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Outline
• High Luminosity LHC (HL-LHC) 

• ATLAS detector upgrades  

• ATLAS detector performances 

• Higgs physics programme 

• SM Higgs coupling 

• BSM physics in Higgs coupling 

• Higgs production through vector boson fusion (VBF) 

• Higgs rare decays 

• Higgs pair production
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HL-LHC

• Upgrades necessary for detectors  
• To maintain their performance in the higher luminosity environment  
• To mitigate the impact of  radiation damage and detector aging
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Lpeak = 5 x 1034 cm-2 s-1 

<μ> = 140
Lpeak = 2-3 x 1034 cm-2 s-1 

<μ> = 50-60

ULTIMATE VALUES 
Lpeak = 7.5 x 1034 cm-2 s-1 

<μ> = 200

Lpeak: Peak luminosity 

<μ>: Average number of  pp 
interactions per bunch crossing

Lpeak = 1.4 x 1034 cm-2 s-1 

<μ> = 25



HL-LHC ATLAS Detector
• Inner Detector 

• Completely new, all silicon design  
• Extended coverage to |η| < 4 

• Calorimeters 
• A new high granularity calorimeters in the forward regions to 

mitigate pile-up in the high pile-up HL-LHC environment 
• Readout electronics will be replaced to enable improved 

triggering 

• Muon Detectors 
• Extended coverage for muon identification to |η| < 4 
• The use of  precision tracking for early trigger decisions 
• Increase trigger acceptance by eliminating gaps
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of space points and the segmentation, and so we have confidence that this layout provides a useful
assessment of the relative performance variation between scenarios.
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Figure 7. A cross-section of the LoI-VF layout showing the coverage of the pixel detector in red and the strip
detector in blue. The pseudo-rapidity coverage extends up to |⌘| = 4.0. Blue and red lines represent strip
and pixel layers, respectively. Horizontal and vertical lines represent barrel and end-cap layers, respectively.
Lines of constant pseudo-rapidity are indicated. The blue line outside the ITk volume represents the coil of
the solenoid magnet. This layout is used in the Reference scenario.

IV.2.2 Middle scenario layout
The layout of the ITk in the Middle scenario (shown in Fig. 8) introduces notable reductions com-
pared to the Reference scenario. A pair of strip discs (i.e. the next to the last disc in z) and the stub
layer are removed from the strip detector; and the ⌘-range covered by the pixel discs is limited to
3.2. Due to the limitations of time for the preparation of this scoping document, no re-optimisation of
the relative positions of the different detector elements has been attempted for this layout. The hit
information (digitisation) from the regions which have been removed are not provided to the recon-
struction software and are not used in the performance analysis. The material of the elements which
have been removed, however, remains in the detector simulations. This layout explores a modest
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Trigger and Data Acquisition 
• Improvements for preserving high signal acceptance in the high rate 
• Using high granularity measurement and tracking information earlier in the 

trigger 
• Based on two levels of  “custom-hardware” trigger 
• The input of  40 MHz at Level-0
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Figure 6: The light-flavour jet rejection vs the b-tagging e�ciency for the MV1 b-tagging algorithm in various
scenarios for jets with pT > 20 GeV and |⌘ | < 2.7.

matched to any hard-scattering generator-level jet with pT > 4 GeV within �R = 0.6. These jets are not
assigned any particular flavour.

The performance of b-jet identification is evaluated for two pile-up scenarios (hµi = 140 and hµi = 200)
and two operating points corresponding to average b-tagging e�ciencies h"bi of 0.70 and 0.85 evaluated
on tt̄ events for b-jets with pT > 20 GeV and |⌘ | < 2.7. Fig. 6 shows the light jet rejection (the inverse
of mis-tag rate) as a function of the b-tagging e�ciency for the mentioned scenarios. A degradation is
observed as the pile-up level increases, but the degradation is much smaller than in earlier studies [2]. For
comparison, the best b-tagging algorithm in Run-2 was optimized to have a light jet rejection [17] of 380
and 33 at 70% and 85%, respectively.

The b-, c-, light, and pile-up jet tagging e�ciencies are parameterised as functions of jet pT and |⌘ | for
performing parametric simulation studies as described in the introduction. As the statistics of Monte
Carlo samples used to derive the e�ciencies is limited, two-dimensional fits have been performed and the
fit functions are provided to ensure smooth dependencies, as shown in Fig. 7. Closure tests are performed
to verify there is good agreement between the fit functions and the actual binned e�ciencies.

6. Muon Performance Results

6.1. Momentum resolution

The ITk features improved momentum resolution compared to the current ATLAS inner detector. Using
simulated single muons traversing the detector, the e�ect of this improvement on the combined muon
momentum resolution can be evaluated. Figure 8 shows the resolution in the central pseudo-rapidity
region as a function of the muon traverse momentum, for the “inclined” ITk design.

The ITk dominates the momentum measurement below pT = 100 GeV. For muons of pT = 20 GeV,
a precision of 1% for 0.1 < |⌘ | < 1.0 is achieved for the combined muon reconstruction, compared
to values of about 2.4% averaged over the full pseudorapidity range for the current ATLAS detector as
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Figure 3: ER<0.4
T,topo (left) and ER<0.2

T,topo (right) variable comparison for three values of hµi in a fully simulated and
reconstructed H ! �� signal sample.
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Figure 4: The signal isolation (a) and combined isolation and identification (b) e�ciency as a function of pT
estimated from a sample of H ! �� fully simulated and reconstructed in events with hµi = 200. The red line
represents the fit with an exponential function.

The probability that a jet emerging from the hard scatter interaction is reconstructed and mis-identified as
a photon (i.e. passing both the Tight ID and isolation criteria) with an ET > 20 GeV is estimated from a
multijet sample, ignoring photons emerging from final state QED radiation since those are coming from
bremsstrahlung and are part of the higher order corrections to prompt proton production, but including
genuine photons from hadron decays such as ⇡0 ! ��. The overall probability is 2.5 ⇥ 10�4, and its
dependence on the generator-level pT is shown in Fig.5(a). The increase in probability in the lowest part
of the spectrum is due to the kinematic limitation of the phase space imposed by the minimal cut on the
photon pT of 20 GeV— reconstructed photon ET is lower than the jet pT , typically 75% of the jet pt with
a large resolution e�ect. The spectrum has been parameterised with a Crystal Ball function.

Similarly, the probability to reconstruct and identify a jet originating from pile-up as a prompt isolated
photon is presented as a function of the pile-up jet pT in Fig.5(b). Unlike for the fakes from the hard
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ATL-PHYS-PUB-2016-026

At Run-2:  
a light jet rejection of  380 at 70%  
a light jet rejection of  33 at 85%  

For <μ>=200: 
a light jet rejection of  ~300 at 70%  
a light jet rejection of  ~20 at 85% 

b-Tagging Photon Identification

The probability that a jet 
from the hard scatter 

interaction, mis-identified 
as a photon: 

2.5 x10-4 

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-026/


Detector Performance Implementation

           Full simulations for all channels impractical 

• Parameterised Performance of  the Upgraded Detector 

• Parameterise object-level performance based on full simulations 

• Parameterisations (smearing functions) includes effects for  

• Resolution and reconstruction efficiencies for e,μ,τ,γ, ET
miss 

• Jet energy smearing, b-tagging efficiency and pile-up 

• Apply smearing functions to generator-level objects 

• Extrapolation from Run-I/Run-II Analyses 

• Assume same detector performance as Run-I/Run-II 

• Scale signal and background level to higher luminosity and center 
of  mass energy
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Higgs Physics at HL-LHC

• HL-LHC will be a Higgs boson factory 

• Over 100 million Higgs bosons with 3000 fb-1 of  data (x10 more than 
end Run-III) 

• Higher precision for properties already measured  

• Access to rare decays, i.e H→Zγ 

• Access to second generation fermion couplings, H→µµ 

• Possible access to di-Higgs production8



SM Higgs Couplings

9



Higgs Boson Signal Strengths
• Signal strengths from multiple decay channels can be combined to 

infer Higgs boson couplings to individual particles 

• Input Channels:  

• H → μμ 

• H → ττ 

• H → ZZ 

• H → WW 

• H → γγ 

• H → Zγ 

• VH/ttH → γγ 

• VH → bb 10

ATL-PHYS-PUB-2014-016

µ =
� ·BR

(� ·BR)SM

Signal Strength

�µ

µ

Expected Precision 
(Relative uncertainty  
in the signal strength)

SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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Higgs Boson Couplings Framework
• Define a framework in which to look for deviations from the SM in the 

Higgs coupling sector 

• The leading-order tree-level motivated Ƙ-framework 

• Assumptions made:  

• Only one signal resonance (mH ~ 125 GeV), no other signals 

•  The zero/narrow width approximation  

• Only modification of  scalar coupling strength, no change to production 
and decay kinematics of  Higgs processes 

• Introduce one scale factor Ƙ per SM particle  

• σi(ii→h) and Γi (h→ii) associated with the SM particle i, scale with Ƙi
2 

compared to the SM prediction 

• Ƙi
2 describe deviations from SM predictions 
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3.1 Coupling fit framework

The measurements of coupling scale factors are implemented using a leading-order tree-level motivated
framework [10]. This framework is based on the following assumptions:

• The signals observed in the di↵erent search channels originate from a single resonance. A mass of
125 GeV is assumed here.

• The width of the Higgs boson is narrow, justifying the use of the zero-width approximation. Hence
the predicted rate for a given channel can be decomposed in the following way:

� · B (i! H ! f ) =
�i · � f

�H
(1)

where �i is the production cross section through the initial state i, B and � f are the branching ratio
and partial decay width into the final state f , respectively, and �H is the total width of the Higgs
boson.

• Only modifications of coupling strengths are considered, while the tensor structure of the La-
grangian is assumed to be the same as that in the SM. This assumes in particular that the observed
state is a CP-even scalar, which can be tested using the measurements discussed in Ref. [30].

The coupling scale factors  j are defined in such a way that the cross sections � j and the partial decay
widths � j associated with the SM particle j scale with 2j compared to the SM prediction [10]. With this
notation, and with 2H being the scale factor for the total Higgs boson width �H , the signal strength for
the gg! H ! �� process, for example, can be expressed as:

� · B (gg! H ! ��)
�SM(gg! H) · BSM(H ! ��) =

2g · 2�
2H

(2)

In some of the fits, H and the e↵ective scale factors �, (Z�), and g for the loop-induced H ! ��,
H ! Z�, and gg ! H processes are expressed as a function of the more fundamental factors W , Z , t,
b, ⌧, and µ. Only the dominant fermion contributions are indicated here for simplicity, but other terms
are included as well. The relevant relationships are:

2g(b, t) =
2t · �tt

ggH + 
2
b · �bb

ggH + tb · �tb
ggH

�tt
ggH + �

bb
ggH + �

tb
ggH

2�(b, t, ⌧, W) =
P

i, j i j · �i j
��

P
i, j �

i j
��

(3)

2(Z�)(b, t, ⌧, W) =

P
i, j i j · �i j

Z�
P

i, j �
i j
Z�

2H =
X

j j=WW, ZZ, bb̄, ⌧�⌧+,

��, Z�, gg, tt̄, cc̄, ss̄, µ�µ+

2j�
SM
j j

�SM
H

where �i j
ggH , �i j

��, �
i j
Z� and �SM

f f are theoretically predicted [10]. Unless dedicated fit parameters �, (Z�),
or g are assigned to these e↵ective coupling scale factors, the relations above are used in the fits.
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Higgs Boson Couplings Framework
• The Higgs boson coupling scale factors are determined from a combined 

fit to all channels  

• Some parameterisations make no assumptions on the total width 

• Allow only measurements of  ratios λij = Ƙi / Ƙj of  coupling scale 
factors 

• A minimal coupling fit:  

• One universal coupling to vector bosons ƘV = ƘZ = ƘW 

• One universal coupling to fermions ƘF = Ƙt = Ƙb = Ƙτ = Ƙμ 

• Most sensitive to different deviations from the SM between the Higgs 
boson gauge- and Yukawa coupling sectors 

• Uncertainties given with and without theory uncertainties
12



Experimental Precisions: 300 fb
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 vs 3000 fb
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Figure 2: 68% CL expected likelihood contours for V and F in a minimal coupling fit at 14 TeV for an
assumed integrated luminosity of 300 fb�1and 3000 fb�1.

