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• HL-LHC will provide 20 times the dataset delivered so far! 
• But a more challenging environment, with up to 200 additional interactions per bunch 

crossing, up to an order of magnitude larger radiation dose 
• Upgrades to the LHC and detectors needed for efficient data taking and event reconstruction at 

increased luminosity, and in a challenging environment
2

Higgs Discovery

RUN-2: 139 fb-1 at √s=13 TeV delivered

WE ARE HERE:  
Run-3 just started!!!

HL-LHC:  
3000 fb-1 at √s=14 TeV 

expected

https://hilumilhc.web.cern.ch/content/hl-lhc-project


ATLAS Upgrades for HL-LHC
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New all-silicon inner tracker (ITK) 
with coverage up to |η|=4 

New High Granularity Timing Detector (HGTD) 
in forward region

General overview of ATLAS Upgrades projects for HL-LHC
New muon chambers in barrel inner region

Front-end to be replaced for 
calorimeters and muon detectors 

New TDAQ off-detector electronics 
• L0 hardware trigger 

• with an output rate of 1 MHz 
• Event Filter 

• with an output rate of 10 kHz

https://agenda.infn.it/event/28874/contributions/169090/


ATLAS HL-LHC Projection Strategies
CERN Yellow Report from European Strategy for Particle Physics (2019): 

• Report on the Physics at the HL-LHC and Perspectives for the HE-LHC 
Snowmass White Paper (2022):  

• Physics with the Phase-2 ATLAS and CMS Detectors 

Two main strategies for ATLAS projections: 
• Extrapolations based on Run-2 results 

• Benefit from well-studied systematics models developed for the Run-2 analyses 
• A baseline scenario: “YR18 Systematic Uncertainties” 

• Parametric simulations based on detailed simulations of the upgraded detectors under HL-LHC conditions
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For the extrapolations, a HL-LHC scenario corresponding to a dataset of 3000 fb−1 of pp collisions 
at √ s = 14 TeV is considered

Snow
mass

Yellow
Report

https://cds.cern.ch/record/2703572
https://cds.cern.ch/record/2805993
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Fig. 106: Likelihood scans for projections on �H at 3000 fb�1 [139]. Scenarios S2 (solid magenta) and
S1 (dotted red) are compared to the case where all systematics (dashed black) are removed. The dashed
horizontal lines indicate the 68% and 95% CLs.

– The background to signal k-factor ratio RB
H(mZZ) uncertainty, two benchmarks are considered:

10% and 30%.

The expected precision on �H at 3000 fb�1 is 4.2+1.5
�2.1 MeV as shown in Fig. 107. It is more conservative

than the CMS result, and the cause of it was discussed above.
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Fig. 107: Likelihood scans on µo↵�shell with and without systematic uncertainties. The error on µ is
computed at the 1� level and the uncertainty on RB

H(mZZ) is set to 30%.

In conclusion, it is reasonable to believe the realistic precision from ATLAS at 3000 fb�1 will be
better than the number above. Using the CMS numbers, we con estimate that with CMS and ATLAS
measurements combined, the precision on the width can reach 4.1+0.7

�0.8 MeV.
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HIGGS PHYSICS AT THE HL-LHC AND HE-LHC
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Higgs Boson Mass and Width

Higgs boson mass measurement projections 
• Based on the H→Z Z*→ 4l channel results 

• The least sensitive to systematic uncertainties 

Higgs boson width projections 
• Based on Run-1 Analysis 
• Only H→Z Z*→ 4l final state used 

• Only theoretical uncertainties considered, 
systematics uncertainties are negligible 

• The expected precision on ΓH at 3000 fb-1  
• 4.2 MeV + 1.5 MeV - 2.1 MeV
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4 Higgs boson mass with ZZ
⇤ ! 4 leptons

The Higgs boson invariant mass has been measured with data collected in 2015 and 2016 (36 fb�1) and
published in Ref. [21]. The result is m

ZZ
⇤

H
= 124.79 ± 0.36 (stat.) ± 0.05 (syst.) GeV. The above analysis

has been extrapolated to 3000 fb�1 considering four scenarios. In the first scenario, the current systematic
uncertainties and the current detector performance are assumed, as in the S1 scenario considered in this
note. For the other scenarios, an improvement of 30 % in the transverse momentum resolution for muons
of 45 GeV is considered, as expected thanks to the new tracking detector foreseen to be used at HL-LHC
and whose performances are documented in the Technical Design Report for the ATLAS Inner Tracker
Pixel Detector [17]. In the last two scenarios, a reduction of 50% and 80% on the muon transverse
momentum uncertainty is assumed.

The total, statistical and systematic uncertainties are shown in Table 21.

�tot (MeV) �stat (MeV) �syst (MeV)

Current Detector 52 39 35

µ momentum resolution improvement by 30% or similar 47 30 37

µ momentum resolution/scale improvement of 30% / 50% 38 30 24

µ momentum resolution/scale improvement 30% / 80% 33 30 14

Table 21: Expected uncertainty on the measured mass of the Higgs boson for the S1 and upgraded detector scenarios
with 3000 fb�1 of HL-LHC data.

