% in �µ/µ, in contrast to the 14% decrease in Z0 and 8% increase seen in
�µ/µ for hµi = 200.

4.5. Predictions for hµi = 140 with I = 2 ab�1 with trigger, qqZZ background

Using the BDT-based analysis and statistical tests defined in Section 4.4 for hµi = 140 conditions, the
VBF significance and �µ/µ were also computed for an integrated luminosity of I = 2 ab�1, a scenario
which is possible if the running time of the HL-LHC is kept constant. The results are shown in Table 11,
where values including the Stewart-Tackmann uncertainty are also shown.
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Figure 2: BDT classifier distributions for Low, Middle, and Reference detector layouts at hµi = 200 and pile-up
e�ciency of 0.02, as well as the response for a BDT trained exclusively on smeared hard-scatter jets.

leads to error bands which no longer envelop the nominal distribution, hence provide unrealistically small
estimates on the cross section uncertainty.

In order to provide more realistic estimates of ��/�, the Stewart-Tackmann (S-T) method was employed
to estimate the QCD scale variation uncertainty for the region of events passing a given cut on pTH jj [19,
21]. In particular, the cross sectional variance in this region was estimated as ��2

2 = ��
2
�2 + ��

2
�3,

where ���2 is the symmetrized uncertainty for the inclusive dijet region, and ���3 is the symmetrized
uncertainty for the region of events failing the cut on pTH jj. Figure 3 shows a distribution of the cumulative,
exclusive 2-jet di�erential cross section as a function of the cut on pTH jj, along with the calculated and
S-T error bands. As the cut on pTH jj grows tighter, the relative uncertainty increases, reaching a value of
��/� ⇠ 100% by requiring approximately pTH jj < 20 GeV. The relative uncertainties ��2/�2 in bins of
10 GeV cuts are found in Table 4.
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Event pre-selection
Lepton selection Require all truth electrons to have ET > 7 GeV, |⌘ | < 2.47

Require all truth muons to have pT > 6 GeV |⌘ | < 2.7
Event selection

H ! 4l kinematic
selection

Require at least one quadruplet of leptons consisting of two pairs of same-
flavour opposite-charge leptons fulfilling the following requirements
pT thresholds for three leading leptons in the quadruplet 20, 15, and 10
GeV
Select best quadruplet to be that with the leading, subleading dilepton
masses closest to the Z mass
Leading dilepton mass requirement 50 GeV < m12 < 106 GeV
Subleading dilepton mass requirement mThreshold < m34 < 115 GeV
Remove quadruplet if alternative same-flavour opposite-charge dilepton
gives mll < 5 GeV or�R(l, l 0) < 0.10 (0.20) for same (di�erent) flavour
leptons in the quadruplet

Dijet selection Require pT > 30 GeV, |⌘ | < 4.5 for each jet
Remove jets overlapping leptons within �R < 0.2
Dijet mass mjj > 130 GeV

Table 1: Kinematic selection employed to isolate truth-level H ! 4l + 2 j events.

A boosted decision tree-based (BDT) approach was used to separate VBF from gluon fusion + 2 jet
Higgs-boson production, where training was performed using VBF H ! 4l events as “signal” and dijet
gluon fusion H ! 4l events as “background”. To determine the optimal set of training variables to
distinguish the two processes, an iterative scan was performed over a number of sets of single jet, dijet,
and Higgs-dijet kinematic variables which were found to have sensitivity to the di�erent Higgs-boson
production modes. The optimized permutation of variables was that which produced a BDT training that
maximized the approximate significance Z0 of VBF signal events (denoted nVBF) over ggF events (denoted
nggF), written as Z0 ⇡ nVBF/

p
nVBF + nggF.

Ultimately, the set of kinematic variables which was found to optimize discrimination of VBF and gluon
fusion production was,

mjj, �⌘jj, pTH jj, pT(jet 1), pT(jet 2), ⌘Zepp
H .