300 fb�1 this is an improvement of up to a factor of 2.
When the assumption on the total width is removed and no other assumption is made, only ratios of

coupling scale factors can be determined at the LHC. In this case�·B (i! H ! f ) for all signal channels
is a function of products of ratios �XY = X/Y of coupling scale factors giving the proportionality
� · B (i ! H ! f ) ⇠ �2

iY · 2YY0 · �2
f Y , where YY0 = Y · Y0/H is a suitable chosen overall scale

parameter common to all signal channels and �iY and � f Y are the coupling scale factor ratios involving
the initial and final state particles, respectively. In addition to avoiding the assumption on the total width,
ratios of coupling scale factors also have the advantage that many experimental and theoretical systematic
uncertainties cancel (such as the uncertainty on the integrated luminosity).

The expected precision on ratios of coupling parameters is given in Table 5 for selected bechmark
parametrizations. The first five benchmarks are targeted at specific aspects of the SM: benchmark model
Nr. 10 for the ratio of fermion and gauge boson couplings, Nr. 11 for the ratio of W and Z couplings,
Nr. 12 for the ratio of down- and up-type fermion couplings, and Nr. 13 for the ratio of lepton and
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Coupling Experimental Precision w/ Theory 
Uncertainties (w/o Theory Uncertainties)

300 fb-1 3000 fb-1

On ƘV 2.5 (4.3) 1.7 (3.3)

On ƘF 7.1 (8.8) 3.2 (5.1)
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Higgs Boson Coupling Ratios
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Figure 3: Relative uncertainty expected for the determination of coupling scale factor ratios �XY in a
generic fit without assumptions, assuming a SM Higgs boson with a mass of 125 GeV and with 300 fb�1

or 3000 fb�1 of 14 TeV LHC data. The hashed areas indicate the increase of the estimated error due to
current theory systematic uncertainties. The numerical values can be found in model Nr. 15 in Table 5.
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Crucial for possible new colored 
particles contributing through gluon 
fusion loop as compared to ttH

Important for indications of  new 
charged particles contributing in 
the H→γγ loop in comparison to 
H→ZZ decays



BSM Physics in Higgs Couplings
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BSM Coupling Sensitivity
• BSM interpretation for following models: 

• Higgs boson compositeness 
• Additional electroweak singlet 
• Additional electroweak doublet (2HDM) 
• Simplified MSSM  
• Higgs portal to dark matter 

• Input Channels: 
• h → γγ, inclusive, 0-, 1-, 2-jet final states 
• h → ZZ* → 4l,  0-, 1-, 2-jet final states 
• h → WW* → lνlν, 0-, 1-, 2-jet final states 
• h → Zγ, Z → ll, inclusive and 2-jet final states 
• h → τ+τ-, 2-jet final state 
• h → μμ, inclusive and in tth production 
• h → bb in Wh and Zh production

16
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-017/


Minimal Composite Higgs Model (MCHM)

• Higgs is a composite, pseudo-Nambu-Goldstone boson

17

 = V = F =
p
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1� 2⇠p
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the Higgs boson compositeness scale
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v2
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vacuum expectation value
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Limits on the Higgs Compositeness Scale
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Figure 2: Expected two-dimensional likelihood contours in the (V , F) coupling plane, where
�2 ln⇤ = 6.0 corresponds approximately to 95% CL (2�). The coupling predictions in the MCHM4
and MCHM5 models are shown as parametric functions of the Higgs boson compositeness parameter
⇠ = v2/ f 2. The two-dimensional likelihood contours are shown for reference and should not be used to
estimate the exclusion for the single parameter ⇠.

Model 300 fb�1 3000 fb�1

All unc. No theory unc. All unc. No theory unc.
MCHM4 620 GeV 810 GeV 710 GeV 980 GeV
MCHM5 780 GeV 950 GeV 1.0 TeV 1.2 TeV

Table 2: Expected 95% CL lower limit on the Higgs boson compositeness scale with 300 and 3000 fb�1

at
p

s = 14 TeV in the MCHM4 and MCHM5 models, each shown with and without the inclusion of
theoretical uncertainties in the coupling measurements.
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Figure 2: Expected two-dimensional likelihood contours in the (V , F) coupling plane, where
�2 ln⇤ = 6.0 corresponds approximately to 95% CL (2�). The coupling predictions in the MCHM4
and MCHM5 models are shown as parametric functions of the Higgs boson compositeness parameter
⇠ = v2/ f 2. The two-dimensional likelihood contours are shown for reference and should not be used to
estimate the exclusion for the single parameter ⇠.

Model 300 fb�1 3000 fb�1

All unc. No theory unc. All unc. No theory unc.
MCHM4 620 GeV 810 GeV 710 GeV 980 GeV
MCHM5 780 GeV 950 GeV 1.0 TeV 1.2 TeV

Table 2: Expected 95% CL lower limit on the Higgs boson compositeness scale with 300 and 3000 fb�1

at
p

s = 14 TeV in the MCHM4 and MCHM5 models, each shown with and without the inclusion of
theoretical uncertainties in the coupling measurements.
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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→WW*→eνμν

1. Introduction

At the LHC, the Vector Boson Fusion (VBF) process has the second highest cross section for Higgs-
boson production after the gluon-fusion (ggF) process, occurring around a factor of 10 times less often
at
p

s = 14 TeV. The Feynman diagram for these processes and their coupling vertices are shown in
Figure 1. The VBF process produces forward jets with large dijet invariant mass, which provides a distinct
signature that separates this process from many background processes. These forward jets are referred to
as “tagging”-jets, and by selecting events with large invariant mass of the two tagging-jet system, a high
signal-to-background ratio is achieved.

In this note, the mH = 125 GeV VBF H!WW ⇤! e⌫µ⌫ channel is studied. The Higgs boson decaying
to WW ⇤ has a large branching fraction (22%) and has comparatively small background rates relative to
the Higgs boson decaying to bb̄. The VBF production process has a direct coupling of the Higgs boson to
the electroweak vector bosons and can be computed with small theoretical uncertainties compared to ggF
Higgs-boson production, which has a heavy quark loop at leading order that makes its calculation more
di�cult [1, 2]. With large integrated luminosity, up to 3 ab�1, at the High-Luminosity (HL) LHC [3, 4],
the VBF process will be accessible for precision measurements.

H

ggF production

W �

W

W �

W
q�

q�

VBF production

H

W

W �

VH production

q̄

q

V
V

q

q
V

V

H
g

g

(a)

Figure 1: Feynman diagrams for the leading production modes (ggF and VBF), where the VVH and qqH coupling
vertices are marked by • and �, respectively. The V represents a W or Z boson. Diagrams taken from Ref. [5].

Here the HL-LHC is assumed to collide protons at 14 TeV centre-of-mass energy with a 25 ns spacing
between the proton bunches. A total integrated luminosity of 3 ab�1 of data is expected, with an average
of 200 inelastic proton-proton collisions. This means there will be an average of 200 minimum-bias
collisions concurrent with the relatively rare VBF Higgs-boson process, as well as e�ects on detector
response from the collisions in neighbouring bunch crossings. The number of overlapping minimum-bias
collisions and their in-time and out-of-time e�ects are together called pile-up. The jets coming from the
signal-event collision are referred to as the hard-scatter jets, and the signal event is selected as the highest
⌃p2

T vertex1 in each proton bunch crossing. The ability to distinguish pile-up and hard-scatter jets is
essential for a precise measurement of the VBF Higgs-boson production cross-section.

Three detector scenarios for ATLAS, shown in Table 1, are considered in this paper, and they are the same
scenarios presented in more detail in the Scoping Document for the ATLAS Phase-II upgrades [6]. The
“Reference” scenario, which has been chosen as the baseline, is considered the best choice for physics,
and there are two lower budget alternatives called the “Middle” and “Low” scenarios. Apart from the
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The scalar
sum of the transverse momentum (pT) is taken over all the tracks associated to the vertex.

2

20

• Cut-based analysis: 
•  <μ>=200  
• Two isolated leptons (one e and one μ) with opposite 

charge 
• Two forward jets in opposite hemispheres 
• ET

miss
 > 20 GeV 

• 200 signal events, 410 background events

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
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H→J/ψ γ with J/ψ→μμ
• <μ>=140 
• Assume same detector performance as in Run-I 
• Results provided for both  

• cut-based analysis 
• multivariate analysis (pT

γ, pT
μμ, γ and μμ isolation) 

• 2.9 signal events, 1700 background events 
• mμμ γ  and pT

μμ γ are used as discriminating variables
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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.

5

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.

6

Expected branching ratio limit at 95% C.L 
BR(H→J/ψ γ) [10-6]

SM expectation: 2.9 ± 0.2
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• SM hh Production: 
• Extremely small SM expectation due to destructive interference among 

diagrams  
• The dominant production at LHC is gluon fusion  

• σ(hh)NNLO+NNLL = 45.34 fb  (30 times smaller for other production modes) 
• Important for measuring the Higgs self-coupling 

• BSM hh Production - hh production significantly enhanced in many BSM 
models 
• Resonant enhancements  

• KK-graviton G∗
KK predicted in the bulk Randall-Sundrum model 

• 2HDM (i.e: The heavy neutral scalar H of  two-Higgs-doublet models)… 
• Non-resonant enhancements 

•  Activating tthh vertex, altering λhhh, etc..

Higgs Pair Production

24

DRAFT

di-Higgs production. However, the SM di-Higgs rate is a factor of ⇠103 below that for single-Higgs – just439

34.3 fb at 13 TeV [4, 19] due to destructive interference between competing diagrams. Furthermore, the440

contribution from the important trilinear vertex is overwhelmed by the larger rate from the ‘box diagram’441

(Figure 1), which causes the destructive interference.442

The Higgs self-coupling is thus a goal for the distant future in the context of the SM, while a search for443

di-Higgs events with current data is a probe of new physics. Enhancements to the SM rate take two basic444

forms – non-resonant or resonant – discussed below.445

(a) Box Diagram (b) Trilinear Coupling

Figure 1: Each single-Higgs production mode in the SM (the non-resonant process) has two di-Higgs ‘analogs’: one
with an extra Higgs boson radiated o� a quark (or vector boson) line, and the other with the self-coupling. Shown
are the diagrams for the dominant gluon-gluon fusion production. In the SM, the important trilinear coupling on the
right is overwhelmed by the ‘box’ on the left. The total SM contribution is the sum of the two and the interference
between them.