It should be noted that a detailed study of the calibration of the muons, electrons and photons with the very
large HL-LHC sample has not been done. The large dataset available by the end of HL-LHC will give the
opportunity to further optimise the analysis and to significantly reduce the systematic uncertainties on the
muon transverse momentum scale.
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Higgs boson off-shell signal strength

Yellow
Report

ATL-PHYS-PUB-2018-054 
CERN-2019-007

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/
https://cds.cern.ch/record/2703572


Higgs Boson Spin/CP
• Measurement of the CP quantum number of the Higgs boson 

coupling to τ leptons 
• Based on estimates from the measurement of the H→ττ  cross 

section with 36.1 fb-1 of √s=13 TeV data 

• Contributions from CP-violating interactions between the Higgs 
boson and τ leptons are described by a single mixing angle 
parameter φτ 
• φτ =0 for the SM (pure scalar) 
• φτ =π/2 for maximally CP-odd coupling (pure pseudoscalar) 

• Only τ±→ρ±ντ→π±π0ντ decays considered 
• The direction of the pions retain a strong correlations to the τ 

spin direction
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ATL-PHYS-PUB-2019-008
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Figure 4: �NLL distributions computed for di�erent scenarios of ⇡0 resolution. The �⌧ value at which the �NLL
curve intersects the dashed red and blue lines correspond to the 68% and 95% confidence intervals, respectively.

5 Statistical Analysis

A maximum likelihood estimator is utilised to test the sensitivity of the measurement of the �⌧ mixing
angle. For each �⌧ hypothesis, a binned likelihood is constructed from the expected '⇤CP distributions
in each of the five signal regions defined in Section 3. The likelihood is a function of the expected data
yields in all the signal regions and of the signal strength µ, which is the ratio of the signal yield over the
expected SM yield. The expected data is created as the sum of the expected Z ! ⌧⌧ and misidentified
⌧had background contributions and of the signal events under the scalar hypothesis. A fit is performed under
each �⌧ hypothesis minimising the negative log likelihood (NLL) and the best-fit �⌧ value is determined as
the one that yields the lowest NLL. The distribution of �NLL = NLL(�⌧ ) �NLLmin values is presented in
Fig. 4 for di�erent scenarios of ⇡0 resolutions. The �NLL curve shows that the pseudoscalar hypothesis
can be excluded at more than 95% confidence level even with a ⇡0 resolution as large as 1.5 times the
nominal one. The mixing angle �⌧ can be measured at 68% confidence level with a statistical precision of
approximately ±18� and ±33� assuming the nominal or a twice as large ⇡0 resolution, respectively.

6 Conclusions

A prospect of measuring the CP quantum number of the Higgs boson in its decay to ⌧ lepton pairs
with 3000 fb�1 of pp collision data at

p
s = 14 TeV collected with the ATLAS detector at the HL-LHC

is presented. The study tests the viability of utilising the H ! ⌧⌧ decays where both ⌧ leptons decay
via ⌧± ! ⇢±⌫⌧ ! ⇡±⇡0⌫⌧ . Expected signal and background yields are based on prospects for the
measurement of the Higgs boson couplings to ⌧ leptons at the HL-LHC [22] and on the measurement
at
p

s = 13 TeV [21]. The precision in the reconstruction of charged and neutral pions are based on the
expected performance of the upgraded ATLAS detector and on the full simulation of the ATLAS detector
in the LHC Run-1, respectively. Given the strong e�ect that the precision of the ⇡0 reconstruction is

8

The pseudoscalar hypothesis 
excluded at 95% CL even with 1.5x 
nominal π0 resolution  

A statistical precision of 
approximately ±18° and ±33° 
assuming the nominal or 2x π0 

resolution at 68% CL

Yellow
Report

https://cds.cern.ch/record/2665667/files/ATL-PHYS-PUB-2019-008.pdf
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Figure 19: Expected result for the measured cross sections for the ggF, VBF, W H , Z H and tt̄H production modes
normalised to their SM predictions assuming SM branching fractions for scenarios S1 (a) and S2 (b). The black
bars, yellow boxes and pink boxes show the total, statistical and systematic uncertainties respectively.
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Figure 20: Expected uncertainty on the measurements of the cross sections for the ggF, VBF, W H , Z H and tt̄H

production modes normalised to their SM predictions assuming SM branching fractions for the scenarios S1 (red)
and S2 (black).
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Figure 19: Expected result for the measured cross sections for the ggF, VBF, W H , Z H and tt̄H production modes
normalised to their SM predictions assuming SM branching fractions for scenarios S1 (a) and S2 (b). The black
bars, yellow boxes and pink boxes show the total, statistical and systematic uncertainties respectively.
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Figure 20: Expected uncertainty on the measurements of the cross sections for the ggF, VBF, W H , Z H and tt̄H

production modes normalised to their SM predictions assuming SM branching fractions for the scenarios S1 (red)
and S2 (black).
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Higgs Boson Cross-Section
• Extrapolated from the Run-2 results using datasets of 36 fb-1 and 80 fb-1 collected at 13 TeV 
• All the extrapolated single-channel results are combined to compute the cross sections per 

production mode and the branching ratios  
• ggF, VBF, VH, ttH+tH production modes are studied 
• Decays of the Higgs boson to γγ, Z Z, WW, ττ, bb considered

7

ATL-PHYS-PUB-2018-054

S2: 
YR18 
Sys

BR norm. to SM value
0.6 0.8 1 1.2 1.4 1.6 1.8 20.001

7

 0.073 ) ± 0.020 ± 0.076 ( ± 

 0.057 ) ± 0.017 ± 0.060 ( ± 

 0.057 ) ± 0.010 ± 0.058 ( ± 

 0.059 ) ± 0.012 ± 0.060 ( ± 

 0.051 ) ± 0.016 ± 0.053 ( ± 

 0.075 ) ± 0.127 ± 0.149 ( ± 

 0.131 ) ± 0.203 ± 0.242 ( ± 

Total Stat. Syst.