Here, pT(jet 1) and pT(jet 2) are the transverse momenta of the leading and subleading jets, while mjj and
�⌘jj are the dijet mass and pseudorapidity separation, respectively. The kinematic variables related to the
Higgs-dijet system are the Higgs-dijet system transverse momentum pTH jj and ⌘Zepp

H , defined as,

⌘Zepp
H = ⌘H �

D
⌘(jet 1), ⌘(jet 2)

E
. (1)

Distributions of the optimal training variables are shown in Appendix A for each detector layout scenario
considered in this note. It was found that when tracking coverage in the forward region decreased, the ad-
ditional acceptance of events with � 1 forward pile-up jets in the gluon fusion and VBF samples increased
appreciably, leading to a loss of discriminating power in commonly used VBF search variables like mjj and
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VBF H→ZZ→4ℓ 3000 fb−1 

<µ> = 140

•Also results for pileup of 140

Statistical uncertainty only
Scoping scenario VBF + 2 j events ggF + 2 j events qqZ Z + 2 j events Z0 �µ/µ

Reference 185 (173) 192 (121) 23 (12) 11.1 0.144
Middle 199 (178) 244 (126) 30 (12) 10.9 0.145
Low 220 (178) 385 (141) 55 (15) 10.2 0.148

Statistical uncertainty + QCD scale var. uncertainty (S-T method)
Scoping scenario VBF + 2 j events ggF + 2 j events qqZ Z + 2 j events Z0 �µ/µ

Reference 185 192 23 7.7 0.170
Middle 199 244 30 7.7 0.173
Low 220 385 55 7.3 0.181

Table 10: Expected signal and background event counts for di�erent jet tracking coverage scenarios atI = 3000 fb�1

and hµi = 140 in the region (BDT score) > 0 and 120 < m4l < 130 GeV. Shown also is the VBF signal significance
and signal strength precision for each scenario. Background is composed of both ggF and qqZ Z events, and
scenarios are shown where only the statistical uncertainty (top), and also Stewart-Tackmann uncertainties (bottom)
are considered in the fit. Bracketed terms represent the number of events in the signal region with two selected jets
from the primary vertex.

Statistical uncertainty only
Scoping scenario VBF + 2 j events ggF + 2 j events qqZ Z + 2 j events Z0 �µ/µ

Reference 123 128 16 9.2 0.176
Middle 132 163 20 9.0 0.176
Low 146 256 37 8.5 0.180

Statistical uncertainty + QCD scale var. uncertainty (S-T method)
Scoping scenario VBF + 2 j events ggF + 2 j events qqZ Z + 2 j events Z0 �µ/µ

Reference 123 128 16 6.8 0.199
Middle 132 163 20 6.7 0.202
Low 146 256 37 6.3 0.212

Table 11: Expected signal and background event counts for di�erent jet tracking coverage scenarios atI = 2000 fb�1

and hµi = 140 in the region (BDT score) > 0 and 120 < m4l < 130 GeV. Shown also is the VBF signal significance
and signal strength precision for each scenario. Background is composed of both ggF and qqZ Z events, and
scenarios are shown where only the statistical uncertainty (top), and also Stewart-Tackmann uncertainties (bottom)
are considered in the fit.

signal region with the smallest possible contamination. This focus is also relevant to the measurement of
Higgs-boson couplings and the potential probing of BSM physics in the Higgs sector, both of which will
be increasingly relevant as more high luminosity data is acquired.

These measurements will require a clear separation of the VBF and ggF production mechanisms, and high
suppression of pile-up-related background, both of which motivated the development of this BDT-based
analysis. Techniques to probe the Higgs-boson couplings are also being developed in parallel, which will
be tested both with Run-II data and using simulation with HL-LHC conditions. Such work is beyond
the scope of this document, but of potential relevance to future studies of Higgs-boson production at the
HL-LHC.
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Scoping scenario VBF + 2 j events ggF + 2 j events qqZ Z + 2 j events Z0 �µ/µ

Reference 123 128 16 9.2 0.176
Middle 132 163 20 9.0 0.176
Low 146 256 37 8.5 0.180