1.2. Non-resonant enhancements to the di-Higgs rate446

Any modification in the SM couplings would alter the expected di-Higgs rates. For instance, simply447

‘turning o�’ the self-coupling �hhh would lead to a doubling of the di-Higgs rate in gluon-gluon fusion,448

and changing its sign would engender a quadrupling of the rate [4]. Activating a direct tthh vertex, absent449

in the SM, would lead to substantial enhancements of the pp! hh rate [5] as well. This process is shown450

in Figure 2. Reasonable choices for these models nevertheless leave the expected di-Higgs event yield at451

a small value in the earlier 2012 and current datasets. More dramatic enhancements have been predicted,452

through the addition of light colored scalars [6] and, of course, other possibilities remain.453

Figure 2: Higgs pair production via a direct tthh vertex.

1.3. Resonant enhancements to the di-Higgs rate454

Resonant di-Higgs production allows for potentially very large enhancements, with a striking signature.455

In a model with two Higgs doublets [20], the heavier neutral scalar Higgs H may decay to two of its456

May 15, 2017 – 10:04 13
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Figure 6: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
with

R
Ldt = 3000 fb�1, as a

function of the Higgs self-coupling constant �HHH , assuming: (a) systematic uncertainties are negligible and (b)
systematic uncertainties remain at their current values. The cross-section exclusion limit grows less stringent in
the range 3 < �HHH/�SMHHH < 5 due to the shift of mHH towards lower values where the analysis acceptance is
decreased and the backgrounds are higher. The extrapolated sensitivities are shown using a jet pT threshold of 30
GeV.

6.3 E↵ect of Minimum Jet pT Thresholds

The high number of pile-up events at HL-LHC cause di�culties in maintaining high acceptance when
triggering on multijet final states. Jets produced in the pile-up events cause high trigger rates, necessitating
a rise in jet pT thresholds, which is exacerbated by the deterioration in trigger pT turn-on curves caused
by the additional soft energy deposited in the calorimeters.

The impact of increasing the multijet trigger pT thresholds has been examined by repeating the analysis
using di↵erent minimum jet pT requirements on the constituent jets of the Higgs boson candidates. The
expected 95% C.L. upper limit on the cross-section �

⇣
HH! bb̄bb̄

⌘
as a function of the minimum jet pT

required is shown in Figure 7. Ref. [7] proposes a trigger menu with a multijet trigger that requires four
jets, all satisfying a minimum pT threshold equivalent to demanding pT > 75 GeV for jets reconstructed
o✏ine. This degrades the sensitivity by ⇠30% relative to the current analysis threshold of pT > 30 GeV
and is equivalent to reducing the integrated luminosity of the final dataset by 1000 fb�1.

The expected 95% C.L. upper limit on the SM cross-section �
⇣
HH! bb̄bb̄

⌘
as a function of integrated

luminosity is shown in Figure 8, when the minimum jet pT > 75 GeV is required. Two scenarios are
shown: the best possible scenario where systematic uncertainties are entirely negligible and for the con-
servative scenario where the uncertainties remain as they were for the 2016 analysis. It can be seen that
sensitivity is lost for all integrated luminosities compared to the analysis with minimum jet pT > 30 GeV
and that the detrimental impact of the systematic uncertainties is increased.

Demanding a higher minimum jet pT > 75 GeV has a significant impact on the sensitivity of the analysis
to �HHH , as shown in Figure 9. The Higgs boson self-coupling would be constrained more loosely:
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Figure 3: Stacked m4j histograms of the tt̄ and multijet backgrounds extrapolated to
R

Ldt = 3000 fb�1. The
predicted SM non-resonant Higgs boson pair production signal is shown as the line.

6 Results

The expected 95% C.L. upper limit on the global signal strength as a function of integrated luminosity is
shown in Figure 4 for the best possible scenario where systematic uncertainties are entirely negligible and
for the conservative scenario where the uncertainties remain as they were for the 2016 analysis. The po-
tential benefit of reducing the systematic uncertainties are significant and become even more pronounced
with larger datasets: the sensitivity with the current systematic uncertainties is 3.5 times worse than when
systematic uncertainties are negligible with 3000 fb�1.

If systematic uncertainties were entirely eliminated, the excluded signal strength would be 1.5.

Table 1 summarises the impact of the uncertainties on the 95% C.L. exclusion limit with 3000 fb�1,
showing the change in excluded signal strength when the named systematic uncertainty is ignored in
the statistical analysis. Uncertainties in the background model are dominant, with a large impact on
the exclusion limit. The multi-jet uncertainties were determined in 2016 by studying the background
modeling in control regions defined using mass sidebands. The tt̄ uncertainty is determined from MC
simulation and is dominated by uncertainties in detector modelling, statistical uncertainties and theoretical
uncertainties in the cross-section and acceptance. Despite being a smaller background, tt̄ has a larger
impact on the limit. This is a result of larger relative uncertainties on tt̄ and the fact that it has a harder
m4j distribution which is closer in shape to the HH signal.

9

hh→bbbb
• Extrapolation from Run 2 analysis that was performed with 10.1 fb

-1
 of  2016 data 

• Results from “resolved analysis” used 
• Reconstructs each b-quark from the Higgs boson decay as a distinct jet 
• Optimised for non-resonant or low-mass hh systems  

• The final analysis discriminant: m4j 
• Background: 95% multijet, ~5% ttbar 

25
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Figure 7: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the minimum

jet pT required of the four Higgs boson candidate constituent jets.

assuming that systematic uncertainties are negligible, �3.4 < �HHH/�SMHHH < 12, while if current
systematic uncertainties are used, �7.4 < �HHH/�SMHHH < 14.

Table 2 summarises the various extrapolations made under di↵erent assumptions presented above.

Table 2: Summary of the constraints on �
⇣
HH! bb̄bb̄

⌘
/�SM and �HHH/�SMHHH extrapolated to 3000 fb�1 under

various assumptions.
Jet Threshold Background �/�SM �HHH/�SMHHH �HHH/�SMHHH

[GeV] Systematics 95% Exclusion Lower Limit Upper Limit
30 GeV Negligible 1.5 0.2 7
30 GeV Current 5.2 -3.5 11
75 GeV Negligible 2.0 -3.4 12
75 GeV Current 11.5 -7.4 14

13

with current sys
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Figure 2: Dijet and diphoton invariant mass distributions after all the selection cuts except for the cuts on the
diphoton (up) and two-b-jet (down) invariant mass for < µ >=200. The shaded area corresponds to the MC
statistical uncertainty.

3 < �/�S M < 5 as the number of expected HH events skews to lower values where the cross section is
decreased. If systematic uncertainties are neglected, the Higgs boson self-coupling is expected to be con-
strained at 95% CL to �0.8 < �/�S M < 7.7. Limits can further be improved by analysing the shape of the
HH mass distribution. The current limits are a bit less stringent than in the analysis of HH ! 4b [37],
which is quoting expected limits of 0.2 < �/�S M < 7.0.

9

hh→bbγγ

SM
HHHλ/HHHλ

-10 -5 0 5 10 15 20

 [
fb

]
γ

γ
b

 b
→

 H
H

 
→

p
p

σ

0

0.5

1

1.5

2

2.5

3
Non-resonant HH prediction
Expected Limit (95% CL)

σ 1±Expected 
σ 2±Expected 

ATLAS

Simulation Preliminary

-1=14 TeV, 3000 fbs

Figure 3: Expected 95% CL upper limit on the cross-section �(HH ! bb̄��) with 3000 fb�1 of data and neglecting
systematic uncertainties, as a function of the Higgs self-coupling constant � in units of �S M . The ±1� and ±2�
uncertainty bands are shown in green and yellow. The cross-section exclusion limit grows less stringent in the range
3 < �/�S M < 5 due to the shift of the number of expected HH events towards lower values where the cross section
is decreased.

7 Conclusion

This note presents preliminary studies of a search for pair production of SM Higgs bosons decaying into
two photons and two b-jets in the high luminosity LHC context. The expected number of signal and
background events have been estimated from simulated truth level information after applying smearing
functions to mimic the ATLAS detector response in the HL-LHC environment.

Using a cut-based analysis the estimated number of signal events is 9.544 ± 0.029, to be compared to a
background level of 90.9 ± 2.0 events. The combination of these numbers gives an expected significance
of 1.05� for 3000 fb�1. At 95% CL, the Higgs boson self-coupling is expected to be constrained to
�0.8 < �/�S M < 7.7. This is not enough on its own to claim evidence for the observation of Higgs pair
production, or to determine whether the Higgs self-coupling strength is close to its SM expectation. This
channel is expected to be combined with similar measurements for di-Higgs boson production in other
decay channels such as HH ! bb̄bb̄ and HH ! bb̄⌧⌧ and to be part of a combination of ATLAS and
CMS results.

10
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• Excellent diphoton mass resolution 
• Relatively small backgrounds 

• Single-Higgs background; ggH, ZH, ttH, bbH 
• Continuum background; bbγγ, ccγγ, jjγγ, 

bbjγ, ccjγ, bbjj 
• Other contributions; Z(bb)γγ, tt, ttγ

Signal 9.544 ± 0.029
Background 90.9 ± 2.0

S/√B 1.052 ± 0.026

95% C.L limits on λ 
  0.8 < λHHH/λSM < 7.7

ATL-PHYS-PUB-2017-001

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-001/


Conclusion
• HL-LHC opens possibilities for a rich physics program 

• Precise measurements of  Higgs boson coupling 

• Search for rare Higgs boson decays 

• Direct searches for new physics 

• Higgs pair production 

• Achieving the physics goals in the challenging HL-LHC 
environment requires major upgrades in ATLAS  

• Exciting times ahead!
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Figure 86. RpT distribution for hard-scatter and pile-up jets with 40 < pT < 50 GeV in different ⌘ regions.
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Figure 87. The efficiency for pile-up jets as a function of the efficiency for hard-scatter jets with 40 < pT <
50 GeV using a track-matching algorithm for µ = 140 (left) and µ = 200 (right). The algorithm can be applied
in |⌘| < 2.4 the Low scenario, |⌘| < 3.2 in the Middle scenario and |⌘| < 3.8 in the Reference scenario.
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Figure 88. The efficiency for pile-up jets as a function of the efficiency for hard-scatter jets with 50 < pT <
70 GeV using a track-matching algorithm for tracks with pT > 4 GeV which corresponds to the pT cut used in
L1Track in the Reference scenario (left), and for tracks with pT > 8 GeV which corresponds to the pT cut used
in L1Track in the Low scenario, which also only covers the central ⌘ region (right).
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XI.2.7.2 Pile-up jet rejection

Several techniques were developed in Run 1 to tag and suppress pile-up jets using tracking infor-
mation. The variable considered here is RpT , defined as the scalar pT sum of the tracks that are
associated with the jet and originate from the hard-scatter vertex divided by the fully calibrated jet
pT, including pile-up subtraction:

RpT =
⌃i(ptrack,i

T )

pjet
T

(4)