Total        Stat      Syst

 PreliminaryATLAS
Projection from Run 2 data

-1 = 14 TeV, 3000 fbs
bbBR

ττBR

WWBR

γγBR

ZZBR

µµBR

γZBR

(a) Scenario S1

BR norm. to SM value
0.6 0.8 1 1.2 1.4 1.6 1.8 20.001

7

 0.046 ) ± 0.020 ± 0.050 ( ± 

 0.041 ) ± 0.017 ± 0.044 ( ± 

 0.043 ) ± 0.010 ± 0.044 ( ± 

 0.035 ) ± 0.012 ± 0.037 ( ± 

 0.035 ) ± 0.016 ± 0.038 ( ± 

 0.049 ) ± 0.127 ± 0.137 ( ± 

 0.131 ) ± 0.203 ± 0.242 ( ± 

Total Stat. Syst.

Total        Stat      Syst

 PreliminaryATLAS
Projection from Run 2 data

-1 = 14 TeV, 3000 fbs
bbBR

ττBR

WWBR

γγBR

ZZBR

µµBR

γZBR

(b) Scenario S2

Figure 21: Expected result for the measured branching ratios of the H ! ��, Z Z , WW , ⌧⌧, bb, µµ and Z� decay
channels normalised to their SM predictions assuming SM production cross section for scenarios S1 (a) and S2 (b).
The black bars, yellow boxes and pink boxes show the total, statistical and systematic uncertainties respectively.
For the BRZ� measurement, dominated by statistical uncertainties, the systematic uncertainties for scenario S2 are
assumed to be equal to those used for the scenario S1.
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Figure 22: Expected uncertainty on the branching ratio measurements for the ��, Z Z , WW , ⌧⌧, bb, µµ and Z�
decay channels normalised to their SM predictions assuming SM production cross section for scenarios S1 (red)
and S2 (black). For the BRZ� measurement, dominated by statistical uncertainties, the systematic uncertainties for
scenario S2 are assumed to be equal to those used for the scenario S1.
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Scenario Scenario S1 Scenario S2
Parameter no BSM with BSM no BSM with BSM
W +0.032

�0.031 �0.030 +0.022
�0.022 �0.022

Z +0.026
�0.025 �0.025 +0.018

�0.018 �0.017
t +0.068

�0.058
+0.063
�0.058

+0.043
�0.040

+0.039
�0.040

b +0.064
�0.060

+0.043
�0.059

+0.044
�0.043

+0.031
�0.042

⌧ +0.038
�0.037

+0.032
�0.036

+0.028
�0.027

+0.024
�0.027

g +0.043
�0.041

+0.042
�0.043

+0.032
�0.030

+0.028
�0.030

� +0.038
�0.036

+0.029
�0.035

+0.024
�0.023

+0.020
�0.023

µ +0.079
�0.076

+0.078
�0.076

+0.070
�0.071

+0.069
�0.071

Z� +0.128
�0.126

+0.127
�0.126

+0.124
�0.123

+0.123
�0.123

BBSM - +0.049 - +0.033

Table 18: Expected uncertainties on the measurement of each Higgs boson coupling modifier per particle type with
e�ective photon, gluon and Z� couplings for scenarios S1 and S2 either including BBSM as a free parameter or
fixing it to zero. The SM corresponds to BBSM=0 and all  parameters equal to unity. All parameters except t are
assumed to be positive. In case BSM contributions are allowed, the conditions W ,Z  1 are also applied. The
systematic uncertainties related to the Z� channel for scenario S2 are assumed to be equal to those used for the
scenario S1, since the Z� measurement is dominated by statistical uncertainties.
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Figure 30: Expected result for the measurement of each Higgs boson coupling modifier per particle type with
e�ective photon, gluon and Z� couplings, and without BSM contribution to the Higgs boson total width. The
SM corresponds to all  parameters equal to unity. All parameters except t are assumed to be positive. Plot (a)
corresponds to scenario S1 and (b) to scenario S2.
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Figure 30: Expected result for the measurement of each Higgs boson coupling modifier per particle type with
e�ective photon, gluon and Z� couplings, and without BSM contribution to the Higgs boson total width. The
SM corresponds to all  parameters equal to unity. All parameters except t are assumed to be positive. Plot (a)
corresponds to scenario S1 and (b) to scenario S2.
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Higgs Boson Coupling Modifiers

8

• Results are interpreted for Higgs boson coupling modifiers κ 
• No BSM contribution to the Higgs boson total width

POI Scenario Precision
W HL-LHC S1 +0.028

�0.027

HL-LHC S2 +0.019
�0.019

Z HL-LHC S1 +0.026
�0.025

HL-LHC S2 +0.017
�0.017

t HL-LHC S1 +0.043
�0.041

HL-LHC S2 +0.030
�0.029

b HL-LHC S1 +0.064
�0.060

HL-LHC S2 +0.044
�0.043

⌧ HL-LHC S1 +0.038
�0.036

HL-LHC S2 +0.028
�0.027

µ HL-LHC S1 +0.079
�0.076

HL-LHC S2 +0.070
�0.071

Table 15: Expected precision of the measurements of Z , W , b , t , ⌧ and µ for scenarios S1 and S2 using a
model where the couplings modifiers F and V are measured assuming no BSM contribution to the Higgs boson
decays, and the SM structure of loop processes such as ggF, H ! �� and H ! gg.
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Figure 29: Reduced coupling strength modifiers F mF
v

for fermions (F = t, b, ⌧, µ) and pV mV
v

for weak gauge
bosons (V = W, Z) as function of their masses mF and mV , respectively, and the vacuum expectation value of the
Higgs boson field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The uncertainties in
the scenarios S1 and S2 are displayed in (a) and (b). The couplings modifiers F and V are measured assuming
no BSM contribution to the Higgs boson decays, and the SM structure of loop processes such as ggF, H ! �� and
H ! gg.
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3.7 Measurement of coupling parameters in the  framework

