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Overview
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❖ Combination measurement of Higgs coupling and cross section 
• Coupling/XS/Simplified template cross section (STXS) 

• EFT Interpretation 

❖ EFT combination between H→WW* and WW measurements 

❖  A combination of Higgs invisible decays



Higgs boson production and decays
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Many decay modes accessible with different properties

Combined production modes/decays
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Decay

• ! → #$#, ! → %%, ! → &&
• Large BR
• low mass resolution

• ! → ''∗ → 4), ! → **
• Low BR
• Excellent mass 

resolution
• High precision channels
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ratios of production cross sections and ratios of branching fractions using the ggF cross section and the
� ! //

⇤ branching fraction as denominator, respectively, together with cross section times branching
fraction of the process 66 ! � ! //

⇤. Common systematic uncertainties and modeling assumptions
partially cancel out in these ratios, reducing the model dependence of the result. Section 6 presents results
in the STXS framework. Potential deviations from SM predictions are then probed in Section 7 with a
framework of multiplicative modifiers ^ applied to the SM values of Higgs boson couplings [43]. Section 8
presents an interpretation of the data within one benchmark model of beyond-the-SM (BSM) phenomena.
Indirect limits on model parameters are set following a methodology similar to that of Ref. [44]. Section 9
summarizes the results.

2 Data and simulated event samples

The results of this note are based on ?? collision data collected by the ATLAS experiment2 [45–47] in
the years from 2015 to 2018, with the LHC operating at a center-of-mass energy of 13 TeV. The decay
channels, targeted production modes and integrated luminosities of the datasets used in each analysis are
shown in Table 1. The uncertainty in the combined 2015–2016 integrated luminosity is 2.1%, and 1.7% in
the combined 2015–2018 integrated luminosity [48], obtained using the LUCID-2 detector [49] for the
primary luminosity measurements.

Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided.

Analysis decay channel Target Prod. Modes L [fb�1] Ref. Used in meas.

� ! WW ggF,VBF,,�, /�, CC�, C� 139 [10] Everywhere

� ! //
⇤ ggF,VBF,,�, /�, CC� (4✓) 139 [11] Everywhere

CC� excl. �! //
⇤! 4✓ 36.1 [16, 18] Sec. 5 & 7

� ! ,,
⇤ ggF,VBF

36.1
[12]

Sec. 5 & 7
CC� [16, 18]

� ! gg

ggF,VBF
36.1

[13]
Sec. 5 & 7

CC� [16, 18]

� ! 11̄

VBF 24.5 – 30.6 [15] Sec. 5 & 7

,�, /� 139 [14] Everywhere

CC� 36.1 [17, 18] Sec. 5 & 7

� ! `` ggF,VBF,+�, CC� 139 [19] Sec. 7.4

� ! 8=E VBF 139 [20] Sec. 7.3 & 7.5

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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Combined channels

Higgs boson production and decays @ LHC
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Swagato Banerjee !3

Higgs boson properties
Primary  
signature

W, Z

top+anti-top

Just 
H → bb

Production mode

• Huge multi-jet background 

• Triggering possible at high pT(H), but S/B  
expected to be ~ O(0.1%)

• Jet substructure analysis by CMS (pT(H)>450 GeV)

• Large multi-jet background

• Still a fully hadronic final state: trigger and  
background modeling is challenging

• Additional γ helps (~similar sensitivity, higher S/B)

• Exploit leptonic signatures for trigger, and  
suppression of multi-jet background.

• Main search channel for H → bb at the LHC!

• Leptonic signatures for trigger, but challenging  
due to combinatorics and tt+bb backgrounds

• But gives access also to top quark coupling!

2 VBF jets 
(+ γ)

Where to look for H → bb at the LHC 

13

Production Modes 
(rates @ 13 TeV)

Decay Modes

Alexander Tuna 4

Higgs at the LHC

many detectable productions many detectable decays

Rich experimental signature: lots to explore
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Higgs production modes: reminder
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→pp 

gluon fusion 
(ggF)

vector boson 
 fusion (VBF)

W, Z associated 
production (VH)

top associated 
 production (tt̄H)

Run-1 Run-2

3.9
2.1
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2.4

2.3

Run-2(13TeV) 
Run-1(8TeV)

~4  
(missing WtH)

cross section calculation 
@ N3LO(QCD)+NLO(EW)

 Gluon fusion has the largest production rate, 
order of magnitude higher than VBF or VH 
 Large cross section increase from 8 to 13 TeV, 

especially for tt̄H and tH

Run2Run1 Run2
Run1Run-1 Run-2 Run-2/1

Higgs production at the LHC
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Higgs production at the LHC
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Higgs production at the LHC
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Higgs production at the LHC
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Only one in ~1010 events will 
be a Higgs boson at the LHC = 8 TeVsLHC at 
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~19 pb ~1.6 pb
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• ~500K Higgs bosons produced in the ATLAS detector


• only one in ~1010 events will be a Higgs boson.