Tracks are classified as originating from the hard-scatter vertex if their longitudinal impact parameter
with respect to this vertex satisfies a loose, ⌘-dependent requirement. Small values of RpT arise
for jets with small charged-particle pT fractions originating from the hard-scatter vertex, which are
therefore very likely to correspond to pile-up jets. In the following, reconstructed jets are defined
as hard-scatter jets, if a truth jet associated with the hard-scatter vertex has ptrue

T > 10 GeV and is
found within �R = 0.3 of the reconstructed jet. Reconstructed jets which are separated by more than
�R = 0.6 from any true jet with ptrue

T > 4 GeV, are labelled as pile-up jets.
The distribution of the RpT variable is shown in Fig. 86 for hard-scatter and pile-up jets with

40 < pT < 50 GeV. The most important differences are at low values of RpT . The efficiency of the RpT
cut for hard-scatter jets versus the efficiency for pile-up jets is shown in Fig. 87, where each curve
represents a scan over the observable RpT for jets in a range of |⌘|. For a particular ⌘ range, the
curves for each scoping scenario are very similar if tracking information is available, so the figure
only shows one curve for each region. The efficiency of the RpT cut for hard-scatter (pile-up) jets is
defined as the fraction of hard-scatter (pile-up) surviving the RpT cut. For example, in the Reference
scenario, the requirement RpT > 0.1, as used in the evaluation of Emiss

T (see Section XI.2.8), has an
efficiency of 90 %, 86 % and 88 % for hard-scatter jets with 40 < pT < 50 GeV, in the pseudo-rapidity
regions |⌘| < 2.4, 2.4 < |⌘| < 3.2 and 3.2 < |⌘| < 3.8 respectively. The corresponding efficiencies for
pile-up jets are 4 %, 6 % and 7 %. With tracking extended to |⌘| < 4.0, the pile-up rejection, defined
as the inverse of the efficiency for pile-up jets, for radius R = 0.4 jets, is uniform in the forward region
up to |⌘| < 3.8, and then starts to degrade for larger |⌘|. The optimal choice of the RpT requirement
depends on the physics analysis, and is discussed later.

Pile-up rejection using tracks is also important for triggering, where on-line tracking information
will be available from L1Track or from FTK++. The impact of this is illustrated in Fig. 88 where pT
cuts of 4 and 8 GeV are shown. In the 8 GeV case, the curve only extends to a hard-scatter jet
efficiency of 60% because many hard-scatter jets lack such high pT tracks. For the Level-1 trigger
only a modest rejection factor is needed and therefore the operating point is likely to be chosen to
provide the highest possible hard-scatter efficiency.

XI.2.7.3 Pile-up jet simulation

The residual pile-up jets are taken into account in physics studies by superimposing such jets from
full-simulation event samples onto the smeared hard-scatter events. A library of events containing
pile-up jets is provided for different values of µ. The term “tracking confirmation” for jets is intended
here as a generic name for future pile-up mitigation techniques and it represents the ability of the
tracking information to disentangle jets originating from the primary vertex from jets originating from
non-primary, i.e. pile-up, vertices. However, for the studies in this document, the RpT method defined
above is used. The efficiencies for hard-scatter and pile-up jets are derived from event samples
based on full-simulation of the high luminosity environment. These efficiencies, once the pile-up
jets are superimposed on a hard-scatter event, can be applied to all jets in order to investigate
the effects of pile-up mitigation algorithms on the analysis. Analyses relying on good separation
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• A typical rejection of  50 for pile-up jets 

• ~0.1 pile-up jets per event survive 

• 85-70% efficiency on hard-scatter jets

CERN-LHCC-2015-020

<μ>=200:  
4.8 pile-up jets per event 

Pile-up jet rejection based 
on the track confirmation 
requirement 



Higgs Boson Signal Strengths
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SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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Testing Yukawa Interactions
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Figure 4: Fit results for the reduced coupling scale factors yV,i =
q
V,i
gV,i
2v =

p
V,i

mV,i
v for weak bosons

and yF,i = F,i
gF,ip

2
= F,i

mF,i
v for fermions as a function of the particle mass, assuming 300 fb�1 or

3000 fb�1 of 14 TeV data and a SM Higgs boson with a mass of 125 GeV. The corresponding uncertainties
on the coupling scale factors can be found in model Nr. 7 in Table 3. The diagonal, dashed line indicates
the predicted mass dependence for the SM Higgs boson.
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Mass Scaling of  Couplings
• Determine the sensitivity to the mass scaling of  the Higgs 

boson couplings to other particles 

• The coupling scale factors are expressed in terms of  a mass 
scaling parameter ε and a vacuum expectation value 
parameter M

32
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Figure 1: Two-dimensional expected confidence intervals as a function of the mass scaling factor, ✏,
and the vacuum expectation value parameter, M. The 95% CL (2�) regions are shown assuming a SM
Higgs boson. They are indicated for 300 and 3000 fb�1 of data, with and without inclusion of theory
uncertainties. The SM expectation is indicated as +.

The coupling scale factors to di↵erent species of fermions and vector bosons, respectively, are
expressed in terms of a mass scaling parameter ✏ and a “vacuum expectation value” parameter M [25]:

 f ,i = v
m✏f ,i

M1+✏

V, j = v
m2✏

V, j
M1+2✏ ,

(1)

where v ⇡ 246 GeV is the vacuum expectation value in the SM, m f ,i denotes the mass of each fermion
species (indexed i), and mV, j denotes each vector boson mass (indexed j). The mass scaling of the
couplings, and the vacuum expectation value, of the SM are recovered with parameter values ✏ = 0 and
M = v, which produce  f ,i = V, j = 1.

The production and decay rates are modified from their SM expectations accordingly. For example,
assuming the narrow-width approximation [26, 27], the rate for the process gg ! h ! ZZ⇤ ! 4`
relative to the SM prediction can be parametrized [28] as:

µ = �⇥BR
(�⇥BR)SM

=
2g ·2Z
2h
. (2)

Here g is the scale factor for the loop-induced coupling to the gluon through the top and bottom
quarks, where both the top and bottom couplings are scaled by  f , and Z is the coupling scale factor
for the Z boson. The scale factor for the total width of the Higgs boson, 2h, is calculated as a squared
e↵ective coupling scale factor. It is defined as the sum of squared coupling scale factors for all decay
modes, 2i , each weighted by the corresponding SM branching ratio:

k2
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Figure 1: Two-dimensional expected confidence intervals as a function of the mass scaling factor, ✏,
and the vacuum expectation value parameter, M. The 95% CL (2�) regions are shown assuming a SM
Higgs boson. They are indicated for 300 and 3000 fb�1 of data, with and without inclusion of theory
uncertainties. The SM expectation is indicated as +.

The coupling scale factors to di↵erent species of fermions and vector bosons, respectively, are
expressed in terms of a mass scaling parameter ✏ and a “vacuum expectation value” parameter M [25]:

 f ,i = v
m✏f ,i

M1+✏

V, j = v
m2✏

V, j
M1+2✏ ,

(1)

where v ⇡ 246 GeV is the vacuum expectation value in the SM, m f ,i denotes the mass of each fermion
species (indexed i), and mV, j denotes each vector boson mass (indexed j). The mass scaling of the
couplings, and the vacuum expectation value, of the SM are recovered with parameter values ✏ = 0 and
M = v, which produce  f ,i = V, j = 1.

The production and decay rates are modified from their SM expectations accordingly. For example,
assuming the narrow-width approximation [26, 27], the rate for the process gg ! h ! ZZ⇤ ! 4`
relative to the SM prediction can be parametrized [28] as:

µ = �⇥BR
(�⇥BR)SM

=
2g ·2Z
2h
. (2)

Here g is the scale factor for the loop-induced coupling to the gluon through the top and bottom
quarks, where both the top and bottom couplings are scaled by  f , and Z is the coupling scale factor
for the Z boson. The scale factor for the total width of the Higgs boson, 2h, is calculated as a squared
e↵ective coupling scale factor. It is defined as the sum of squared coupling scale factors for all decay
modes, 2i , each weighted by the corresponding SM branching ratio:
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v = 246 GeV in SM
ε=0 and M=v in the SM
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Figure 6: ATLAS expected upper limit at 95% CL on the WIMP-nucleon scattering cross section in a
Higgs portal model as a function of the mass of the dark matter particle, shown separately for a scalar,
Majorana fermion, or vector boson WIMP, with 3000 fb�1 of data at

p
s = 14 TeV and including

all systematic uncertainties. The hashed bands indicate the uncertainty resulting from the form factor
fN . Excluded and allowed regions from direct detection experiments at the confidence levels indicated
are also shown [75–82]. These are spin-independent results obtained directly from searches for nuclei
recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs boson
exchange in the Higgs portal model.
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Higgs Portal to Dark Matter
• SM Higgs boson couples to all massive 

particles 
• Likely that h couples to DM as well, 

to WIMPs Χ 
• Look for h → invisible particles 
• Take coupling of  Χ to h as a free 

parameter 
• BR(invisible) sets a limit on 

interactions of  Χ with matter 

33

Coupling The expected 95%  CL upper limit on the 
BR(invisible)

300 fb-1 3000 fb-1

w/ theory unc. 0.22 0.13

w/o theory unc 0.19 0.09
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Additional Higgs Bosons
• 2HDM: Adding a second electroweak doublet to the Higgs sector is 

one of the simplest extensions to the SM
Ø 5 Higgs bosons

ATL-PHYS-PUB-2013-016, CMS-PAS-FTR-13-024
Coupling scale factor Type I Type II Type III Type IV

V sin(� � ↵) sin(� � ↵) sin(� � ↵) sin(� � ↵)
u cos(↵)/ sin(�) cos(↵)/ sin(�) cos(↵)/ sin(�) cos(↵)/ sin(�)
d cos(↵)/ sin(�) � sin(↵)/ cos(�) cos(↵)/ sin(�) � sin(↵)/ cos(�)
l cos(↵)/ sin(�) � sin(↵)/ cos(�) � sin(↵)/ cos(�) cos(↵)/ sin(�)

Table 4: Couplings of the light Higgs boson h to weak vector bosons (V ), up-type quarks (u), down-
type quarks (d), and charged leptons (l), expressed as ratios to the corresponding SM predictions in
2HDMs of various types.

The coupling-rescaled predictions agree with those obtained using the SUSHI [49] and 2HDMC [50]
programs, which calculate Higgs boson production and decay rates respectively in two-Higgs-doublet
models. The rescaled gluon fusion rate agrees with the SUSHI prediction to better than a percent,
and the rescaled decay rates show a similar level of agreement. The cross section for bbh associated
production is calculated using SUSHI and included as a correction that scales with the square of the
Yukawa coupling to the b-quark, under the assumption that it produces di↵erential distributions that
are the same as those in gluon fusion. The correction is a small fraction of the total production rate for
the regions of parameter space where the data would be compatible with the SM at 95% CL.

Figure 4 shows the regions of the (cos(� � ↵), tan �) plane that are expected to be excluded at 95%
CL or greater assuming the SM Higgs sector. The expected exclusions are shown for 300 and 3000 fb�1

at
p

s=14 TeV, with and without the inclusion of theory uncertainties, and for each of the four types of
2HDMs. The expected exclusion regions in cos(� � ↵) depend on the particular functional dependence
of the couplings on � and ↵, which are di↵erent for each of the four types of 2HDMs as shown in
Table 4. The SM-like alignment limit is at cos(� � ↵) = 0. The range 0.1 tan � 10 is shown, but
the compatible region extends to larger and smaller tan � values, but with a correspondingly narrower
range of cos(� � ↵).