This section discusses the measurements of coupling parameters in the " framework" [3], as already
included in the Run 1 combination [1]. In this framework, the (� ⇥ B) for the various Higgs boson
production and decay modes are expressed in the narrow-width approximation as

�i ⇥ B(H ! f ) =
�i ⇥ �f
�H

=
2
i
2
f

2
H

�SM
i
⇥ BSM(H ! f ) (2)

where i and  f are multiplicative factors applied on the SM production and decay amplitudes respectively,
and the factor 2

H
is applied on the total Higgs boson decay width �H .

The i,  f are then expressed in terms of multiplicative factors applied to the Higgs boson couplings to
SM particles, using expressions inspired by the leading-order Feynman diagrams for the corresponding
processes. Factors related to fundamental couplings in the SM are W , Z , t , b , ⌧ and µ .

Couplings g for the ggF vertex, � for the H�� vertex and Z� for the H Z� vertex are expressed either
as a function of the more fundamental factors W , Z , t , b , ⌧ and µ or kept as e�ective modifiers.

The 2
H

parameter can be expressed as

2
H
=

P
f 

2
f
BSM(H ! f )

1 � BBSM
(3)

where BBSM includes both invisible decays and modifications to visible decays which are not measured in
the analyses included in the combination.

The measurement of the  j requires knowledge of H : since on-shell Higgs boson � ⇥ B measurements
only measure i/H , the i would otherwise be known only up to a common multiplicative factor. Since
BBSM cannot be unambiguously measured at LHC, this requires specific assumptions. These assumptions
can be any of the following:

• Assume BBSM = 0, so that H can be expressed simply in terms of the measured  j .

• Include BSM contributions to the Higgs boson total width through the parameter BBSM, constrained
by assuming BBSM � 0 and W ,Z  1. The latter condition holds true for a broad class of extensions
of the SM and disfavors large values of BBSM [3].

• Use o�-shell measurements to constrain the Higgs boson total width and therefore 2
H

, as was done
in the ATLAS Run 1 combination [1].

• Probe ratios of coupling modifiers, which can be measured without any assumption on the total
width of the Higgs boson

The formulas for each case are listed in Ref. [2].
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Figure 9: Run 2 (red) and projected HL-LHC (blue) expected precision of the � ! g
+
g
� production mode

measurements for ggF, VBF, +� and CC̄�, scaled to their cross-section expectation values. The precision of the
combined result for the inclusive cross-section, also scaled to its expectation value, is included at the bottom. The
uncertainty on the predicted signal cross-section for each production mode, illustrating the current (light grey) and
projected HL-LHC (hashed) precision of theory calculations, is also shown. [67]
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cross-section in each bin is also shown, illustrating the current (light grey) and projected HL-LHC (hashed) precision
of theory calculations. [67]
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H→ττ Cross-Section
• The inclusive pp→H→τ+τ- cross-section measurement is projected to have a precision of 5%  

• σ(pp→H→τ+τ-)exp / σ(pp→H→τ+τ-)SM = 1.00 ± 0.05 = 1.00 ± 0.01 (stat.) ± 0.04 (sig. th.) ± 0.02 (syst) 
• The projected precisions are 11%, 7%, 14%, 24% for ggF, VBF, VH, and ttH production mode 

measurements, respectively
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jet multiplicity and signal/control regions. The invariant mass of the two leading jets <
22

is used as
the discriminant. At the HL-LHC an upper limit of 6.4 times the Standard Model prediction of the
+�,� ! 22̄ signal strength is expected at the 95% CL. The statistical and systematic uncertainties are
expected to have a similar impact, and the largest single contribution to systematic uncertainties comes
from the modeling of the / + jets background. The signal strength can be parameterized in terms of the
Higgs boson coupling modifier ^

2
, where a constraint of |^

2
| < 3.0 is expected at 95% CL at HL-LHC. The

expected limit on the +�,� ! 22̄, using the full Run-2 dataset, is a factor 4 lower in the analysis from the
CMS Collaboration (see Sec. 2.2.5) than the expected limit from the ATLAS Collaboration [66]. Two main
reasons for this di�erence are: the usage of advanced multivariate techniques in the analysis categories
targeting two resolved jets, and the inclusion of boosted analysis categories using substructure methods.

\N,N ! bb̄/cc̄ extrapolation results The two analyses can be combined by performing a fit to the
+�,� ! 11̄ and +�,� ! 22̄ signal regions simultaneously and allowing both signal strengths to float.
Uncertainties are left largely uncorrelated between the two analyses. The resulting expected best fit signal
strengths at HL-LHC are `

11̄

+ �
= 1.00 ± 0.06 and `

22̄

+ �
= 1.00 ± 3.20. It is possible to perform a fit to the

^ coupling modifiers, which results in an expected constraint of |^
2
/^

1
| < 2.7 at 95% CL (compared to 5.1

for the full Run-2 result). The resulting likelihood scans for the fit to the signal strengths and coupling
modifiers are shown in Figure 8.