(87%) (7%)

(5%) (1%)

W*,Z*

W*,Z*

~48.6 pb (88%) ~3.8 pb (7%)

~2.3 pb (4%) ~0.5 pb (1%)

Many decay modes accessible with different properties

ZZ* and γγ: high resolution and precise 
differential measurements

WW*: high BR but low mass resolution

ττ and bb: high BR but low S/B, important to 
directly probe Yukawa coupling with 3rd generation

µµ: very small BR but access to Yukawa 
coupling with 2nd generation fermions

defined in the fiducial region jyHj < 2.5, where yH is the
Higgs boson rapidity, partitioned within each Higgs boson
production process into multiple kinematic regions based
on the transverse momentum of the Higgs boson, the
number of associated jets, and the transverse momentum
of associated W or Z bosons. The H → μμ and VBF,
H → bb̄ analyses use a coarser description based on the
Higgs boson production mode only.
The paper is structured as follows: Section II describes

the data and simulation samples and Sec. III presents the
analyses in individual decay channels which are used as
inputs to the combination. Section IV provides a short
description of the statistical procedures. The measurement
of the signal strength μ, defined as the ratio of the total
Higgs boson signal yield to its SM prediction, is presented
in Sec. VA. Measurements of the cross sections of the main
production processes within jyHj < 2.5, assuming SM
predictions for the branching fractions, are then shown
in Sec. V B. The production modes considered are gluon–
gluon fusion (ggF), VBF, VH, tt̄H and associated pro-
duction with a single top quark (tH). Measurements of
cross sections times branching fractions for Higgs boson
production and decay processes are shown in Sec. V C.
Section VD presents a parametrization where the measured
quantities are the cross section times branching fraction of
the process gg → H → ZZ!, together with ratios of pro-
duction cross sections and ratios of branching fractions.
Common systematic uncertainties and modeling assump-
tions partially cancel out in these ratios, reducing the model
dependence of the result. Section VI presents results in the
STXS framework. Potential deviations from SM predic-
tions are then probed in a framework of multiplicative
modifiers κ applied to the SM values of Higgs boson
couplings [37], presented in Sec. VII. Finally, Sec. VIII
presents an interpretation of the data within two benchmark
models of beyond-the-SM (BSM) phenomena. Indirect
limits on model parameters are set following a methodol-
ogy similar to that of Ref. [38]. Section IX summarizes the
results.

II. DATA AND SIMULATED EVENT SAMPLES

The results of this paper are based on pp collision data
collected by the ATLAS experiment2 [39–41] in the years
2015, 2016 and 2017, with the LHC operating at a center-
of-mass energy of 13 TeV. The integrated luminosities of
the datasets used in each analysis are shown in Table I. The
uncertainty in the combined 2015–2016 integrated lumi-
nosity is 2.1% and 2.0% in the combined 2015–2017
integrated luminosity [42], obtained using the LUCID-2
detector [43] for the primary luminosity measurements.
Most analyses use a consistent set of simulated Higgs

boson samples to describe the signal processes, which is
detailed in the following paragraphs. Exceptions are the
VBF, H → bb̄ and off-shell production analyses, described
in Secs. III E and III I respectively, and the measurements
targeting decays of the Higgs boson into invisible final
states described in Sec. III H. The samples used for these
analyses are described separately at the end of this section.
For each Higgs boson decay mode, the branching fraction
used corresponds to higher-order state-of-the-art theoretical
calculations [35]. The simulated background samples vary
channel by channel and are described in the individual
references for the input analyses.
Higgs boson production via gluon–gluon fusion was

simulated using the POWHEG BOX [44–47] NNLOPS imple-
mentation [48,49]. The event generator uses the HNNLO
formalism [50] to reweight the inclusiveHiggs boson rapidity
distribution produced by the next-to-leading order (NLO)
generation of pp → H þ parton, with the scale of each
parton emission determined using the MINLO procedure

TABLE I. Dataset and integrated luminosity (L) used for each input analysis to the combination. The last column
provides the references for published analyses. The references in parentheses indicate analyses similar to the ones
used in the combination but using a smaller dataset, in the cases where the analyses were not published separately.

Analysis Dataset L [fb−1] Reference

H → γγ (including tt̄H, H → γγ) 2015–2017 79.8 ([10]), [12]
H → ZZ! → 4l (including tt̄H, H → ZZ! → 4l) 79.8 ([11]), [12]
VH, H → bb̄ 79.8 [15,16]
H → μμ 79.8 ([20])

H → WW! → eνμν 2015–2016 36.1 [13]
H → ττ 36.1 [14]
VBF, H → bb̄ 24.5–30.6 [17]
tt̄H, H → bb̄ and tt̄H multilepton 36.1 [12,18,19]
H → invisible 36.1 [21–24]
Off-shell H → ZZ! → 4l and H → ZZ! → 2l2ν 36.1 [25]

2ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beampipe. The x-axis points from the IP to
the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r;ϕ) are used in the transverse plane,
ϕ being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units ofΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2
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This talk will present the latest combination results



Signal strength and cross section of different  production modes
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Figure 2: Cross sections for ggF, VBF, ,�, /� and CC� + C� normalized to their SM predictions, measured
assuming SM values for the decay branching fractions. The black error bars, blue boxes and yellow boxes show
the total, systematic, and statistical uncertainties in the measurements, respectively. The gray bands indicate the
theory uncertainties in the SM cross-section predictions. The level of compatibility between the measurement and
the SM prediction corresponds to a ?-value of ?SM = 86%, computed using the procedure outlined in the text with
five degrees of freedom.