7 Simplified MSSM

Supersymmetry [51–59] provides a means to solve the hierarchy problem by introducing superpartners
of the corresponding SM particles. Many supersymmetric models also provide a candidate for a dark
matter particle.

In the Minimal Supersymmetric Standard Model [60–64], the mass mixing matrix for the neutral,
CP-even Higgs bosons is:

M2
S = (m2

Z + �1)
"

cos2(�) � cos(�) sin(�)
� cos(�) sin(�) sin2(�)

#
+m2

A

"
sin2(�) � cos(�) sin(�)

� cos(�) sin(�) cos2(�)

#
+

2
66664
0 0
0 �

sin2(�)

3
77775

(14)
where �1 and � are radiative corrections involving primarily top quarks and stops. The couplings in a
simplified MSSM model can be obtained from this mass mixing matrix as follows [65, 66].

The trace of the mass mixing matrix is taken and evaluated at the light Higgs boson mass of mh =

125.0 GeV, allowing the �1 and � corrections to be determined as a function of mA and tan �. Neglecting
the sub-leading correction �1, then by substituting for � the mass mixing matrix is fully determined by
mA and tan �. This matrix is diagonalized to find the eigenvectors, and in particular those components
of the eigenvector corresponding to the light Higgs boson, su and sd. This allows the Higgs boson
couplings to vector bosons (V ), up-type fermions (u), and down-type fermions (d), as ratios to the
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Figure 4: Regions of the (cos(� � ↵), tan �) plane of four types of 2HDMs expected to be excluded by
fits to the measured rates of Higgs boson production and decays. The confidence intervals account for
a possible relative sign between di↵erent couplings. The expected likelihood contours where �2 ln⇤ =
6.0, corresponding approximately to 95% CL (2�), are indicated assuming the SM Higgs sector. The
light shaded and hashed regions indicate the expected exclusions.
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Figure 4: Regions of the (cos(� � ↵), tan �) plane of four types of 2HDMs expected to be excluded by
fits to the measured rates of Higgs boson production and decays. The confidence intervals account for
a possible relative sign between di↵erent couplings. The expected likelihood contours where �2 ln⇤ =
6.0, corresponding approximately to 95% CL (2�), are indicated assuming the SM Higgs sector. The
light shaded and hashed regions indicate the expected exclusions.
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VBF H→WW*→eνμν

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.

8

36



H→J/ψ γ with J/ψ→μμ
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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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Higgs Pair Production

38

Decay channel Branching Ratio (%) Event Yield
hh→bbbb 33 41000

hh→bbWW 25 31000

hh→bbττ 7.4 9000

hh→WWττ 5.4 6600
hh→bbZZ 3.1 3800

hh→WWZZ 1.2 1400
hh→bbγγ 0.3 330

hh→WWγγ 0.1 100
hh→γγγγ 0.0010 1

• Assuming 3000 fb-1 at √s = 14 TeV



hh→bbbb

The following detector modelling uncertainties are evaluated: uncertainties in the jet energy scale (JES)
and resolution (JER), and uncertainties in the b-tagging e�ciency. The MC simulated samples also share
common luminosity uncertainties described in Section 3.

Systematic uncertainties in the normalization and shape of the multijet background model were assessed
using data. The largest yield discrepancy observed among several control region variations is ±5%,
which is assigned as the normalisation uncertainty. Uncertainties were also assigned to cover possible
mis-modelling of the m4j shape in the kinematic turn-on, peak and high-mass tail of the distribution.

The derivation of all of these uncertainties is described in Ref. [5].

4.5 2016 Results

The predicted background in the signal region, the observed data, and the predicted yield for SM non-
resonant Higgs boson pair production are shown in Figure 2. The observed data is in agreement with the
predicted background.
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Figure 2: Distributions of m4j in the signal region for data, compared to the predicted backgrounds, reproduced
from Ref. [5] (Figure 5b). The hatched band shown in the data/background ratio in the bottom panel represents the
combined statistical and systematic uncertainties in the total background estimate. The expected signal distributions
for SM non-resonant HH production and G⇤

KK resonances with masses of 300 and 800 GeV are also shown.
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Figure 4: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the integrated

luminosity of the search. The red line shows the upper limit when evaluated without systematic uncertainties, while
the green line assumes that the systematic uncertainties remain as they were in 2016. The lower panel shows the
ratio between these two limits. The extrapolated sensitivity is shown using a jet pT threshold of 30 GeV.

Table 1: Summary of changes induced in the 95% C.L. exclusion limit (expressed in units of signal strength,
µ = �/�SM) when the named systematic uncertainties are ignored in the analysis. All other systematic uncertainties
are included.

Source �µ

Luminosity 0.05
Jet Energy 0.09
b-tagging 0.34
Theoretical 0.10
Multijet 1.85
tt̄ 2.83

6.1 Impact of Reducing Background Modelling Uncertainties

The impact of potential reductions in the background modelling uncertainties is shown in Figure 5.

The multijet background modelling uncertainties were determined in 2016 by examining the agreement
between the background model and data in control regions. The uncertainties were essentially limited
by the statistical precision of these comparisons. As more data is accumulated, the statistical precision
of these comparisons will increase and a reduction in the modelling uncertainties should be possible. A
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Figure 8: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the integrated

luminosity of the search. The red line shows the upper limit when evaluated without systematic uncertainties, while
the green line assumes that the systematic uncertainties remain as they were in 2016. The lower panel shows the
ratio between these two limits. The extrapolated sensitivity is shown using a jet pT threshold of 75 GeV.

8

SM
HHHλ/HHHλ

10− 5− 0 5 10 15 20

 [f
b]

bbb
 b

→
 h

h 
→

pp
σ

50

100

150

200

250

300

350

400
Non-resonant prediction
Expected Limit (95% CL)

σ 1±Expected 
σ 2±Expected 

ATLAS Internal
-1 = 14 TeV, L = 3000 fbs

 [GeV]4jm
200 400 600 800 1000 1200

D
at

a/
Bk

gd

0

1

2

Ev
en

ts
/1

0 
G

eV

1−10

1

10

210

310 Data
Multijet
tt

10×G(300) 
10×G(800) 
500×SM hh 

Stat+Syst Uncertainty

PreliminaryATLAS

Signal Region: Resolved

-1 = 13 TeV, 2016, 10.1 fbs

(a) No systematics
9

SM
HHHλ/HHHλ

10− 5− 0 5 10 15 20

 [f
b]

bbb
 b

→
 h

h 
→

pp
σ

200

400

600

800

1000

1200 Non-resonant prediction
Expected Limit (95% CL)

σ 1±Expected 
σ 2±Expected 

ATLAS Internal
-1 = 14 TeV, L = 3000 fbs

 [GeV]4jm
200 400 600 800 1000 1200

D
at

a/
Bk

gd

0

1

2

Ev
en

ts
/1

0 
G

eV

1−10

1

10

210

310 Data
Multijet
tt

10×G(300) 
10×G(800) 
500×SM hh 

Stat+Syst Uncertainty

PreliminaryATLAS

Signal Region: Resolved

-1 = 13 TeV, 2016, 10.1 fbs

(b) Current systematics

Figure 9: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
with

R
Ldt = 3000 fb�1, as a func-

tion of the Higgs self-coupling constant �HHH when the selection demands four b-tagged jets with pT > 75 GeV.
(a) systematic uncertainties are assumed to be negligible and (b) systematic uncertainties are assumed to remain at
their current values. The cross-section exclusion limit grows less stringent in the range 3 < �HHH/�SMHHH < 5
due to the shift of mHH towards lower values where the analysis acceptance is decreased and the backgrounds are
higher. The extrapolated sensitivities are shown using a jet pT threshold of 75 GeV.
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Figure 7: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the minimum

jet pT required of the four Higgs boson candidate constituent jets.

assuming that systematic uncertainties are negligible, �3.4 < �HHH/�SMHHH < 12, while if current
systematic uncertainties are used, �7.4 < �HHH/�SMHHH < 14.

Table 2 summarises the various extrapolations made under di↵erent assumptions presented above.

Table 2: Summary of the constraints on �
⇣
HH! bb̄bb̄

⌘
/�SM and �HHH/�SMHHH extrapolated to 3000 fb�1 under

various assumptions.
Jet Threshold Background �/�SM �HHH/�SMHHH �HHH/�SMHHH

[GeV] Systematics 95% Exclusion Lower Limit Upper Limit
30 GeV Negligible 1.5 0.2 7
30 GeV Current 5.2 -3.5 11
75 GeV Negligible 2.0 -3.4 12
75 GeV Current 11.5 -7.4 14

13
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(jet pT threshold of  30 GeV)

Limits on σ vs Lint 
(jet pT threshold of  75 GeV)

Limits on  
σ vs minimum jet pT
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(b) Current systematics

Figure 6: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
with

R
Ldt = 3000 fb�1, as a

function of the Higgs self-coupling constant �HHH , assuming: (a) systematic uncertainties are negligible and (b)
systematic uncertainties remain at their current values. The cross-section exclusion limit grows less stringent in
the range 3 < �HHH/�SMHHH < 5 due to the shift of mHH towards lower values where the analysis acceptance is
decreased and the backgrounds are higher. The extrapolated sensitivities are shown using a jet pT threshold of 30
GeV.

6.3 E↵ect of Minimum Jet pT Thresholds

The high number of pile-up events at HL-LHC cause di�culties in maintaining high acceptance when
triggering on multijet final states. Jets produced in the pile-up events cause high trigger rates, necessitating
a rise in jet pT thresholds, which is exacerbated by the deterioration in trigger pT turn-on curves caused
by the additional soft energy deposited in the calorimeters.

The impact of increasing the multijet trigger pT thresholds has been examined by repeating the analysis
using di↵erent minimum jet pT requirements on the constituent jets of the Higgs boson candidates. The
expected 95% C.L. upper limit on the cross-section �

⇣
HH! bb̄bb̄

⌘
as a function of the minimum jet pT

required is shown in Figure 7. Ref. [7] proposes a trigger menu with a multijet trigger that requires four
jets, all satisfying a minimum pT threshold equivalent to demanding pT > 75 GeV for jets reconstructed
o✏ine. This degrades the sensitivity by ⇠30% relative to the current analysis threshold of pT > 30 GeV
and is equivalent to reducing the integrated luminosity of the final dataset by 1000 fb�1.

The expected 95% C.L. upper limit on the SM cross-section �
⇣
HH! bb̄bb̄

⌘
as a function of integrated

luminosity is shown in Figure 8, when the minimum jet pT > 75 GeV is required. Two scenarios are
shown: the best possible scenario where systematic uncertainties are entirely negligible and for the con-
servative scenario where the uncertainties remain as they were for the 2016 analysis. It can be seen that
sensitivity is lost for all integrated luminosities compared to the analysis with minimum jet pT > 30 GeV
and that the detrimental impact of the systematic uncertainties is increased.

