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1 Introduction

One of the main physics objectives of Run 2 of the LHC (2015-2018) has been to measure with increasing
precision the properties of the Higgs boson discovered by the ATLAS and CMS Collaborations in 2012 [1,
2]. These properties were so far found to be compatible with those predicted for the Higgs boson in the
Standard Model (SM) of particle physics. Precise measurements of these properties therefore provide a test
of the consistency of the SM and a window into possible new phenomena beyond it.

Within the SM, the couplings of the Higgs boson to fundamental SM particles and the rates of its production
and decay processes are fully determined from the knowledge of SM parameters. ATLAS and CMS have
performed measurements of these properties using analyses targeting a variety of Higgs boson production
and decay channels. The production processes considered consist of gluon—gluon fusion (ggF), weak
vector-boson fusion (VBF), associated production with a weak vector boson (VH, with V = W, Z), and
associated production with a pair of top quarks, (1tH), a pair of b-quarks (bbH) or a single top quark



(tH). The decay channels include H — bb, H - WW* — {vfv,H — v, H — cc, H —> ZZ* — 4¢,
H — yy,H — Zy,and H — uu.' These processes are illustrated in Figure 1.

This note studies the production and decay rates of the Higgs boson, using a combination of analyses
targeting individual production and decay processes. Compared to the previously published combination of
Ref. [3], six new or updated measurements are included, with significant improvements to the measurements
ofthe H —» v, H > WW*, VH(— bb, cc), and ttH(— bb) processes.

All analyses use the full dataset of pp collisions collected during Run 2, except for that of Ref. [4] which
uses only data collected in 2015 and 2016 and that of Ref. [5] which uses triggers that were not available
during part of Run 2. The results assume the value my = 125.09 + 0.24 GeV for the Higgs boson mass, as
obtained from the latest combination of ATLAS and CMS measurements [6], and compatible with more
recent measurements performed individually by ATLAS [7, 8] and CMS [9, 10].

Results are reported in terms of the inclusive rates of the production and decay processes mentioned above,
and interpreted as modifications to the Higgs boson couplings within the « framework [11].
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Figure 1: Examples of Feynman diagrams for Higgs boson production (top row) and decay (bottom row): Higgs
boson production via gluon—gluon fusion (ggF; a), weak vector-boson fusion (VBF; b), and associated production
with vector bosons (V H; c), top- or b-quark pairs (t2H, bbH; d), or a single top quark (tH; e); Higgs boson decays
into a pair of vector bosons (f), a pair of photons or a Z boson and a photon (g), a pair of quarks (h), and a pair of
charged leptons (i). Loop-induced Higgs boson interactions with gluons or photons are shown in blue, processes
involving couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. Two different shades of
green (orange) are used to separate the VBF and VH (ttH and ¢tH) production processes.

2 ATLAS detector

The ATLAS experiment [12] at the LHC is a multipurpose particle detector with a forward—backward
symmetric, cylindrical geometry and a near 47 coverage in solid angle. The detector records digitized
signals produced by the products of LHC’s proton bunch collisions, hereafter termed collision ‘events’. It
is designed to identify a wide variety of particles and measure their momenta and energies. These particles
include electrons, muons and 7-leptons, photons, as well as gluons and quarks which produce collimated

1 No distinction is made between particles and antiparticles, and the same notation is used to refer to both. ¢ refers to electrons
and muons.



jets of particles in the detector. Since the jets from b-quarks and c-quarks contain hadrons with relatively
long lifetimes, they can be identified by observing a decay vertex which typically occurs at a measurable
distance from the collision point. The presence of particles that do not interact with the detector, such as
neutrinos, can be inferred by summing the vector momenta of the visible particles in the plane transverse
to the beam and imposing conservation of transverse momenta.