Table 2: Best-fit values and uncertainties for the production cross sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.)
and systematic uncertainties (Syst.), and the systematic uncertainties are further decomposed into experimental
(Exp.), signal theory (Sig. Th.) and background theory (Bkg. Th.) components. SM predictions are shown for
the cross section of each production process. They are obtained from the inclusive cross-sections and associated
uncertainties reported in Ref. [39], multiplied by an acceptance factor for the region |H� | < 2.5 computed using the
Higgs boson simulation samples described in Section 2.

Process Value Uncertainty [pb] SM pred.

(|H� | < 2.5) [pb] Total Stat. Syst. Exp. Sig. Th. Bkg. Th. [pb]

ggF 44.7 ± 3.1 ± 2.2 ± 2.2 + 1.8
� 1.7

+ 1.0
� 0.9

+ 0.9
� 0.7 44.7 ± 2.2

VBF 4.0 ± 0.6 ± 0.5 ± 0.4 + 0.3
� 0.2 ± 0.3 ± 0.1 3.51 + 0.08

� 0.07

,� 1.45 + 0.28
� 0.25

+ 0.20
� 0.19

+ 0.18
� 0.17

+ 0.13
� 0.12

+ 0.08
� 0.06

+ 0.10
� 0.09 1.204 ± 0.024

/� 0.78 + 0.18
� 0.17 ± 0.13 + 0.12

� 0.10
+ 0.08
� 0.07

+ 0.07
� 0.05 ± 0.06 0.797 + 0.033

� 0.026

CC� + C� 0.64 ± 0.12 ± 0.09 ± 0.08 + 0.06
� 0.05

+ 0.03
� 0.02 ± 0.05 0.59 + 0.03

� 0.05

12

The level of compatibility with the Standard Model is quantified using the test statistic

_SM = �2 ln⇤(" = "SM),

where "SM are the Standard Model values of the parameters of interest. A ?-value3
?SM is computed in

the asymptotic approximation as ?SM = 1 � �j2
=
(_SM), with = equal to the number of free parameters of

interest. For the cross-section and branching fraction measurements reported in this paper, this definition
does not account for the uncertainties in the SM values used as reference and may therefore lead to an
underestimate of the ?-value.

Results for expected significances and limits are obtained using the Asimov dataset technique [128].

The correlation coe�cients presented in this paper are constructed to be symmetric around the observed
best-fit values of the parameters of interest using the second derivatives of the negative log-likelihood ratio.
Hence, the correlation matrices shown are not fully representative of the observed asymmetric uncertainties
in the measurements. While the reported information is su�cient to reinterpret the measurements in
terms of other parameterizations of the parameters of interest, this provides only an approximation to the
information contained in the full likelihood function. For this reason, results for a number of commonly
used parameterizations are also provided in Sections 5 to 7.

5 Combined measurements of signal strength, production cross sections

and branching ratios

5.1 Global signal strength

The global signal strength ` is determined following the procedures used for the measurements performed
at

p
B = 7 and 8 TeV [9]. For a specific production mode 8 and decay final state 5 , the signal yield is

expressed in terms of a single modifier `8 5 , as the production cross section f8 and the branching fraction
⌫ 5 cannot be separately measured without further assumptions. The modifiers are defined as the ratios of
the measured Higgs boson yields and their SM expectations, denoted by the superscript “SM”,

`8 5 =
f8

f
SM
8

⇥
⌫ 5

⌫
SM
5

. (2)

The SM expectation by definition corresponds to `8 5 = 1. The uncertainties in the SM predictions
are included as nuisance parameters in the measurement of the signal strength modifiers, following the
methodology introduced in Section 4, where the procedures to decompose the uncertainties are also
described.

In the model used in this section, all the `8 5 are set to a global signal strength `, describing a common
scaling of the expected Higgs boson yield in all categories. Its measured value is

` = 1.06 ± 0.07 = 1.06 ± 0.04 (stat.) ± 0.03 (exp.) +0.05
�0.04 (sig. th.) ± 0.02 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties in signal and background modeling. The signal theory

3 The ?-value is defined as the probability to obtain a value of the test statistic that is at least as high as the observed value under
the hypothesis that is being tested.
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◈ For the global signal strength, statistics 
uncertainties are comparable for the 
systematic uncertainties 


◈ Significances of all major production modes 
(ggF, VBF, WH, ZH, ttH) > 5σ 


◈ First observation for WH:  obs(exp) 
significances are 6.3 (5.2) σ.
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 0.26+  ,  0.18−
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 0.14+ 