(a) (b)

Figure 8: Expected profile likelihood scans for the +�,� ! 11̄/22̄ combination extrapolated to a dataset of
3000 fb�1 at

p
B = 14 TeV. A two-dimensional scan is shown for (a) a simultaneous fit to `

22̄

+ �
and `

11̄

+ �
and (b) a

simultaneous fit to ^
1

and ^
2

[63].

2.2.9 N ! 33 cross-section measurement results with ATLAS at the HL-LHC [67]

An extrapolation aiming to assess the expected sensitivity of ?? ! � ! g
+
g
� cross-section measurements

at the HL-LHC is performed using the results obtained with 139 fb�1 of ?? collisions at
p
B = 13 TeV [68].

A HL-LHC scenario corresponding to a dataset of 3000 fb�1 of ?? collisions at
p
B = 14 TeV is considered.

The results consist of the measurement of the total ?? ! � ! g
+
g
� cross-section as well as that of the

four main Higgs boson production cross-sections. A study of their kinematic dependence is also presented
within the Simplified Template Cross-Section (STXS) framework. The uncertainty related to the finite size

20

VH, H→bb and VH, H→cc

10

The expected best fit signal 
strengths at HL-LHC 

• µVH(bb) = 1.00 ± 0.06 

• µVH(cc) = 1.00 ± 3.20 

The expected constraint of |Κc/Κb| 

• |Κc/Κb| < 2.7 at 95% CL

• The extrapolation from the Run-2 VH, H→bb and VH, H→cc analyses 

• Performed a fit to the signal strengths as well as to the coupling modifiers
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Higgs Self-Coupling
• One of the major goals of the HL-LHC is to measure the Higgs boson self-coupling (λHHH) 
• Higgs self-coupling is accessible at tree level in HH production and at loop level in single-H production 
• SM HH production cross-section (σHH) is ~1000 times smaller than σH 
• Various BSM theories predict enhancements in the HH production rate
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Higgs Self-Coupling
The projections for the non-resonant HH production in bbγγ and bbττ final states updated 

• Results contain substantial improvements (in analysis methods, τ reconstruction identification, b-
tagging) with respect to the previous projections 

• A statistical combination of these updated projections performed 
• Effects of κλ on VBF processes were also introduced in the updated results

12

The expected SM �� signal significance and the measured signal strength in the updated projection is
shown in Figure 16(a) for the various systematic uncertainties scenarios also assumed in the 11̄g

+
g
� and

11̄WW projections. In the baseline scenario, a significance of 3.2f is expected to be reached at the HL-LHC
when combining the 11̄g+g� and 11̄WW channels. This result represents an improvement with respect to the
previous ATLAS projection [77], which provided a total combined significance of 2.9f when combining
the 11̄g

+
g
�, 11̄WW and 11̄11̄ final states. In the updated projection, when systematic uncertainties are not

considered, the combined significance increases to 4.6f. This represents another important improvement
with respect to the previous ATLAS projection which reported a significance of 3.3f without systematic
uncertainties. Figure 16(b) also shows the ^

_
likelihood scans of the single and combined searches in

the baseline systematic scenario. After combination, the 1f confidence intervals on ^
_

are found to be
[0.5, 1.6] in the baseline scenario and [0.6, 1.5] without systematic uncertainties. These intervals show
once more an improvement with respect to the previous projection [70] which established a 1f CI at
[0.25, 1.9] ( [0.4, 1.7]) with (without) systematic uncertainties. The future addition of the ATLAS 11̄11̄

channel could improve even further the expected ATLAS sensitivity to �� production at the HL-LHC.

Significance [�] Combined signal

Uncertainty scenario bb̄�� bb̄⌧+⌧� Combination strength precision [%]

No syst. unc. 2.3 4.0 4.6 �23/+ 23

Baseline 2.2 2.8 3.2 �31/+ 34

Theoretical unc. halved 1.1 1.7 2.0 �49/+ 51

Run 2 syst. unc. 1.1 1.5 1.7 �57/+ 68

(a)

(b)

Figure 16: (a) Projected significance for di�erent systematic scenarios and (b) likelihood distributions as a function
of ^

_
for the �� ! 11̄g

+
g
�, �� ! 11̄WW and their combination [80].
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5 Impact on di-Higgs Analyses

As highlighted in the previous section, the 1-tagging performance is expected to be improved over the Run
2 performance with the upgraded ATLAS detector, in spite of the more challenging running conditions at
HL-LHC. This will benefit physics analyses involving final states with 1-quarks, such as the ones targeting
the production of a pair of Higgs bosons [23]. At a given light-jet rejection rate of about 300 in the central
region of the detector |[ | < 2.5, the 1-jet e�ciency with the MV2 tagger can be increased by around 2%
with respect to Run 2, resulting in an increase in acceptance by 4% for final states with two 1-quarks,
such as the �� ! 11̄WW and 11̄g+g� final states and by up to 8% for final states with four 1-quarks,
like in the �� ! 11̄11̄ final state. Those numbers are still expected to be improved in the future but
represent an evolved understanding of the upgraded detector with respect to Ref. [4]. Taking into account
the performance results presented in this note, the expected sensitivity of those analyses with 3 ab�1 has
been re-assessed and are presented in Table 3. This in particular includes a more realistic description of
the detector material, representing slightly less optimistic conditions than those considered in Ref. [23].
The analysis strategy is unchanged with respect to the one presented in Ref. [23]. In particular, an MV2
working point with a 1-jet e�ciency around 70% is used to identify 1-jets in the region |[ | < 2.5. The
sensitivity of the �� ! 11̄11̄ and 11̄g+g� analyses is extrapolated from the existing Run 2 analyses [24,
25], while the sensitivity of the �� ! 11̄WW is estimated using dedicated Phase-II simulations.