Demanding a higher minimum jet pT > 75 GeV has a significant impact on the sensitivity of the analysis
to �HHH , as shown in Figure 9. The Higgs boson self-coupling would be constrained more loosely:
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Figure 8: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the integrated

luminosity of the search. The red line shows the upper limit when evaluated without systematic uncertainties, while
the green line assumes that the systematic uncertainties remain as they were in 2016. The lower panel shows the
ratio between these two limits. The extrapolated sensitivity is shown using a jet pT threshold of 75 GeV.
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(b) Current systematics

Figure 9: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
with

R
Ldt = 3000 fb�1, as a func-

tion of the Higgs self-coupling constant �HHH when the selection demands four b-tagged jets with pT > 75 GeV.
(a) systematic uncertainties are assumed to be negligible and (b) systematic uncertainties are assumed to remain at
their current values. The cross-section exclusion limit grows less stringent in the range 3 < �HHH/�SMHHH < 5
due to the shift of mHH towards lower values where the analysis acceptance is decreased and the backgrounds are
higher. The extrapolated sensitivities are shown using a jet pT threshold of 75 GeV.
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Figure 5: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the back-

ground modelling uncertainties. The background modelling uncertainties are each scaled by a common, constant
factor relative to the 2016 uncertainties (i.e. the current uncertainties correspond to 1 here). The limit achievable
if the uncertainties scaled proportionally to integrated luminosity is shown as the star. The statistical-only limit is
shown as the dashed line. The extrapolated sensitivities are shown using a jet pT threshold of 30 GeV.

dedicated tt̄ control region is another potential improvement possible with higher statistics.

The limit achievable for the case where the background uncertainties scaled proportionally to integrated
luminosity is also shown as the star in Figure 5.

6.2 Limits on Higgs Boson Self-coupling

Variations in the Higgs boson self-coupling, �HHH , change both the total cross-section of pp! hh and
the mHH distribution. To assess the sensitivity of the HH! bb̄bb̄ analysis to �HHH , mHH distributions
were generated using the morphing technique documented in Ref. [36] for �20  �HHH/�SMHHH  20.
These distributions were then used to set 95% C.L. upper limit on the cross-sections, as shown in Figure 6.
If systematic uncertainties were negligible, the Higgs boson self-coupling would be constrained at 95%
C.L. to 0.2 < �HHH/�SMHHH < 7.0. If the systematic uncertainties remain as they were for the 2016
analysis, the constraint would be �3.5 < �HHH/�SMHHH < 11.

The exclusion limits grow worse in the range 3 < �HHH/�SMHHH < 5 as the mHH distribution skews
to lower values of mHH where the background is larger. Figure 1(a) has a softer mHH distribution than
Figure 1(b): as �HHH increases, the self-coupling diagram becomes dominant, leading to a shift to lower
mHH .

11

41

Ldt∫0 500 1000 1500 2000 2500 3000

SM
σ/

σ
95

%
 C

.L
. e

xc
lu

si
on

 li
m

it 
on

 

2
4
6
8

10
12
14
16
18
20 ATLAS Internal

 = 14 TeVs

No systematic uncertainties

Current systematic uncertainties

]-1Integrated Luminosity [fb
0 500 1000 1500 2000 2500 3000Li

m
its

 w
. n

o 
Sy

st
.

Li
m

its
 w

. S
ys

t.

0
1
2
3

2
 [GeV]4jm

200 400 600 800 1000 1200

D
at

a/
Bk

gd

0

1

2

Ev
en

ts
/1

0 
G

eV

1−10

1

10

210

310 Data
Multijet
tt

10×G(300) 
10×G(800) 
500×SM hh 

Stat+Syst Uncertainty

PreliminaryATLAS

Signal Region: Resolved

-1 = 13 TeV, 2016, 10.1 fbs

Figure 4: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the integrated

luminosity of the search. The red line shows the upper limit when evaluated without systematic uncertainties, while
the green line assumes that the systematic uncertainties remain as they were in 2016. The lower panel shows the
ratio between these two limits. The extrapolated sensitivity is shown using a jet pT threshold of 30 GeV.

Table 1: Summary of changes induced in the 95% C.L. exclusion limit (expressed in units of signal strength,
µ = �/�SM) when the named systematic uncertainties are ignored in the analysis. All other systematic uncertainties
are included.

Source �µ

Luminosity 0.05
Jet Energy 0.09
b-tagging 0.34
Theoretical 0.10
Multijet 1.85
tt̄ 2.83

6.1 Impact of Reducing Background Modelling Uncertainties

The impact of potential reductions in the background modelling uncertainties is shown in Figure 5.

The multijet background modelling uncertainties were determined in 2016 by examining the agreement
between the background model and data in control regions. The uncertainties were essentially limited
by the statistical precision of these comparisons. As more data is accumulated, the statistical precision
of these comparisons will increase and a reduction in the modelling uncertainties should be possible. A

10
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Figure 3: Mass of the ⌧⌧ system reconstructed using the Missing Mass Calculator after the pre-selection in the (a)
electron-electron, (b) muon-muon and (c) electron-muon channels.
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Figure 4: Transverse momentum distribution of the bb̄ system after the pre-selection in the (a) electron-electron, (b)
muon-muon and (c) electron-muon channels.
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Figure 5: mT2 distribution after the pre-selection in the (a) electron-electron, (b) muon-muon and (c) electron-muon
channels.

5.3 ⌧lep⌧had channel

For this channel, a pre-selection is done so that the final state objects are restricted to have at least one
electron or muon, at least two b-jets and at least one hadronic ⌧ lepton, with their definitions given in
Section 3. The measured charge of the lepton is also required to be opposite to the tau lepton charge. For
this channel, only a single electron or a single muon trigger is applied soon after the pre-selection stage,
following the recommendations from Ref. [21, 22], considering a pT threshold of 25 GeV for electrons
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Figure 3: Mass of the ⌧⌧ system reconstructed using the Missing Mass Calculator after the pre-selection in the (a)
electron-electron, (b) muon-muon and (c) electron-muon channels.
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Figure 4: Transverse momentum distribution of the bb̄ system after the pre-selection in the (a) electron-electron, (b)
muon-muon and (c) electron-muon channels.
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Figure 5: mT2 distribution after the pre-selection in the (a) electron-electron, (b) muon-muon and (c) electron-muon
channels.

5.3 ⌧lep⌧had channel

For this channel, a pre-selection is done so that the final state objects are restricted to have at least one
electron or muon, at least two b-jets and at least one hadronic ⌧ lepton, with their definitions given in
Section 3. The measured charge of the lepton is also required to be opposite to the tau lepton charge. For
this channel, only a single electron or a single muon trigger is applied soon after the pre-selection stage,
following the recommendations from Ref. [21, 22], considering a pT threshold of 25 GeV for electrons
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Figure 9: 95% Confidence Level upper limit on the cross section of the HH ! bb⌧⌧ assuming Standard Model
couplings is shown in the dashed line with its 68% and 95% error bands. The solid black, dashed blue and dotted
violet lines show a fit of the expected number of events normalised by the SM number of events for di�erent �HHH

after the selection for the ⌧had⌧had, ⌧lep⌧had electron and muon channels.

8 Conclusions

Cut and count studies have been performed on Monte Carlo simulation under several e�ective assumptions
of the Higgs trilinear self-coupling constant �HHH for three di�erent channels on the HH ! bb⌧⌧ final
state. In each case, the selection has been optimised to maximise the signal to background ratio, considering
most of the reducible and irreducible backgrounds. A parametrisation of the ATLAS detector has been
used to estimate the impact of its performance in rejecting the backgrounds.

As a final result, the expected significance for detecting the signal has been calculated combining the
di�erent channels under a 3% luminosity uncertainty and a 3% background modelling uncertainty as-
sumption for the main backgrounds. Under such conditions, it is expected that the signal would have a
significance of 0.60�, while if the e�ective Higgs trilinear self-coupling �HHH is twice the SM prediction,
a significance of 0.40� could be reached and if it is zero, the significance would be 0.84�. Assuming we
have Standard Model data, we can also set an upper limit of 4.3⇥�(HH ! bb̄⌧+⌧�) at 95% Confidence
Level on the signal cross section. Finally, we can project an exclusion at 95% Confidence Level of BSM
HH production with �HHH/�SM  �4 and �HHH/�SM � 12.
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• Three sub-channels: τlepτlep, τlepτhad, τhadτhad with different trigger 

requirements and slightly different event selections 
• Fully leptonic final state does not contribute to final results 

• Significant background from tt and Z(ττ)+jets processes 
• Pile up level of  <μ> =140, worsening ETmiss resolution

42

background ratio. The total combined significance is estimated at 0.60. The statistical uncertainty in the
signal limits the discovery significance, but the tt̄ and Z+jets systematic uncertainties have a significant
impact in the results. Studies have shown that the significance extracted here could be increased by ⇠ 10%
with smaller systematic uncertainties in these dominating backgrounds.

Table 9: Expected significance for several channel combinations, for a luminosity of 3 ab�1, including the expected
uncertainties quoted in the text, using the asymptotic approximation. This table only takes into account the ⌧lep⌧had
and ⌧had⌧had channels.

Channel Significance Combined in channel Total combined
e + jets 0.31 0.43 0.60µ+jets 0.30
⌧had⌧had 0.41 0.41

The combined Z-values using all channels, assuming di�erent �HHH configurations and µ = 1 are shown
in Table 10. It can be seen that the configurations �HHH = 2�SM, �HHH = 0 and �HHH = 10�SM
have a combined significance of 0.40, 0.84 and 1.14 respectively. Using this technique to set a limit, we
project a 95% Confidence Level upper limit for the cross section of HH production multiplied by its bb⌧⌧
branching ratio of 4.3 ⇥�(HH ! bb⌧⌧)SM.

Table 10: Combined significances using the ⌧lep⌧had and ⌧had⌧had channels for di�erent assumptions on the e�ective
coupling �HHH , assuming the systematic uncertainties as in the text.

�HHH/�SM Expected Z-value
0 0.84
1 0.60
2 0.40
10 1.14

Under the assumption that one has a Standard Model Higgs trilinear self-coupling constant �HHH , one
can also use this to estimate the impact of this result in the Beyond Standard Model values of the coupling.
This is done by using the 95% Confidence Level upper limit for �HHH = �SM and comparing it to the
expected number of events in the current selection, for di�erent values of the Higgs trilinear self-coupling
�HHH .

Figure 9 shows the results of the latter approach, on which the expected number of events have been
normalised by the SM expectation and a fit has been done to a second order polynomial, based on the
theory dependency of the cross section as a function of the Higgs trilinear self-coupling �HHH . Note that
the selection requirements applied reduce the sensitivity to �HHH .

It is important to remark that this is a simple cut and count experiment, and due to the dependency of
the cross section on the Higgs trilinear self-coupling �HHH , the limits shown here cannot separate those
parameters. We leave for a future study to use the shape information in the Higgs boson kinematics in
order to extract direct limits on the coupling constant. Using the ⌧had⌧had channel, we can project an
exclusion at 95% Confidence Level of BSM couplings with �HHH/�SM  �4 and �HHH/�SM � 12.
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To derive the e�ciency for b-tagging a jet, the response of the ATLAS MV1 b-tagging algorithm [33],
mixed with the track confirmation algorithm, was computed using fully simulated events. A typical
rejection factor of 1300 for jets not containing any heavy flavour hadrons, 8 for c-jets, and 1350 for
pile-up jets is obtained. The transverse energy of the b-jets is corrected for di↵erences between parton
and reconstruction levels.