Figure 5: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalized to their SM predictions. The values are obtained from a simultaneous fit to all channels. The
cross sections of the ggF, � ! 11̄, +�, � ! ,,

⇤ and +�, � ! gg processes are fixed to their SM predictions.
Combined results for each production mode are also shown, assuming SM values for the branching fractions into
each decay mode. The black error bars, blue boxes and yellow boxes show the total, systematic, and statistical
uncertainties in the measurements, respectively. The gray bands show the theory uncertainties in the predictions.
The level of compatibility between the measurement and the SM prediction corresponds to a ?-value of ?SM = 87%,
computed using the procedure outlined in the text with 16 degrees of freedom.
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X

❖ Due to limit sensitivity, some assumptions: 
• Fix to SM value: σ(ggF)×B(H→bb), σ(VH)×B(H→WW*), σ(VH)×B(H→ττ) 
• Group σ(ttH)×B(H→WW*) and σ(ttH)×B(H→ZZ*) as σ(ttH)×B(H→VV*)
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Figure 11: Negative log-likelihood contours at 68% and 95% CL in the (^+ , ^� ) plane obtained from a combined fit,
assuming no contributions from invisible or undetected Higgs boson decays. The best-fit value is indicated by a cross
while the SM hypothesis is indicated by a star. A linear correlation of 50% between ^+ , ^� is observed. The level of
compatibility between the combined measurement and the SM prediction, estimated using the procedure outlined in
the text with two degrees of freedom, corresponds to a ?-value of ?SM = 45%.

7.3 Probing BSM contributions in loops and decays

To probe contributions of new particles though loops, the e�ective coupling strengths to photons and
gluons ^W and ^6 are measured. These parameters are defined to be positive as there is by construction
no sensitivity to the sign of these coupling strengths. The modifiers corresponding to other loop-induced
processes are resolved. Any potential BSM contribution to ^W and ^6, corresponding to a deviation from
one, may also contribute to the total width of the Higgs boson. To check this, the branching fractions ⌫i.

and ⌫u., defined in Section 7.1, can be fixed to zero or allowed free in the fit. Furthermore, the benchmark
models studied in this section assume that all coupling-strength modifiers of known SM particles are unity,
i.e. they follow the SM predictions, and that the kinematics of the Higgs boson decay products are not
altered significantly.

Assuming ⌫i. = ⌫u. = 0, the best-fit values and uncertainties from a combined fit are
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Figure 12: Negative log-likelihood contours at 68% and 95% CL in the (^W , ^6) plane obtained from a combined fit,
constraining all other coupling-strength modifiers to their SM values and assuming no contributions from invisible
or undetected Higgs boson decays. The best-fit value for each measurement is indicated by a cross while the
SM hypothesis is indicated by a star. A linear correlation of �34% between ^W and ^6 is observed. The level of
compatibility between the combined measurement and the SM prediction, estimated using the procedure outlined in
the text with two degrees of freedom, corresponds to a ?-value of ?SM = 51%.
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Figure 14: Reduced coupling-strength modifiers ^�
<�
E for fermions (� = C, 1, g, `) and

p
^+

<+
E for weak gauge

bosons (+ = , , /) as a function of their masses <� and <+ , respectively, and the vacuum expectation value of
the Higgs field E = 246 GeV. The SM prediction for both cases is also shown (dotted line). The black error bars
represent 68% CL intervals for the measured parameters. The coupling modifiers are measured assuming no BSM
contributions to the Higgs boson decays, and the SM structure of loop processes such as ggF and � ! WW. The
lower inset shows the ratios of the values to their SM predictions. The level of compatibility between the combined
measurement and the SM prediction, estimated using the procedure outlined in the text with six degrees of freedom,
corresponds to a ?-value of ?SM = 84%.

7.5 Generic parameterization including e�ective photon and gluon couplings with and

without BSM contributions in decays

The models considered in this section are based on the same parameterization as the one in Section 7.4 but
the ggF, � ! 66, and � ! WW loop processes are parameterized using the e�ective coupling-strength
modifiers ^6 and ^W , similar to the benchmark model probed in Section 7.3.

The measured parameters include ^/ , ^, , ^1, ^C , ^g , ^W and ^6. The sign of ^C can be either positive or
negative, while ^/ is assumed to be positive without loss of generality. All other model parameters are
also assumed to be positive. Furthermore it is assumed that any potential BSM e�ect does not a�ect the
kinematics of the Higgs boson decay products significantly. Two alternative scenarios are considered for
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7.4 Generic parameterization assuming no new particles in loops and decays