Channel Statistical-only Statistical + Systematic
�� ! 11̄11̄ 1.2 0.5
�� ! 11̄g+g� 2.3 2.0
�� ! 11̄WW 2.1 2.0

Combined 3.3 2.9

Table 3: Standard Model significance of the individual �� ! 11̄11̄, �� ! 11̄g+g� and �� ! 11̄WW channels as
well as their combination, taking into account the 1-tagging performance results presented in this note, corresponding
to the 50 ⇥ 50 `m2 pixel pitch. The analysis strategy is unchanged with respect to the one presented in [23].

19

Previous results: Combination of bbbb, bbγγ, bbττ Updated results: Combination of bbγγ, bbττ

ATL-PHYS-PUB-2022-005

 

ATL-PHYS-PUB-2018-053 combination results  
updated with more realistic b-tagging performance 
in ATL-PHYS-PUB-2020-005 

bbγγ: ATL-PHYS-PUB-2022-001 
bbττ: ATL-PHYS-PUB-2021-044  
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Likelihood scan 1σ CI on κλ 
• Baseline: [0.5,1.6]   

• Previously: [0.25,1.9]  
• Without systematics: [0.6,1.5]  

• Previously: [0.4,1.7]
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Conclusion

• Impressive progress since the discovery of the Higgs boson 
• Major upgrades to ATLAS for the HL-LHC are foreseen 
• The HL-LHC projections are performed for the single- and di-Higgs measurements with ATLAS 

• Mostly extrapolated from the Run-2 results 
• Based on predictions on the performance of the upgraded ATLAS detector 

• Some of the projections already updated using the latest Run-2 results 
• Higgs self-couplings could be measured with expected significance of 3.2σ (baseline scenario)

14

Stay tuned for more data, more results…



BACK UP
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YR18 Systematic Uncertainties
• Most of the experimental uncertainties scaled down with √Lint 

• Statistical uncertainty reduced by a factor of 1/√(Lint (HL-LHC)/ Lint (reference Run2)) 

• Uncertainties related to the limited number of simulated events are neglected 
• Theoretical uncertainties are halved  
• 1% luminosity uncertainty 
• Systematics driven by intrinsic detector limitations are left unchanged 
• Uncertainties on methods left unchanged

16
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Rare Higgs Boson Decays
H→µµ 

• Based on the analysis using 79.8 fb-1 of data collected at √s = 13 TeV 
• Limited by the statistical uncertainty 
• Expected precision of the measurement of the signal strength 13% for the baseline 

scenario 
H→Zγ 

• Based on 36.1 fb-1 data collected at √s = 13 TeV 
• All the experimental and systematic uncertainties are the same as before 
• The expected significance of the SM Higgs boson is 4.9 σ with 3000 fb-1 
• The precision for the cross section times branching ratio measurement is expected 

to be 0.23 times the SM prediction
17
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Figure 21: Expected result for the measured branching ratios of the H ! ��, Z Z , WW , ⌧⌧, bb, µµ and Z� decay
channels normalised to their SM predictions assuming SM production cross section for scenarios S1 (a) and S2 (b).
The black bars, yellow boxes and pink boxes show the total, statistical and systematic uncertainties respectively.
For the BRZ� measurement, dominated by statistical uncertainties, the systematic uncertainties for scenario S2 are
assumed to be equal to those used for the scenario S1.
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Figure 22: Expected uncertainty on the branching ratio measurements for the ��, Z Z , WW , ⌧⌧, bb, µµ and Z�
decay channels normalised to their SM predictions assuming SM production cross section for scenarios S1 (red)
and S2 (black). For the BRZ� measurement, dominated by statistical uncertainties, the systematic uncertainties for
scenario S2 are assumed to be equal to those used for the scenario S1.
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Figure 22: Expected uncertainty on the branching ratio measurements for the ��, Z Z , WW , ⌧⌧, bb, µµ and Z�
decay channels normalised to their SM predictions assuming SM production cross section for scenarios S1 (red)
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• Extrapolated from the Run 2 results using datasets of 36 fb-1 and 80 fb-1 collected at √s=13 TeV 
• All the extrapolated single-channel results are combined to compute the cross sections per production mode 

and the branching ratios  
• ggF, VBF, VH, ttH and tH production modes are studied 
• Decays of the Higgs boson to γγ, Z Z, WW, ττ, bb considered
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Figure 1: Sketch of the event categorisation and the targeted cross-sections in the STXS Stage 1.2 framework (bins).
The relative contributions to each event category from the two most dominant STXS bins are indicated by the two
colours used along the width of the category box. Figure from Ref. [5].

parameter of interest. The second fit aims to measure the four main production mode cross-sections, and
is therefore peformed using four di�erent parameters of interest: one for ggF, one for VBF, one for VH

and one for tt̄H. Lastly, in the third fit, the measurement in STXS bins is performed by matching each of
the signal regions of the analysis to one of the STXS bins resulting in 9 distinct parameters of interest, as
illustrated in Figure 1.