Statistical uncertainty + QCD scale var. uncertainty (S-T method)
Scoping scenario VBF + 2 j events ggF + 2 j events qqZ Z + 2 j events Z0 �µ/µ

Reference 123 128 16 6.8 0.199
Middle 132 163 20 6.7 0.202
Low 146 256 37 6.3 0.212

Table 11: Expected signal and background event counts for di�erent jet tracking coverage scenarios atI = 2000 fb�1

and hµi = 140 in the region (BDT score) > 0 and 120 < m4l < 130 GeV. Shown also is the VBF signal significance
and signal strength precision for each scenario. Background is composed of both ggF and qqZ Z events, and
scenarios are shown where only the statistical uncertainty (top), and also Stewart-Tackmann uncertainties (bottom)
are considered in the fit.

signal region with the smallest possible contamination. This focus is also relevant to the measurement of
Higgs-boson couplings and the potential probing of BSM physics in the Higgs sector, both of which will
be increasingly relevant as more high luminosity data is acquired.

These measurements will require a clear separation of the VBF and ggF production mechanisms, and high
suppression of pile-up-related background, both of which motivated the development of this BDT-based
analysis. Techniques to probe the Higgs-boson couplings are also being developed in parallel, which will
be tested both with Run-II data and using simulation with HL-LHC conditions. Such work is beyond
the scope of this document, but of potential relevance to future studies of Higgs-boson production at the
HL-LHC.

17

<µ> = 140

<µ> = 140

ATL-PHYS-PUB-2016-008

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-008/


H→µµ  (not approved) 

•Full simulation used to cross check truth+smearing approach
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Figure 11: Di-muons System. (a) shows the di-muons invariant mass for the ggF sample and (b) shows the di-muons
invariant mass for the VBF sample (c) shows the di-muons pT for the ggF sample and (d) shows the di-muons pT
for the VBF sample
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6. Summary306

In this note we have presented an updated study of the prospects for the measurement of the rare Higgs307

boson decay H ! µµ using 3000 fb�1 of proton-proton collisions at
p

s = 14 TeV recorded with the308

ATLAS detector at the high-luminosity (HL) LHC. The studies assume an average number of interactions309

per bunch crossing µ = 200 and the latest performance assumptions for the various subdetectors, in three310

di↵erent scenario upgrades.311

The muonic Higgs boson decays have not been observed yet and they constitute the only way at the LHC312

to access the couplings of the Higgs boson to fermions of the second generation of matter particles.313

The results for the estimated signal significance and the uncertainty on the signal strength are summarised314

in Table 6.315

Scoping Scenario hµi Overall significance �µ �µ
w/ syst. errors w/o syst. errors

275M-Reference 200 8.6 +0.18
�0.16

+0.13
�0.13

235M-Middle 200 8.5 +0.18
�0.16

+0.14
�0.13

200M-Low 200 8.3 +0.19
�0.17

+0.14
�0.14

Table 6: The table compares the overall significance and signal strength uncertainty achievable with 3000 fb�1 in
the three di↵erent scoping scenarios.

The results for the estimated signal significance in the VBF production mode and the uncertainty on the316

VBF signal strength are summarised in Table 7.317

Scoping Scenario hµi VBF significance �µVBF �µVBF
w/ syst. errors w/o syst. errors

275M-Reference 200 1.4 +0.99
�0.99

+0.98
�0.99

235M-Middle 200 1.4 +1.07
�1.07

+1.07
�1.06

200M-Low 200 1.3 +1.17
�1.16

+1.15
�1.16

Table 7: The table compares the significance and signal strength uncertainty of the VBF signal achievable with
3000 fb�1 in the three di↵erent scoping scenarios.