In this model the scale factors for the coupling strengths to , , / , C, 1, g and ` are treated independently.
The Higgs boson couplings to second-generation quarks are assumed to scale as the couplings to the
third-generation quarks. SM values are assumed for the couplings to first-generation fermions. Furthermore,
it is assumed that only SM particles contribute to Higgs boson vertices involving loops, and modifications
of the coupling-strength scale factors for fermions and vector bosons are propagated through the loop
calculations. Invisible or undetected Higgs boson decays are assumed not to exist. All coupling-strength
scale factors are assumed to be positive. The results of the � ! `` analysis are included for this specific
benchmark model. The results are shown in Table 7. The observed (expected) significance on ^` relative
to the absence of this coupling is 2.1f (1.7f). The observed significance is slightly higher compared
with the one reported in Ref. [19] both due to other coupling strengths being profiled to the combined
dataset instead of fixed to SM, and to the pulling of nuisance parameters correlated with other channels. All
measured coupling-strength scale factors in this generic model are found to be compatible with their SM
expectation. The level of compatibility between the SM hypothesis with the best-fit point corresponds to a
?-value of ?SM = 84%, computed using the procedure outlined in Section 4 with six degrees of freedom.
Figure 14 shows the results of this benchmark model in terms of reduced coupling-strength scale factors,
defined as

H+ =
r
^+

6+

2E
=
p
^+

<+

E

for weak bosons with a mass <+ , where 6+ is the absolute Higgs boson coupling strength and E = 246 GeV
is the vacuum expectation value of the Higgs field, and

H� = ^�
6�p

2
= ^�

<�

E

for fermions with a mass <� . For the 1 quark and the top quark, the "( running mass evaluated at a scale
of 125.09 GeV is used.

Table 7: Fit results for ^/ , ^, , ^1, ^C , ^g and ^`, all assumed to be positive. In this benchmark model BSM
contributions to Higgs boson decays are assumed not to exist and Higgs boson vertices involving loops are resolved
in terms of their SM content.

Parameter Result

^/ 1.02 ± 0.06

^, 1.05 ± 0.06

^1 0.98 + 0.14
� 0.13

^C 0.96 ± 0.08

^g 1.06 + 0.15
� 0.14

^` 1.12 + 0.26
� 0.32
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Simplified template cross section
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◈ Fiducial volumes based on properties of Higgs kinematics but not of decay

◈ Reduced Th. uncertainties impact on the measurements

◈ Sensitivity to deviations from the SM expectation



STXS measurement
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Parameter normalized to SM value
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Figure 9: Best-fit values and uncertainties for the cross sections in each measurement region and of the ratios of
branching fractions ⌫ 5 /⌫// , normalized to the SM predictions for the various parameters. The parameters directly
extracted from the fit are the products (f8 ⇥ ⌫// ) and the ratios ⌫ 5 /⌫// . The black error bar shows the total
uncertainty in each measurement. The level of compatibility between the combined measurement and the SM
prediction, estimated using the procedure outlined in the text with 31 degrees of freedom, corresponds to a ?-value
of ?SM = 95%.
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◈ Due to limit statistics and anti-correlation, merged strategy is used.

◈ Due to the different STXS spliting, only ZZ, γγ and bb decay modes are used for 

the STXS results and interpretations.

◈ Obs. (Exp.) Upper limit: σ(tH) <8.4 (8.2) ×SM @ 95% CL
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Figure 8: Definition of the STXS measurement regions used in this note.
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Interpretation of the combined STXS measurements

◈ Parametrize the signal strength directly with wilson coefficients of SMEFT operators

◈ Rotate the SMEFT basis cj to the eigenvector cj’ and 10 sensitive elgenvectors are fitted 

simultaneously).

◈ All measured parameters are consistent with the SM expectation within their uncertainties.

9

3 Methodology of E�ective Field Theory interpretations

Standard Model E�ective Field Theory provides a theoretically elegant language to encode the modifications
of the Higgs properties induced by a wide class of beyond-the-SM models that reduce to the SM at
low energies, and is systematically improvable with higher-order perturbative calculations. Within the
mathematical language of the SMEFT, the e�ects of BSM dynamics at high energies ⇤ � v, well above the
electroweak scale v = 246 GeV, can be parametrised at low energies, E ⌧ ⇤, in terms of higher-dimensional
operators built up from the Standard Model fields and respecting its symmetries such as gauge invariance

LSMEFT = LSM +

Nd6X

i

ci
⇤2O

(6)
i
+

Nd8X

j

bj

⇤4O
(8)
j
+ . . . , (4)

where LSM is the SM Lagrangian, O (6)
i

and O (8)
j

represent a complete set of operators of mass-dimensions
d = 6 and d = 8, and cj , bj are the corresponding Wilson coe�cients. Operators with d = 5 and
d = 7 violate lepton and/or baryon number conservation and are not relevant for Higgs physics. The
e�ective theory expansion in Eq. (4) is robust, fully general, and can be systematically matched to explicit
ultraviolet-complete BSM scenarios.

In this analysis the “Warsaw” basis [75] is used, which forms a complete set of all O (6)
i

operators in
Eq. (4) allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various
fields of particle physics and the usage of a common basis will allow easier future combination of these
measurements. Contributions of operators of mass-dimension d = 8 are not considered. The goal of the
analysis is to constrain the d = 6 Wilson coe�cients that correspond to operators that either directly or
indirectly impact Higgs boson couplings to SM particles [14, 76]. Table 3 lists the operators considered
in this analysis, and their corresponding Wilson coe�cients cj . Here, all CP-even d = 6 operators were
considered for which the ⇤�2-suppressed contribution to any of the STXS categories measured in Figure 1
exceeds 1‰ with respect to the SM prediction at ci = 1. In this analysis, a value of ⇤ = 1 TeV is assumed,
coe�cients for alternative values of ⇤ = X can be trivially obtained through a scaling with a factor
(X/1 TeV)2. All complex-valued Wilson coe�ents, notably cuW , cuG , cuB and cuH in this analysis, are
used with =(ci) = 0.