4 Event Selection

To select H(bb̄)H(��) events, the following event selection cuts, summarised in Table 2, are applied. Only
events accepted by the di-photon trigger, which requires each photon to have a pT greater than 25 GeV
within |⌘| < 2.5 are considered. O✏ine, the two photons should have pT > 30 GeV and be within the
acceptance of the electromagnetic calorimeter but excluding the region between the barrel and endcap
calorimeter, in which the performance is poor (|⌘| < 1.37 or 1.52 < |⌘| < 2.37). To ensure the photons
are isolated, each photon is required to be separated by �R�� =

p
�⌘2 ⇥ ��2 > 0.4 from other photons

and by �R� jet > 0.4 from jets found in the event. Furthermore, �R�� has to be below 2.0 due to the boost
of the photons from the Higgs boson. The two-photon system should fulfil pT > 80 GeV and have an
invariant mass within 122 < m�� < 128 GeV. In addition, events including isolated electrons and muons
with pT > 25 GeV within |⌘| < 2.5 are rejected.

Events are required to contain no more than five jets with pT > 30 GeV and |⌘| < 2.5. At least two of
these jets must be b-tagged within |⌘| < 2.4. The leading b-jet is required to have pT > 40 GeV and the
subleading jet pT has to exceed 30 GeV. The bb̄ system must have pT > 80 GeV, 100 < mbb̄ < 150 GeV
and is required to fulfil 0.4 < �Rbb̄ < 2.0.

Event Selection Criteria
� 2 isolated photons, with pT > 30 GeV, |⌘| < 1.37 or 1.52 < |⌘| < 2.37
� 2 jets identified as b-jets with leading/subleading pT > 40/30 GeV, |⌘|<2.4
< 6 jets with pT > 30 GeV, |⌘| < 2.5
No isolated leptons with pT > 25 GeV, |⌘| < 2.5
0.4 < �Rbb < 2.0, 0.4 < �R�� < 2.0, 0.4 < �R� jet
122 < m�� < 128 GeV, 100 < mbb < 150 GeV
p��T , pbb

T > 80 GeV

Table 2: Event selection criteria applied in the analysis.

In the following, the events passing the above selection criteria are split into two categories depending
on the photon pseudorapidities. If both photons are located in the barrel region of the electromagnetic
calorimeter (|⌘| < 1.37), the event is flagged as ’barrel-barrel’. Otherwise, it is labelled as ’other’.

The sources of jets identified as b-jets and reconstructed photons are displayed in Figure 1 for the back-
ground. It demonstrates that the two jets tagged as b-jets in the analysis come predominantly from genuine
b-jets. This is followed by events in which one or both of the b-tagged jets arise from c-jets. It is less likely
that at least one of the b-tagged jets originates from a pile-up or light jet. Most of the photon pairs come
from genuine photons at generator level. For other photon pairs, one of the photons was misidentified and
most likely comes from either a light jet, a pile-up jet or an electron.
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Selection requirement E�ciency (%)
trigger + � 2 tight photons with pT > 25 GeV 32.0
� 2 photon candidates with pT > 30 GeV 27.4

� 2 jet candidates 21.7
� 2 b-jet candidates 7.73
< 6 jet candidates 7.46

isolated lepton veto 6.96
0.4 < �Rbb < 2.0,�R�� < 2.0 5.25

122 < m�� < 128 GeV 3.95
100 < mbb̄ < 150 GeV 2.90

H candidates pT > 80 GeV 2.89

Table 3: Cut flow for the signal process HH ! bb̄�� with an average pile-up of < µ >=200.

5 Results

Following the selection procedure described in the previous section, the expected numbers of signal and
background events, normalised to an integrated luminosity of 3000 fb�1, are estimated using simulated
events. To fully exploit the MC samples and minimise the fluctuations from the smearing functions, two
statistical approaches were implemented. The first one is to apply many times the smearing functions on
the true particles with di↵erent seeds on the same events and compute the mean selection e�ciency. This
method is simple to implement but is limited for backgrounds with large cross-sections and large rejection
rates (bb̄ j j for example). To bypass this limitation, a weighting procedure was developed. Within each
event, the di↵erent possible final states derived from truth particles are determined and evaluated. A final
state probability is the product of its object probabilities. For final states passing event cuts, their prob-
ablilities are summed to compute the selection e�ciency. The limitation of this method is the possibility
to have events with large combinatorics and hence large computing memory usage. This second method
was validated against the first one for most of the channels and was applied to the bb̄ j j sample which
would have required too many iterations in the first method.

To estimate the statistical uncertainty originating from the limited number of generated events, each of
the MC samples is subdivided into subsamples. This uncertainty is computed from the RMS of the mean
value from each subsample divided by the square root of the number of subsamples.

Table 4 lists, for each diphoton category, the expected number of events for signal and each background
channel, the total background and the significance. The significance is calculated as S/

p
B, where S is

the signal yield and B the background yield. Combining the two categories, the expected number of signal
events is 9.544 ± 0.029 and 90.9 ± 2.0 events for the background. Splitting the events into two categories
improves the significance by 5% and leads to an expected sensitivity of 1.052 with a statistical uncertainty
from the finite size of the MC samples of 0.026. To estimate roughly the equivalent of the combined
results in this channel from both ATLAS and CMS, 6000 fb�1of data can be assumed. This yields a
significance of 1.49 ± 0.05. The invariant mass distributions of the dijet and diphoton pairs are shown in
Figure 2. The dominant backgrounds are bb̄�� and bb̄ j� final states. Other processes that also contribute
significantly to the total expected background include ZH(!��), tt̄H(!��), cc̄��, bb̄ j j, and tt̄�. When
HL-LHC data will be available, the non-resonant background will be precisely estimated applying the
side-band method on the diphoton mass distribution as used in the bb̄�� Run-2 analysis [34]. As a test,
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Process Generator � · BR Order Equivalent
[fb] QCD Lumi. [fb�1]

H(bb̄)H(��), �/�S M = 1 MadGraph5/Pythia 8 0.11 NNLO 5.5 ⇥ 106

H(bb̄)H(��), �/�S M = 0 MadGraph5/Pythia 8 0.23 NNLO 1.3 ⇥ 106

H(bb̄)H(��), �/�S M = 2 MadGraph5/Pythia 8 0.05 NNLO 6.1 ⇥ 106

H(bb̄)H(��), �/�S M = 10 MadGraph5/Pythia 8 1.81 NNLO 0.2 ⇥ 106

ggF(��) Powheg-Box/Pythia 6 1.2 ⇥ 102 NNNLO 8.1 ⇥ 103

tt̄H(��) Pythia 8 1.40 NLO 7.1 ⇥ 104

ZH(��) Pythia 8 2.24 NLO 4.4 ⇥ 104

bb̄H(��) Pythia 8 1.26 NLO 4.2 ⇥ 106

bb̄�� MadGraph5/Pythia 8 1.4 ⇥ 102 LO 1.8 ⇥ 104

cc̄�� MadGraph5/Pythia 8 1.1 ⇥ 103 LO 3070
j j�� MadGraph5/Pythia 8 1.6 ⇥ 104 LO 2460
bb̄ j� MadGraph5/Pythia 8 3.8 ⇥ 105 LO 130
cc̄ j� MadGraph5/Pythia 8 1.1 ⇥ 106 LO 36
bb̄ j j MadGraph5/Pythia 8 4.6 ⇥ 108 LO 0.005

Z(!bb̄)�� MadGraph5/Pythia 8 5.07 LO 2.0 ⇥ 104

tt̄(� 1lepton) Powheg-Box/Pythia 6 5.3 ⇥ 105 NNLO 5.7 ⇥ 102

tt̄�(� 1lepton) MadGraph5/Pythia 8 5.0 ⇥ 103 NLO 2 ⇥ 103

Table 1: List of MC sample produced for this analysis including the generators used for the matrix element gen-
eration and the parton showering. In addition, the cross section times branching ratio, the order in QCD of the
cross-section calculation used, and the equivalent luminosity of the sample are given.

The photon e�ciencies, resolutions and fake rates were computed from simulations based on the detector
layout presented in the Scoping Document and documented in Ref. [30]. In this analysis, the e�ciency
used to identify isolated photons is around 50% at pT = 50 GeV and saturates at 85% above 150 GeV.
The corresponding probability for a jet emerging from the primary interaction to be mis-identified as a
photon is at most 5 ⇥ 10�4. The probability that an electron fakes a photon is assumed to be 2% (5%) in
the barrel (endcap) region.

To reconstruct jets, the anti-kt algorithm [31] with a distance parameter of 0.4 is used. One main change
with respect to the previous analysis is the emulation of additional jets coming from pile-up. The mean
number of such pile-up jets with pT > 30 GeV and |⌘| < 2.5 is 5.5 (< µ >=200) per event. Most of these
jets can be rejected using tracking information by looking at the ratio of the scalar pT sum of the tracks
that are associated with the jet and originate from the hard-scatter vertex divided by the fully calibrated
jet pT (including pile-up subtraction). Small ratios typically arise from pile-up jets, while the ratio is
larger for jets from the primary interaction. This method is applied to jets with pT < 100 GeV, as the
probability that a high pT jet is arising from pile-up is very small. Using this method, a working point
with a typical rejection factor (dependent on pT and ⌘) of 50 for pile-up jets is used. This results on
average in 0.14 pile-up jets per event. More details on this method, which in the following is referred to
as track confirmation, is given in Ref. [7].

The b-tagging e�ciency and mistag rates have also been updated with the most recent Inner Tracker
layout, which is documented in the Technical Design Report for the ITk Strip Detector [32]. The b-
tagging working point of 70% b-jet identification e�ciency was chosen. The b-tagging performance for
the reconstructed jets is modelled by applying a pT and ⌘ dependent e�ciency or mistag rate function.
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Categorisation Barrel-barrel Other
H(!bb̄)H(!��), �/�S M = 1 7.309 ± 0.025 2.235 ± 0.016

tt̄H(!��) 5.89 ± 0.13 1.98 ± 0.08
ZH(!��) 3.42 ± 0.17 1.56 ± 0.06
bb̄H(!��) 0.106 ± 0.011 0.042 ± 0.005
ggH(!��) 1.96 ± 0.29 0.78 ± 0.19

bb̄�� 12.4 ± 0.4 9.4 ± 0.5
cc̄�� 5.70 ± 0.31 2.77 ± 0.34
j j�� 2.2 ± 0.5 1.84 ± 0.32
bb̄ j� 11.8 ± 0.8 10.8 ± 0.8
cc̄ j� 2.5 ± 0.7 0.7 ± 0.4
bb̄ j j 3.3 ± 0.7 2.05 ± 0.33

Z(!bb̄)�� 1.21 ± 0.10 0.85 ± 0.10
tt̄�(� 1lepton) 3.80 ± 0.34 1.36 ± 0.14
tt̄(� 1lepton) 0.80 ± 0.28 1.6 ± 0.4

Total background 55.1 ± 1.6 35.7 ± 1.3
Significance 0.984 ± 0.018 0.373 ± 0.017

Combined significance 1.052 ± 0.026

Table 4: Expected number of signal and background events split according to categorization for < µ >=200 normal-
ised to 3000 fb�1 together with the statistical uncertainty from the MC statistics. In the last two rows the significance
per category and the combined significance are displayed.

a simpler version of this method was applied to the current MC samples and, normalised to 3000 fb�1,
a 5% statistical uncertainty on the sum of all non-resonant backgrounds was obtained. Using the current
theoretical uncertainties on the QCD scale, ↵S and PDF uncertainties, the background uncertainty from
single Higgs boson production is 8%. The single Higgs boson production amounts to 17% of the total
background in the signal region and therefore the associated uncertainty of the significance is of the order
of one percent.