2.4 Expected results

2.4.1 Inclusive pp ! H ! ⌧⌧ cross-section

For the inclusive pp ! H ! ⌧⌧ cross-section measurement, the expected3 result achieves a precision
of 13%. The contributions from the various sources of uncertainty are shown in detail in Section 3.
Overall, the largest e�ects come from theoretical uncertainties on the signal prediction as well as from the
experimental uncertainties related to jets and missing transverse energy, and from uncertainties arising
from the finite size of the background samples.

3 For expected results, fits are performed assuming that all processes are perfectly modeled by the signal and background
predictions. Control regions are used to additionally constrain the size of the various sources of uncertainty. This is in contrast
to the observed results presented in Section 1.

5

H→ττ Cross-Section
Based on the H→ττ cross-section 
measurement 

• Using the full Run-2 dataset, consisting 
of 139 fb-1 of pp collisions at √s=13 TeV 

Measurements presented within the 
Simplified Template Cross-Section 
(STXS) framework 

• Measurements per production mode, in 
different region of phase space 

• Minimize the dependence on theory  
• Maximize the experimental sensitivity 
• Isolate possible BSM effects
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H→ττ Cross-Section
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Source of uncertainty Impact on �� /�(pp ! H ! ⌧⌧) [%]
Run 2 HL-LHC HL-LHC*

Theoretical uncertainty on the signal 8.5 3.8 3.7
Jet and E

miss
T 4.2 1.7 1.7

Background sample size 3.7 1.3 0.9
Hadronic ⌧ decays 2.1 0.9 0.9
Misidentified ⌧ 2.0 0.7 0.7
Luminosity 1.8 0.7 0.7
Theoretical uncertainty in Z + jets processes 1.2 0.7 0.7
Theoretical uncertainty in Top processes 1.1 0.3 0.3
Flavour tagging 0.5 0.2 0.3
Electrons and muons 0.4 0.3 0.3

Total systematic uncertainty 11.4 4.4 4.3
Data sample size 6.7 1.3 1.3
Total 13.2 4.6 4.5

Table 3: Summary of the di�erent sources of uncertainty in decreasing order of their impact on �(pp ! H ! ⌧⌧)
for the Run 2 analysis and the HL-LHC extrapolation. A scenario in which the Monte Carlo background sample
size is su�ciently large that its contribution as a systematic uncertaity is negligible is also included and labelled as
HL-LHC*. The expected fractional impacts of the various sources of uncertainty, computed by the fit, are given,
relative to the �(pp ! H ! ⌧⌧) value. Experimental uncertainties in reconstructed objects combine e�ciency
and energy/momentum scale and resolution uncertainties. Background sample size includes the bin-by-bin statistical
uncertainties in the simulated backgrounds as well as statistical uncertainties in misidentified ⌧ backgrounds, which
are estimated using data.

4.2 Production mode cross-sections

The projected precision of the four production mode measurements is presented in Figure 2 for the HL-LHC;
the projected precision of the combined measurement is also presented for completeness. The projected
values are 11%, 7%, 14% and 24% for ggF, VBF, VH and tt̄H respectively, which corresponds to the
observation of all production modes except for tt̄H, where the significance reaches 4.4�. Theoretical
uncertainties on the signal prediction dominate the uncertainty for the ggF and VBF projections, while in
the VH projection there are similar contributions from experimental uncertainties and uncertainties coming
from the data sample size. For the tt̄H projection, the largest impact is from the various experimental
uncertainties, although closely followed by theoretical uncertainties on the signal prediction and from the
data sample size. In all cases systematic uncertainties have a larger contribution than the statistical ones
from the data sample size. These results are also presented in a comparison to their Run 2 counterparts and
to the current and projected theoretical uncertainties in Figure 3 and in table form in Appendix A.

9

Theoretical uncertainties include 
• Uncertainties on the cross-sections 

of the processes of interest, 
• on the value of αS,  
• on the factorization, 

renormalization and resummation 
scales,  

• on the parton distribution function 
and shower models,  

• on the chosen merging scheme,  
• and on the description of the initial 

and final state radiation

https://cds.cern.ch/record/2801396/files/ATL-PHYS-PUB-2022-003.pdf
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Differential Cross-Section Measurements 
• Measured in H→γγ, H→ZZ*→4l decay channels, in total phase space, and their combination performed 
• The extrapolations are based on the Run-2 analyses using the datasets with an integrated luminosity of 36 fb−1 and  80 fb−1 
• Presented for pTH, |yH|, Njets, with pT > 30 GeV, pTjlead 

• The uncertainties are expected to range between 3% and 20%  
• With the increase statistical precision, the systematics will play an important role
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Figure 3: Di�erential cross sections in the total phase space extrapolated to the full HL-LHC luminosity for the

combination of the H ! �� and H ! Z Z
⇤ ! 4` decay channels for (a) Higgs boson transverse momentum p

H

T
, (b)

Higgs boson rapidity |yH |, (c) number of jets Njets with pT > 30 GeV, and (d) the transverse momentum of the leading

jet p
j1

T
. For each point both the statistical (error bar) and total (shaded area) uncertainties are shown. Two scenarios

are shown: one with the current Run2 systematic uncertainties and one with scaled systematic uncertainties.
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Higgs Self-Coupling

22

Figure 4: Negative log-profile-likelihood ratio as a function of ^_ evaluated on an Asimov dataset constructed under
the SM hypothesis of ^_ = 1, projected to 3000 fb≠1 and

p
B = 14 TeV, assuming the four uncertainty scenarios

described in the text. Dashed horizontal lines correspond to 1f and 2f confidence intervals.