3.1 Simulation of the impact of SMEFT operators

The impact of the d = 6 SMEFT operators listed in Table 3 has been computed with the UFO model of
Madgraph [53], using lowest order calculations in QCD for all production and decay modes.

Calculations for Higgs production modes with tree-level diagrams have been performed with SMEFTsim [77],
under the assumption of a U (3)5 flavour symmetry (which corresponds to the unbroken global flavour
symmetry present in the SM outside the Yukawa sector), and providing the Fermi constant GF , and the Z
and W boson masses as input. Cross-sections have been calculated at NLO accuracy in QCD for ggH,
gg!Z H and H ! gg with SMEFTatNLO [78] and at NLO accuracy in QED for SMEFT-SM interference
terms in H! �� [79], also providing mW as input. SMEFT modifications to the background processes in
the included analyses are not considered.

In the simulation, kinematic cuts on the minimal (b-)jet transverse momentum of pT > 20 GeV have
been imposed. Furthermore, for the Higgs boson decay a requirement of �R > 0.05 between two jets
or two leptons is imposed in order to avoid divergences in the matrix element calculation. Additional
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Figure 4: Comparison of the impact of the most relevant SMEFT operators on the STXS regions and decay modes,
relative to the SM cross-section, for the linearized SMEFT model (shaded histogram) and the linear+quadratic SMEFT
model (open histogram). For all coe�cients cj a unit variation is considered, unless specified otherwise in the legend.
The variation shown for some cj di�er from those shown in Fig. 3. To judge the experimental sensitivity to constrain
the operators from the data in the listed STXS regions, the statistical uncertainty on the corresponding regions
(�stat) is shown in the top panel. For columns corresponding to multiple STXS⇥BR regions, the shown uncertainty
reflects the statistical uncertainty on the average, under the assumption of uncorrelated statistical uncertainties. For
presentational clarity, the statistical uncertainty of low precision STXS regions is clipped in the plot.

directly expressed in terms of the coe�cients cj :

sk (ci, ✓) =
X

i,X

*

,

µi,X ⌘
(�⇥B)i,H!X

SMEFT (ci)
(�⇥B)SM,MC

+

-

⇥ L ⇥ (�⇥B)i,XSM,MC(✓) ⇥ ✏ i,X
k

(✓), (18)

with L, ✏ i,X
k

(✓) and ✓ as defined in Eq. (2), and where the signal cross-section (�⇥B)i,XSMEFT(cj ) is either
taken from the linear model of Eq. (15) or the quadratic model of Eq. (17). In all results presented in
this Section, the set of nuisance parameters ✓ has been pruned, using an impact ranking technique, from
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Figure 6: Visualization of the rotation matrix from the Warsaw basis cj to the fit basis c0
j
.

Scans of the profile likelihood reparametrized in the rotated basis c0
j

confirm the absence of constraints
in the direction of eigenvectors with weak eigenvalues, an example of which is shown in Fig. 8a, and
the corresponding parameters are fixed to zero in the analysis. Furthermore, correlations between most
c0
j

exhibit a close to linear behaviour in a range of 2�, as is shown in Fig. 8b, with the correlation of
most c0

i
and c[1]

Hl
(1),He

being the main exception due to non-linear e�ects introduced by the H! Z Z⇤! 4`
acceptance correction (See Fig. 8c for c(3)

Hq
, as a prominent example ).

No separate optimisation of the parameter basis c0
j
is performed for the quadratic SMEFT model of Eq. (17)

as the non-linear e�ects of this model are expected to vanish for small cj , thus asymptotically yielding the
same rotation matrix as Eq. (20).
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Combined EFT interpretation of H→WW* and WW 
measurements
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◈ Combination input: 
✦ The signal strengths of ggF and VBF 

production modes in H→WW* measurement

✦ Different XS of leading lepton pt in WW 

measurement

◈ Overlap control region (the WW 

background constraint in H→WW* 
measurement) is removed and the signal 
region in WW measurement is instead. 