6 Limit setting for non-BSM couplings

In this section, the sensitivity from BSM models which modify the di-Higgs couplings is studied. Vari-
ations in the Higgs boson self-coupling, �, change the total cross-section of the non-resonant HH pro-
duction. There is also a smaller e↵ect arising from the change in the number of di-Higgs events passing
the signal selection as a function of � due to kinematical e↵ects. The changes in the expected number of
events for di↵erent values of � w.r.t. the SM couplings �S M were estimated using the morphing technique
documented in Ref. [35] for �20 < �/�S M < 20. This allows to set upper limits on the cross-section as a
function of �/�S M in the pseudo-dataset corresponding to 3000 fb�1, neglecting the e↵ect of systematic
uncertainties, using the CLs technique [36]. The thus obtained cross-section limit (dashed line) together
with the ±1� and ±2� uncertainty bands is shown in Figure 3. Also shown is the parameterisation of the
predicted cross section (red line). The minimum of this curve is displaced with respect to zero due to the
dependence of the cross-section coming from the mixture of box and self-coupling diagrams, including
interference e↵ects, and the e↵ects of the analysis selection. The exclusion limits grow worse in the range
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• ttHH cross-section is more than an order of  magnitude smaller than hh in gluon-gluon fusion 

• The presence of  top quark pair reduces the backgrounds  

• Not suffer from destructive interference in the cross section 

• A cut-based analysis 
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Figure 3: Leading order Feynman diagrams for tt̄HH .

Sample Generator � (fb) Filter Events in 3 ab�1 Events Generated

tt̄HH (HH ! bb̄bb̄) MadGraph/Pythia8 0.33 - 990 20,000
tt̄bb̄ + jets Sherpa 3750 0.52 5,850,000 6,000,000
tt̄H (H ! bb̄) + jets Sherpa 371 0.55 612,000 600,000
tt̄ Z (Z ! bb̄) + jets Sherpa 163 0.55 269,000 300,000

Table 1: Summary of the signal and background samples used in this analysis. The backgrounds samples are
generated with a filter requiring a charged lepton (e, µ or ⌧) with pT > 20 GeV. An additional filter on the tt̄bb̄ at
the a matrix element level requires b-quarks to have pT > 15 GeV and mbb > 30 GeV.

in the parton shower. Each background process is generated using Sherpa2.2 [13] at leading order, using
massless b-quarks, and with up to two additional jets generated in the matrix element; the NNPDF3.0
PDF set is used [14]. As this analysis considers only final states containing electrons or muons, a filter is
applied to select events with at least one electron, muon or tau with pT > 20 GeV. Additionally, for the
tt̄bb̄ sample, a selection at the matrix element level is applied on the b-quarks of pT > 15 GeV and on the
invariant mass of mbb > 30 GeV.

The cross section for tt̄HH sample is normalised to the next-to-leading-order prediction of �t t̄HH =

0.981 fb (before the Higgs boson branching ratio is applied) presented in Ref. [7]. The background
samples are normalised to leading order, using the cross section calculated by the generator.

Additional background from, e.g., tt̄cc̄, tt̄W+jets, tt̄ Z Z , tt̄H Z , tt̄tt̄ and W bb̄bb̄ production are not con-
sidered in this analysis. In particular the tt̄cc̄ background would contribute due to a significant mistag
rate in the b-tagging algorithm used in this analysis, as discussed in section 3.1.2. These backgrounds are
not expected to significantly change the conclusions.

3 Analysis

The analysis presented in this note, uses the semi-leptonic final state of the tt̄ where one of the top quarks
decays to an electron or muon, including decay through a tau lepton. Therefore the final state of tt̄HH is
one electron or muon, two light jets, six b-jets and missing transverse momentum.

Studies of potential trigger menus which could be employed at ATLAS for the HL-LHC suggest it will
be possible to use single electron and muon triggers with pT thresholds of 22 GeV for electrons and 20
GeV for muons. The e�ciency of these triggers is discussed in Section 3.2.
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Significance: 0.35σ (No sys errors) 

Figure 4: Left: Jet multiplicity, after the selections for trigger and electron/muon. Right: Number of b-tagged jets
in events that have passed the � 7 jets selection.

The distributions for these variables are shown in Figures 4, 5 and 6.

After examining the numbers of events passing selections on the above variables, and optimising the
statistical significance using S/

p
B, a single selection criteria of h⌘(bi ,bj )i < 1.25 is applied. This

selection criterion is optimal for both the � 5 b-tag and � 6 b-tag selection. No selection on either
centrality or HB is made as these made only minimal improvements to the significance.

3.2.2 Higgs Boson Candidate Reconstruction

The Higgs bosons in events may be fully reconstructed by assigning the b-jets and light jets to the top and
Higgs boson candidates. However, due to the large number of jets in the event, this poses a combinatorial
problem. Two di↵erent methods are studied to assign the b-tagged jets to the Higgs boson candidates.

The first method follows the procedure performed in the phenomenological analyses in Refs [3, 4]. It
selects b-tag jet pairs that minimise the following quantity:

�2 = (mb1b2 � mH )2 + (mb3b4 � mH )2 (1)

where mH is set to 120 GeV. The choice of 120 GeV, not the 125 GeV used for simulation follows the
method in the above references and is motivated by the loss of some the jet energy through decays to
neutrinos.

A second method finds the pair of b-tagged jets which had the largest vector sum pT and assigns this pair
as a Higgs boson candidate; this is shown in Figure 5.

In contrast with Refs [3, 4], it is found that making a requirement on mbb does not improve the stat-
istical significance in either case and therefore no requirement is made on the mass of the Higgs boson
candidates.
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Figure 5: Left: average separation in pseudorapidity between two b-tagged jets h⌘(bi ,bj )i, after trigger, lepton
and number of jets requirements with � 5 b-tags. Right: Higgs boson candidate mass, mbb , found from selecting
the b-tagged jets which have the largest vector sum pT shown for events that have passed the � 5 b-tag selection,
normalised to unity.

Figure 6: Left: centrality; Right: HB . Both variables are plotted after after trigger, lepton and number of jets
requirements with � 5 b-jets.

4 Results

The results for the tt̄HH signal and backgrounds are shown in Table 2. For the � 5 b-tag selection,
the number of signal and background events in 3000 fb�1 is 25 and 7,100 respectively, with the largest
background contribution from the tt̄bb̄ + jets. For exactly 5 b-tags, the number of signal and background
events is 19 and 6,600 events, resulting in a significance of 0.23�. For the � 6 b-tag selection, the
number of signal and background events is 6 and 510 respectively, resulting in a statistical significance of
0.26�. Combining these two significances in quadrature results in an overall significance of 0.35�.

A full consideration of the systematic uncertainties on the background is beyond the scope of this note.
Background uncertainties will be constrained using HL-LHC data. Additionally, there is likely to be more
accurate theoretical predictions available when the full HL-LHC dataset has been collected. Tables 3
and 4 present the limits that can be set on the cross section for tt̄HH production for di↵erent systematic
uncertainties on the production of the backgrounds.

Table 5 shows an analysis of events in the tt̄bb̄+jets sample which pass the event selection criteria in
the � 5 b-tag selection. Only 3% of this background comes from events with 6 true b-jets. The main
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the b-tagged jets which have the largest vector sum pT shown for events that have passed the � 5 b-tag selection,
normalised to unity.

Figure 6: Left: centrality; Right: HB . Both variables are plotted after after trigger, lepton and number of jets
requirements with � 5 b-jets.
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Sample No cuts Trigger One lepton �7 jets �5 b-tags ⌘(bi ,bj ) �6 b-tags

tt̄HH (HH ! bb̄bb̄) 990 513 253 139 29 25 6

tt̄H (H ! bb̄) + jets 610,000 500,000 290,000 69,000 1,580 1,200 90
tt̄ Z (Z ! bb̄) + jets 270,000 220,000 125,000 26,000 600 390 30
tt̄bb̄ + jets 5,900,000 4,800,000 2,800,000 460,000 9,700 5,500 400

total background 6,800,000 5,500,000 3,200,000 550,000 11,900 7,100 520

Table 2: Summary of event selection criteria applied to signal and background events for 3000 fb�1. The background
samples are filtered to require a charged lepton with pT > 20 GeV, whereas no filter is required on the signal sample;
this leads to a the appearance of a smaller trigger e�ciency for the signal sample. ⌘(bi ,bj ) refers h⌘(bi ,bj )i < 1.25
requirement; this column gives the number of events in � 5 b-tag selection; the final column shows the number of
events in the � 6 b-tag selection.

Background uncertainty 95% CL limit on �(tt̄HH)/�SM
0 6.8

5% 20
10% 32

Table 3: 95% limits on the cross section for tt̄HH production for the � 5 b-tag selection, assuming di↵erent
systematic uncertainties on the backgrounds. The same percentage uncertainty is applied to all the background
processes considered.

Background uncertainty 95% CL limit on �(tt̄HH)/�SM
0 8.0

5% 10
10% 16

Table 4: 95% limits on the cross section for tt̄HH production, for the � 6 b-tag selection assuming di↵erent
systematic uncertainties on the backgrounds. The same percentage uncertainty is applied to all the background
processes considered.

Classification Number of events
truth-b-jets truth-c-jets all events with c-jet from W with c-jets not from W

2 0 15
2 � 1 100 90 10
3 0 200
3 � 1 1170 1020 150
4 0 1130
4 � 1 4630 3890 740
5 1950
6 410

Table 5: Classification of truth jets in the tt̄bb̄ sample for the � 5 b-jet selection. The main component of the
background is due to real charm jets from the decay of W -bosons, that are mistaken for b-jets.

10

47

Sample No cuts Trigger One lepton �7 jets �5 b-tags ⌘(bi ,bj ) �6 b-tags

tt̄HH (HH ! bb̄bb̄) 990 513 253 139 29 25 6

tt̄H (H ! bb̄) + jets 610,000 500,000 290,000 69,000 1,580 1,200 90
tt̄ Z (Z ! bb̄) + jets 270,000 220,000 125,000 26,000 600 390 30
tt̄bb̄ + jets 5,900,000 4,800,000 2,800,000 460,000 9,700 5,500 400

total background 6,800,000 5,500,000 3,200,000 550,000 11,900 7,100 520

Table 2: Summary of event selection criteria applied to signal and background events for 3000 fb�1. The background
samples are filtered to require a charged lepton with pT > 20 GeV, whereas no filter is required on the signal sample;
this leads to a the appearance of a smaller trigger e�ciency for the signal sample. ⌘(bi ,bj ) refers h⌘(bi ,bj )i < 1.25
requirement; this column gives the number of events in � 5 b-tag selection; the final column shows the number of
events in the � 6 b-tag selection.
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