The muon e�ciencies and resolutions between the three detector upgrade scenarios in the selected phase318

space are rather similar, within few %. This translates in significances that improve only slightly between319

the di↵erent scenarios. When including the large theory systematic uncertainties, the overall signal320

strength uncertainties are very similar in all three scenarios, while the VBF signal strength uncertainty,321

which is limited by the statistical uncertainty, improves by about 5% when going from the Low scenario322

to the Middle scenario and by a further 5% when going by the Middle scenario to the Reference one.323

For the VBF significance and signal strength uncertainty, the best results are obtained in the Reference324

scenario, in which the better rejection of pileup jets helps reducing the gluon fusion and the background325

contamination in the VBF-like category. Without theory systematic uncertainties, the uncertainty on both326

the total signal strength and on the VBF signal strength improve by about 5% when going from the Low327
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In this note we have presented an updated study of the prospects for the measurement of the rare Higgs307

boson decay H ! µµ using 3000 fb�1 of proton-proton collisions at
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s = 14 TeV recorded with the308

ATLAS detector at the high-luminosity (HL) LHC. The studies assume an average number of interactions309

per bunch crossing µ = 200 and the latest performance assumptions for the various subdetectors, in three310

di↵erent scenario upgrades.311

The muonic Higgs boson decays have not been observed yet and they constitute the only way at the LHC312

to access the couplings of the Higgs boson to fermions of the second generation of matter particles.313
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200M-Low 200 8.3 +0.19
�0.17

+0.14
�0.14

Table 6: The table compares the overall significance and signal strength uncertainty achievable with 3000 fb�1 in
the three di↵erent scoping scenarios.

The results for the estimated signal significance in the VBF production mode and the uncertainty on the316

VBF signal strength are summarised in Table 7.317

Scoping Scenario hµi VBF significance �µVBF �µVBF
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275M-Reference 200 1.4 +0.99
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235M-Middle 200 1.4 +1.07
�1.07

+1.07
�1.06

200M-Low 200 1.3 +1.17
�1.16

+1.15
�1.16

Table 7: The table compares the significance and signal strength uncertainty of the VBF signal achievable with
3000 fb�1 in the three di↵erent scoping scenarios.

The muon e�ciencies and resolutions between the three detector upgrade scenarios in the selected phase318

space are rather similar, within few %. This translates in significances that improve only slightly between319

the di↵erent scenarios. When including the large theory systematic uncertainties, the overall signal320

strength uncertainties are very similar in all three scenarios, while the VBF signal strength uncertainty,321

which is limited by the statistical uncertainty, improves by about 5% when going from the Low scenario322

to the Middle scenario and by a further 5% when going by the Middle scenario to the Reference one.323

For the VBF significance and signal strength uncertainty, the best results are obtained in the Reference324

scenario, in which the better rejection of pileup jets helps reducing the gluon fusion and the background325

contamination in the VBF-like category. Without theory systematic uncertainties, the uncertainty on both326

the total signal strength and on the VBF signal strength improve by about 5% when going from the Low327
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4. Results for the 275M-Reference scenario237

The results presented here have been obtained using the tag UpgradePerformanceFunctions-02-04-01238

of the smearing functions.239

The expected signal and background yields after the various selection requirements are given in Table 3.240