Table 5: Projection of confidence intervals for ^_ evaluated on an Asimov dataset constructed under the SM hypothesis
of ^_ = 1 assuming the four uncertainty scenarios for an integrated luminosity of 3000 fb≠1 at

p
B = 14 TeV.

Uncertainty scenario Likelihood scan 1f CI Likelihood scan 2f CI

No syst. unc. [0.6, 1.5] [0.3, 2.1]
Baseline [0.5, 1.6] [0.0, 2.7]
Theoretical unc. halved [0.2, 2.2] [�0.4, 5.6]
Run 2 syst. unc. [0.1, 2.5] [�0.7, 5.7]
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In the 11̄g+g� channel, one of the main limiting factors to the sensitivity arises from the statistical
uncertainty associated with the Monte Carlo simulated samples [29]. This uncertainty is included in the
‘Theoretical uncertainties halved’ and ‘Run 2 systematic uncertainties’ scenarios, but not in the ‘Baseline’
scenarios. If this statistical uncertainty is neglected in the ‘Run 2 systematic uncertainties’ scenario, the
combined significance for that scenario improves from 1.7f to 2.3f.

In the baseline scenario, the dominant source of uncertainty a�ecting the combined results is the 100%
theoretical uncertainty on the ggF, VBF, and ,-associated single Higgs boson production modes due to
the imperfect modeling of additional heavy-flavor jet radiation in these processes [41–43]. The second
largest uncertainty comes from the theoretical uncertainty on the �� cross-section.

The expected significance is also estimated in cases where the Higgs boson self-coupling may be di�erent
from the SM prediction of ^_ = 1. For each ^_ value, the �� significance scales with the �� cross-section
and the product of the analysis acceptance times e�ciency [38]. Figure 1 shows the �� significance
as a function of ^_ for all four uncertainty scenarios. The significance is estimated on Asimov datasets
produced assuming the signal plus background hypothesis, where the signal is generated with a ^_ value
under test. In the baseline scenario, evidence for the �� production (3f) is expected at the HL-LHC if
^_ < 1.1 or ^_ > 4.8, while observation (5f) is expected if ^_ < �0.1 or ^_ > 5.9.

Figure 1: Projected �� significance for di�erent ^_ hypotheses at
p
B = 14 TeV, 3000 fb�1 at the HL-LHC assuming

the four di�erent uncertainty scenarios described in the text. The significance is estimated on Asimov datasets
produced under the signal plus background hypothesis, where the signal is generated with the ^_ value under test.
Dashed horizontal lines correspond to 3f and 5f. The dashed vertical line indicates the SM hypothesis of ^_ = 1.

To further explore the analysis sensitivity, the projected 95% confidence level (CL) limits on the SM ��
signal strength have been evaluated for the various systematic uncertainty scenarios assuming the absence
of Higgs boson pair production. They are shown in Figure 2, and summarized for 11̄WW, 11̄g+g� and
their combination in Table 4. The SM �� production is expected to be excluded at more than 99% CL
in the ‘No systematic uncertainty’ and ‘Baseline’ scenarios, and at 96.5% CL in the ‘Theory uncertainty
halved’ scenario. In the ‘Run 2 systematic uncertainties’ scenario, the 95% CL upper limit on the ��
signal strength is set at 1.16.
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Figure 2: Projected 95% CL upper limits on the expected signal strength for SM �� production when considering
an integrated luminosity of 3000 fb≠1 at

p
B = 14 TeV for di�erent uncertainty scenarios. The limits are derived

assuming no �� production.

Table 4: Projected 95% CL upper limits on the expected signal strength for SM �� production when considering an
integrated luminosity of 3000 fb≠1 at

p
B = 14 TeV for di�erent uncertainty scenarios. The upper limits for 11̄WW and

11̄g+g� are also included. The limits assume no �� production.

95% CL upper limit

Uncertainty scenario 11̄WW 11̄g+g� Combination

No syst. unc. 0.86 0.49 0.42

Baseline 0.93 0.71 0.58

Theoretical unc. halved 1.7 1.07 0.93

Run 2 syst. unc. 1.9 1.37 1.16

Figure 3 presents the significance and the 95% CL limit on the SM �� signal strength as a function of
the integrated luminosity from 1000 fb�1 to 3000 fb�1 at

p
B = 14 TeV at the HL-LHC assuming the four

uncertainty scenarios. The ‘Run 2 systematic uncertainties’ and the ‘Theory uncertainty halved’ results
do not show a large dependence on the increased integrated luminosity, meaning that such scenarios are
already expected to be dominated by the e�ect of systematic uncertainties at 1000 fb�1. In contrast, results
in the ‘No systematic uncertainties’ and the ‘Baseline’ scenarios improve more substantially with increasing
integrated luminosity.
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• The dominant source of uncertainties on the combined projection result: 
• Theoretical uncertainty on the ggF, VBF, WH production modes due to the imperfect 

modelling of additional heavy flavour jet radiation in these processes 
• Theoretical uncertainty on the HH cross-section 

In the future, the reduction of systematic uncertainties from the theory 
community will represent an essential ingredient to measure HH production at 
the HL-LHC