The detector components closest to the collision point measure charged-particle trajectories and momenta.
This inner spectrometer is surrounded by calorimeters that are used in the identification of particles and
in the measurement of their energies. The calorimeters are in turn surrounded by an outer spectrometer
dedicated to measuring the trajectories and momenta of muons, the only charged particle to travel through
the calorimeters. A two-level trigger system was optimized for Run 2 data-taking [13] to select events
of interest at a rate of about 1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. An
extensive software suite [14] is used in the simulation, reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Input measurements and combination procedure

Analyses of Higgs boson processes typically measure Higgs boson event rates in specific production and
decay processes. This measurement is performed either inclusively, or differentially in the kinematics of
the production process within the Simplified Template Cross-section (STXS) framework [15-17]. To this
end the analysis also accounts for background processes, which are suppressed using several methods. To
obtain the most accurate measurement of the Higgs boson interactions a simultaneous fit is performed on
a combined set of complementary measurements, under a number of physically motivated assumptions.
The relative contribution of each process in the combined fit depends on the expected signal rates for the
studied Higgs processes, the selection efficiency of the analysis, the signal-to-background ratios, and the
associated systematic uncertainties.

The single-process measurements entering the combination are listed in Table 1, including references to
the results of the single-process measurements. In some cases these input analyses have been modified
compared to their publication: in particular, analysis results using the value of 139 fb™! for the integrated
luminosity of the Run 2 dataset have been modified to reflect the updated value of 140 fb~! and its associated
relative uncertainty of 0.83% [18].

The SM is tested by comparing the observed signal rates to theory predictions that use the most recent
calculations of Higgs boson production cross sections and branching ratios (see Refs. [16, 29-34]). These
predictions assume the common value myg = 125.09 + 0.24 GeV; the single-process measurements have
been adjusted to use this reference when necessary.

All signal trigger and reconstruction efficiencies and most background rates are predicted from the
simulation. The simulation is complemented by the use of dedicated, signal-depleted control data for
measurements of selected background processes and to constrain selection efficiencies. A common set of
event generators are used in all analyses to describe the physics processes in the proton—proton collisions.
The generated events are passed through a detailed simulation of the ATLAS detector and trigger response
prior to their reconstruction and identification.

The measurement parameters, also referred to as parameters of interest (POIs), represent signal rates in
the various analysis regions in terms of Higgs boson production cross sections, decay branching ratios, or
coupling modifiers within the « framework. Different parameterisations are used to interpret the data under
different physics assumptions.



Table 1: Input analyses to the combination with their integrated luminosity (£), reference to the original publication
and STXS granularity. Analyses initially reporting results corresponding to a Run 2 integrated luminosity of 139 fb™!
are rescaled to the updated 140 fb~! value for the combination. In the last column, New analysis denotes analyses not
present in the combination reported in Ref. [3]; Full Run 2 refers to analyses that used a partial Run 2 dataset and have
been updated to the full dataset; and Reanalysis to cases where an improved analysis of the full Run 2 dataset is used.

Analysis Prod. L Reference STXS Improvements
modes (fb_l) stage  relative to Ref. [3]

H—Z7Z7Z"— 4¢ All 140  [19] 1.2 -

H—> WW* — ¢vlvy  ggF,VBF 140 [20] 0 Reanalysis
H—> WW* - ¢tvty VH 140  [21] 1.2 Full Run 2
H— yy All 140  [22] 1.2 -

H— Zy All 140  [23] 0 -

H— 17t All 140  [24] 1.2 Reanalysis
H—> 11 VH 140  [25] 0 New analysis
H — up All 140  [26] 0 -

H— bb VBF 126 [5] 1.2 -

H — bb, cc VH 140  [27] 1.2 Reanalysis
H — multileptons ttH 36.1 [4] 0 -

H — bb ttH 140  [28] 1.2 Reanalysis

The statistical analysis of the data relies on a likelihood formalism, where the product of the likelihood
functions describing each of the input measurements is calculated in order to obtain a combined likeli-
hood [35]. The effects of experimental and theoretical systematic uncertainties on the predicted signal
and background yields are taken into account by including nuisance parameters (NPs) in the likelihood
function, which are free to vary in the fit. Some of these parameters, referred to as unconstrained, are
determined from data only. Other parameters, referred to as constrained, are also subject to a constraint by
an auxiliary measurement and quantify the effect of systematic uncertainties. Auxiliary measurements are
usually represented by a unit-Gaussian constraint with a mean corresponding to the NP, or in some cases
by a Poisson distribution. In most cases, the impact of Gaussian-contrained NPs on other parameters in
the likelihood is implemented using an exponential form, which is equivalent to the use of a log-normal
constraint. The observable of the constraint distribution is the global observable representing the observed
value of the auxiliary measurement [35]. When the same systematic uncertainty source affects multiple
analysis channels, a correlated uncertainty is implemented by using the same NP in each case.