The overall signal e�ciency is 59% (59% for ggF events and 62% for VBF ones).241

The expected background overwhelms the signal: in the fit range B/S ⇡ 2000.242

Process - 2 rec. muons pT(µ1) > 25 GeV muon triggers mµµ > 70 GeV 110 < mµµ < 160 GeV
ggF 3.25e+04 2.01e+04 2.00e+04 1.98e+04 1.97e+04 1.91e+04
VBF 2.46e+03 1.60e+03 1.60e+03 1.58e+03 1.58e+03 1.53e+03
ggF+VBF 3.50e+04 2.17e+04 2.16e+04 2.14e+04 2.13e+04 2.06e+04
Z+0p 4.55e+09 1.69e+09 1.61e+09 1.60e+09 1.55e+09 2.34e+07
Z+1p 1.17e+09 4.85e+08 4.79e+08 4.72e+08 4.61e+08 8.39e+06
Z+2p 4.21e+08 1.81e+08 1.79e+08 1.77e+08 1.73e+08 3.36e+06
Z+3p 1.42e+08 6.21e+07 6.17e+07 6.07e+07 5.94e+07 1.23e+06
Z+4p 4.52e+07 1.95e+07 1.94e+07 1.91e+07 1.87e+07 4.32e+05
Z+5p 1.75e+07 7.35e+06 7.32e+06 7.19e+06 7.05e+06 1.58e+05
Z+np 6.34e+09 2.45e+09 2.36e+09 2.33e+09 2.27e+09 3.70e+07
top 1.46e+09 2.63e+07 2.50e+07 2.46e+07 1.48e+07 4.23e+06
WW 3.84e+07 2.39e+06 2.29e+06 2.25e+06 1.48e+06 4.25e+05
Total bkg 7.84e+09 2.48e+09 2.39e+09 2.36e+09 2.29e+09 4.16e+07

Table 3: The table reports the expected signal and background yields for 3000 fb�1 in the Reference detector
scenario, for µ = 200.

The expected transverse momentum and pseudorapidy distributions of the selected muons are shown in243

Fig. 2.244

The expected transverse momentum and pseudorapidy distributions of the leading and subleading jets in245

events with at least two good jets are shown in Fig. 3.246

The expected signal and background dimuon invariant mass and transverse momentum distributions after247

the selection are illustrated in Figs. 4 (in the invariant mass range 70–270 GeV) and 5 (in the invariant248

mass range 110–160 GeV, used for the final fit).249

The VBF-like category has an e�ciency of about 14% for VBF signal events passing the selection. The250

VBF fraction of signal in the VBF-like category is around 50%; it is 1% in the low-pµµ
T categories, 4% in251

the central-pµµ
T and 13% in the high-pµµ

T categories.252

The expected yields in each category for 110 < mµµ < 160 GeV are given in Table 4.253

The signal model fits are illustrated in Fig. 6.254

The Z lineshape fits, for an equivalent luminosity of 3 fb�1 (the equivalent luminosity of the Drell-Yan255

MC samples) are illustrated in Fig. 7.256

The background fits used to extract the nominal parameters are illustrated in Fig. 8.257

The expected signal and background yields and signal significance for each event category are given in258

Table 5. The result of the exclusive fit with one parameter of interest is illustrated in Fig. 9. Due to259
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•In large mass window: 19,000 ggF signal events, 1500 VBF signal events, 40M 
background events 

•Fit m(µµ) shape
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ΓH from Off Shell Couplings 
•H→ZZ→4ℓ: Use the interference between off-

shell and on-shell production in WW and ZZ 
final state to measure Γ(H) 

•Depends on the knowledge of the k-factor 
between signal and background, RH*B 

•Also considered 10 % systematic uncertainty 
due to qq→ZZ normalisation

ATL-PHYS-PUB-2015-024

•For 3000 fb−1 and σ(RH*B) = 10%:    

•Stat uncertainties only: µoff-shell=1.00+0.23−0.27 

•Stat+syst uncertainties: µoff-shell=1.00+0.43−0.50 

➡ Combined with on-shell measurement, assuming off-shell 
measurement dominates, for Γ = ΓSM gives                                
Γ H= 4.2+1.5−2.1 MeV (stat+sys) 

https://cds.cern.ch/record/2037715


Higgs Properties Summary
•New analyses since ECFA 2014 workshop

Analysis Results 

H→J/ψ γ BR < 44 ⨉ 10−6 @95%

bbH, H→γγ 
(not approved) 0.2 σ

VBF H→W+W− 

(<µ> = 200) Δμ/μ ≃ 14 to 20%

VBF H→ZZ→4ℓ 

(<µ> = 200) Δμ/μ ≃ 15 to 18%

ggF: H→µ+µ− 

(not approved) Δμ/μ ≃ 13 to 18%

VBF: H→µ+µ− 

(not approved) Δμ/μ ≃ 100%
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Backup: ECFA 2014 Couplings
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