◈ Signal strengths are re-parametrized with 
Wilson coefficients
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Figure 1: The linear impact of the SMEFT operators on the signal strength modifiers of the ! → ""∗ analysis, the
normalization of the "" background in the ggF signal region, and the differential cross section measured in the
"" analysis, relative to the SM cross-section. In order to illustrate experimental sensitivity to these effects in data,
the expected total uncertainty on each modifier is shown in the top panel. Λ = 1 TeV is assumed and the values of
Wilson coefficients are chosen such that the impact of all operators is of similar size, for better visibility.

are within the analysis phase space at particle level, while the efficiency is the fraction of these events
that are reconstructed and analyzed. Both acceptance and efficiency depend on the effect of dimension-
six operators that modify the kinematics of Higgs boson production and decay. Acceptance effects are
expected to be dominant and no efficiency corrections are derived. The acceptance of the interference of
dimension-six operators with the SM is calculated analogously to the acceptance of a physical process,
using the particle level samples that represent interference effects, which are introduced in Section 3.2. In
the ggF search region of the ! → ""∗ analysis, the influence of O!" and O(3)

!# on Higgs boson decay
kinematics leads to an acceptance that differs from the SM acceptance. All other operators affecting Higgs
boson decays only introduce an overall scaling of the branching ratio. The interference of O!" with the
SM has a 10% higher acceptance than the SM signal while theO(3)

!# interference term has an acceptance that
is 1.8% lower than the SM. A multiplicative correction to the linear coefficients #!−→$%&%

' corresponding

7
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Figure 7: Summary of expected (left) and observed (right) measurements in the space of the eigenvectors. In the
top figures, ranges shown correspond to 68% (solid) and 95% (dashed) confidence level intervals, where all other
sensitive directions and nuisance parameters were profiled. Observed correlations between the parameters are shown
on the right.
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Figure 2: Left: Measured signal strengths from the combined fit of signal-strength modifiers in bins of the !!
analysis and for the two signal strength modifiers of the " → !!∗ analysis. Statistical uncertainties are shown
in yellow, systematic uncertainties as blue bars and the total uncertainties are indicated by a black lines. The
compatibility of the observed data with the SM hypothesis (#SM) is 53%. Right: Observed limits on individual
Wilson coefficients, while setting other Wilson coefficients to zero. Limits observed from an analysis of the SM
!! , the " → !!∗, and the combined measurements are compared. The standalone " → !!∗ analysis is not
identical to the one that enters the combination, where the !! 0-jet and 1-jet control regions are removed. 68%
(95%) confidence level intervals are shown as solid (dotted) lines. Portions of the confidence intervals outside the
boundaries of the figure are clipped and different parameter value axis limits are used for illustrative purposes. If a
measurement has no sensitivity to a Wilson coefficient, no interval is drawn. Λ = 1 TeV is assumed. Details of the
fits can be found in Section 4.
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Figure 2: Left: Measured signal strengths from the combined fit of signal-strength modifiers in bins of the !!
analysis and for the two signal strength modifiers of the " → !!∗ analysis. Statistical uncertainties are shown
in yellow, systematic uncertainties as blue bars and the total uncertainties are indicated by a black lines. The
compatibility of the observed data with the SM hypothesis (#SM) is 53%. Right: Observed limits on individual
Wilson coefficients, while setting other Wilson coefficients to zero. Limits observed from an analysis of the SM
!! , the " → !!∗, and the combined measurements are compared. The standalone " → !!∗ analysis is not
identical to the one that enters the combination, where the !! 0-jet and 1-jet control regions are removed. 68%
(95%) confidence level intervals are shown as solid (dotted) lines. Portions of the confidence intervals outside the
boundaries of the figure are clipped and different parameter value axis limits are used for illustrative purposes. If a
measurement has no sensitivity to a Wilson coefficient, no interval is drawn. Λ = 1 TeV is assumed. Details of the
fits can be found in Section 4.
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Figure 2: Left: Measured signal strengths from the combined fit of signal-strength modifiers in bins of the !!
analysis and for the two signal strength modifiers of the " → !!∗ analysis. Statistical uncertainties are shown
in yellow, systematic uncertainties as blue bars and the total uncertainties are indicated by a black lines. The
compatibility of the observed data with the SM hypothesis (#SM) is 53%. Right: Observed limits on individual
Wilson coefficients, while setting other Wilson coefficients to zero. Limits observed from an analysis of the SM
!! , the " → !!∗, and the combined measurements are compared. The standalone " → !!∗ analysis is not
identical to the one that enters the combination, where the !! 0-jet and 1-jet control regions are removed. 68%
(95%) confidence level intervals are shown as solid (dotted) lines. Portions of the confidence intervals outside the
boundaries of the figure are clipped and different parameter value axis limits are used for illustrative purposes. If a
measurement has no sensitivity to a Wilson coefficient, no interval is drawn. Λ = 1 TeV is assumed. Details of the
fits can be found in Section 4.
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The likelihoods from H→WW* and WW measurements are combined to allow a coherent EFT 
interpretation of the both measurements 

measure 8 
eigenvectors 
simultaneously 

◈ Constraint from the combined measurement agree with the SM expectation at 
the level of two standard deviation or better.


◈ A stepping stone for more global EFT combinations.