The statistical test of a given signal hypothesis, used for the measurement of the parameters of interest, is
performed with a test statistic based on the profile likelihood ratio [36]. The confidence intervals of the
measured parameters are obtained using asymptotic formulae [36]. The compatibility of the results and the
SM predictions is estimated using a p-value psy computed as described in Ref. [3].

The combined likelihood is obtained by including all the categories ¢ from each input analysis a, and the
constraints for all constrained nuisance parameters. It can be written as

Ninpuls NL(::\) Ncons
L(u,0;data) = ﬂ 1—[ _[E,“)(p,a;data) l_l G (5k;9k), (1
a=1 c=1 k=1



where p and @ are the vectors of POIs and NPs respectively, Nippys is the number of input analyses a,

N é;g is the number of categories in analysis a, .[:E.a) is the likelihood function for category c of analysis
a, Ncops 18 the overall number of constrained nuisance parameters, G denotes the constraint PDF and
0y, is the global observable corresponding to 6. The signal-sensitive regions of all input analyses are
non-overlapping by construction. In some cases, the selections of the control regions used to constrain
background processes have a small overlap with regions in other analyses. The effect of these overlaps is
however found to be very small compared to uncertainties of the results and their effect is not considered in

the statistical treatment.

Uncertainties on the Higgs boson production cross-sections are applied on the predicted cross-sections in
each region of the STXS Stage 1.2 scheme, as described in Ref. [3], and uncertainties on Higgs boson
branching ratios are applied as prescribed in Ref. [16]. These theory uncertainties, along with experimental
systematic uncertainties and uncertainties on the luminosity measurement, are considered to be correlated
across analyses, and implemented in the likelihood using the prescription described above. Other sources
of theory uncertainty are implemented as uncorrelated. Some NPs initially implemented as correlated are
decorrelated if the corresponding NPs are found to have large best-fit values or reduced uncertainties in fits
to data in each input channel.

Uncertainties are decomposed into components corresponding to different classes of uncertainty following
a method similar to the one used in Ref. [3]. The NPs corresponding to a given class of uncertainty are
fixed to their best-fit value, and the uncertainty component is obtained by subtracting in quadrature the
uncertainty obtained in a fit performed in this configuration from the uncertainty obtained in the original fit.
The statistical uncertainty component is obtained in a fit where all NPs are fixed to their best-fit values.

4 Results

4.1 Measurement of the global signal strength

The rate of Higgs boson production and decay processes is expressed using the quantity o; X By, where o
denotes the cross-section of the production process i and B the branching ratio into the final state f. The
signal strength of the process is defined by the ratio u;r = (o; X By)/ (o-iSM X B?M) of the measured event
rate to its SM prediction.

This section presents the measurement of a single signal strength y scaling all event rates considered in the
combination. The measurement yields

p=1.023*0956 = 1,023 +0.028 (stat.) T (exp.) 493 (sig. theo.) +0.012 (bkg. theo.)

where (stat.) refers to the statistical component of the uncertainty, (exp.) to the contribution from
experimental systematic uncertainty, (sig. theo.) to theory uncertainties on the Higgs boson signal, and
(bkg. theo.) to theory uncertainties on the background processes. It can be noted that the overall theory
uncertainty is larger than both the experimental systematic uncertainty and the statistical uncertainty. The
expected result under SM assumptions is 1.000t%%’;53. The observed profile log-likelihood scan is shown in
Figure 2.

The result is in good agreement with the SM, with a compatibility corresponding to a p-value psm = 68%.
The total uncertainty is reduced by about 10% compared to the results published in Ref. [3].
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Figure 2: Observed profile log-likelihood value as a function of the signal strength y, in the model with a single
signal-strength scaling all processes. The intersections with the horizontal dotted lines define the 1o~ and 20
uncertainties on the measurement. The solid black line corresponds to the full statistical model with all uncertainties
included, and other lines to cases where a class of systematic uncertainties is removed from consideration as described
in the text: the background theory uncertainties (blue line), the signal theory uncertainties (red line), and all systematic
uncertainties (dashed black line).