1-D profile with others fixed to SM



Search for Higgs invisible decay
◈ In SM, B(H→inv) =0.1% from H→ZZ*→4ν decays

◈ BSMs predict DM productions @ LHC, including Higgs portal models:


✦ Higgs acts as a portal between a dark sector and the SM sector 
✦ DM particles can only be indirectly inferred through MET, termed as “invisible”
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Figure 4: The observed and expected upper limits on BH!inv at the 95% CL from direct searches for invisible decays
of the 125 GeV Higgs boson and their statistical combinations in Run 1 and 2. The 1� and 2� uncertainty bands on
the expected limits are shown as green and yellow, respectively.
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Figure 5: Comparison of the upper limits at 90% CL from direct detection experiments [66–69] on the spin-independent
WIMP-nucleon scattering cross section to the observed exclusion limits from this analysis, as a function of the WIMP
mass. The interpretation of ATLAS results assumes Higgs portal scenarios where the 125 GeV Higgs boson decays
to a pair of DM particles [33, 70] that are either scalars or Majorana fermions. The uncertainties from the nuclear
form factor are indicated by the hatched band. The regions above the limit contours are excluded in the �WIMP-N
range shown in the plot.

6 Conclusion

In summary, direct searches for invisible Higgs boson decays using 139 fb�1 of pp collision data atp
s = 13 TeV recorded in Run 2 of the LHC in the VBF and tt̄H topologies are statistically combined
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Table 2: Summary of results from direct searches for invisible decays of the 125 GeV Higgs boson and their statistical
combinations. Shown are the best-fit values of BH!inv, as well as observed and expected upper limits on BH!inv at
the 95% CL. The corresponding Asimov datasets for the expected results are constructed using nuisance parameter
values from a fit to data with BH!inv = 0, and the quoted uncertainty corresponds to the 68% confidence interval.

Analysis
p

s Int. luminosity Best fit Observed Expected
Reference[TeV] [fb�1] BH!inv upper limit upper limit

Run 2 VBF 13 139 0.00+0.07
�0.07 0.13 0.13+0.05

�0.04 [42]

Run 2 tt̄H 13 139 0.04+0.20
�0.20 0.40 0.36+0.15

�0.10 This document

Run 2 Comb. 13 139 0.00+0.06
�0.07 0.13 0.12+0.05

�0.04 This document

Run 1 Comb. 7,8 4.7, 20.3 �0.02+0.14
�0.13 0.25 0.27+0.10

�0.08 [36]

Run 1+2 Comb. 7,8,13 4.7,20.3,139 0.00+0.06
�0.06 0.11 0.11+0.04

�0.03 This document

Majorana fermion [23, 71, 72]. In this translation, the nuclear form factor fN = 0.308 ± 0.018 [73] is used.
The excluded �WIMP-N values range down to 10�45 cm2 in the scalar WIMP scenario. In the Majorana
fermion WIMP case, the e�ective coupling is reduced by m

2
H

[33], excluding �WIMP-N values down to
2 ⇥ 10�47 cm2.
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Input channels: ttH-0l + ttH-2l + VBF @ Run2 and Run1 combination

VBF mode provides most sensitivity for inv. search

◈ Dominated by systematic uncertainties (statistics of simulation MC, Rec and ID of Jet/
lepton, background modelling)


◈ More stringent constraint is coming with the combination of VH and Higgs visible decay 
modes with full Run2 dataҁκ-framework҂
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DM search
◈ In “Higgs portal” models, H→inv can be translated to constraint on the WIMP-

nucleon scattering cross section σWINP-N on an EFT approach

✦ Scale WIMP scenario:  σWIMP-N <10-45 cm2  
✦ Majorana fermion WIMP scenario:    σWIMP-N <2*10-47 cm2
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Figure 4: The observed and expected upper limits on BH!inv at the 95% CL from direct searches for invisible decays
of the 125 GeV Higgs boson and their statistical combinations in Run 1 and 2. The 1� and 2� uncertainty bands on
the expected limits are shown as green and yellow, respectively.
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Figure 5: Comparison of the upper limits at 90% CL from direct detection experiments [66–69] on the spin-independent
WIMP-nucleon scattering cross section to the observed exclusion limits from this analysis, as a function of the WIMP
mass. The interpretation of ATLAS results assumes Higgs portal scenarios where the 125 GeV Higgs boson decays
to a pair of DM particles [33, 70] that are either scalars or Majorana fermions. The uncertainties from the nuclear
form factor are indicated by the hatched band. The regions above the limit contours are excluded in the �WIMP-N
range shown in the plot.

6 Conclusion

In summary, direct searches for invisible Higgs boson decays using 139 fb�1 of pp collision data atp
s = 13 TeV recorded in Run 2 of the LHC in the VBF and tt̄H topologies are statistically combined
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Highlighting the complementarity of DM searches at the LHC 
and direct detection experiments
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Summary
◈ The most precise measurements on Higgs property are performed 

with the combination of different Higgs boson decay channelsғ


✦ Signal strength, simplified template cross section, κ-framework


✦  Further interpretation on EFT and BSM (2HDM and MSSM) 


◈ First global combination of EFT interpretation between H→WW* and 
WW measurements


◈ The combined measurement on the Higgs invisible search is 
B(H→inv) < 11% @ 95% CL


◈ No evident deviation from SM is observed. More precise 
measurements are coming soon.

14
Thanks for your attention