4.2 Cross-section measurements in production modes

A measurement of the production cross-sections of Higgs boson production processes is performed
assuming that the branching ratios of Higgs boson decays are equal to their SM expectations, within SM
theory uncertainties. The bbH mode is considered together with ggF since no dedicated analysis targeting
this process is included in the combination and the acceptances for the bbH and ggF processes are similar
in all the channels considered. Similarly, the tH process is considered together with t#H. The other
production modes considered are VBF, WH and ZH. The V H process includes both leptonic and hadronic
decays of the W and Z, and the gg — ZH process is considered as part of ZH. Cross-sections are reported
in the fiducial volume |yg| < 2.5, where yg is the rapidity of the Higgs boson, which matches to a good
approximation the detector region over which the Higgs boson decay products can be reconstructed across
the analyses in the combination.

The observed results are shown in Figure 3 and Table 2. The results are in agreement with SM predictions,
with a p-value psym = 97%.

Compared to the previous combination of Ref. [3], uncertainties on owpy and ozg are reduced by about
30% and 20%, respectively, mainly as a result of the updated measurement of VH(— bb,cc) [27].
Similarly, the uncertainty on oy, g is reduced by about 40%, mainly due to the updated measurement of
ttH(— bb) [28].
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Figure 3: Observed cross-sections values for the main Higgs boson production modes, relative to their SM predictions.
The bbH mode is considered together with ggF, and rH with r#H. Higgs boson decay branching ratios are assumed
to be equal to their SM predictions.

Table 2: Measured values of Higgs boson production cross-sections, assuming branching ratios to match their
expectations in the SM. The second column provides the corresponding SM predictions together with the theory
uncertainties, and the third column the measured values normalized to the SM predictions.

Cross-section Measurement (pb) SM prediction (pb)  Ratio to SM

ggF + bbH 47.0 %54 44.8 £2.6 1.05 *0.07
VBF 3.6+04 3.50 £ 0.07 1.04 *0-12
WH 1.17 £0.18 1.216 +0.024 0.96 +0.15
ZH 0.80 +0.14 0.796 + 0.029 1.00 *9-18
1tH +tH 0.57 ¥ 0.58 +0.05 0.97 *13

4.3 Decay branching ratio measurements

A measurement of Higgs boson branching ratios is performed under the assumption that the production
cross-sections are equal to their SM expectations, within SM theory uncertainties. Higgs boson processes
are considered in the fiducial volume |yg| < 2.5. Observed results are shown in Figure 4 and Table 3.
The results are compatible with SM predictions, with a p-value pgy = 68%. Compared to Ref. [3],
the uncertainty on the H — bb branching ratio is reduced by approximately 20%, mainly due to the
higher sensitivity of the updated analyses of the VH(— bb, cc) and ttH(— bb) processes [27, 28]. The
uncertainties on the H — WW™* and H — 77 branching ratios are reduced by respectively about 20% and
10% due to the updated analyses of Refs. [20] and [24], as well as to a somewhat lesser degree the analyses



Figure 4: Observed branching ratio values in the H — bb, H > WW*, H > tt,H - ZZ",H — vy, H —> Zy
and H — pu decay modes, relative to their SM predictions. Higgs boson production cross-sections are assumed to

be equal to their SM predictions.

Table 3: Observed and expected values of Higgs boson decay branching ratios, assuming production cross-sections to
match their expectations in the SM. The second column provides the corresponding SM predictions together with the
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theory uncertainties, and the third column the measured values normalized to the SM predictions.

Branching ratio Measurement SM prediction Ratio to SM
H — bb 0.52 .07 0.581 +£0.010 0.89 *0:12
H — WW* 0.245 *0.022 0.215 + 0.005 1.14 010
H— 1t (6.2 *%7)-1072 (6.26 *0-15) - 1072 0.99 *0-10
H— ZZ* (2.67 +£0.26) - 1072 (2.64 +0.06) - 1072 1.01£0.10
H—yy (2.38+£0.20) - 1072 (2.27 *997) - 1073 1.05 £0.09
H— Zy (3.2*3)-107° (1.54 *¢10) - 1073 2.1 49
H — up (26+1.3)-107* (2.17 £0.05) - 10~* 1.2+0.6

of Refs. [21] and [25] .



4.4 Production and decay measurements

This section presents measurements of Higgs boson production rates for individual decay channels. The
H— bb,H—->WW*"H—>1tr,H—> cc,H—> ZZ*,H — vy, H— Zy, and H — puu channels are
considered. For production modes, the same scheme is used as in Section 4.2 with some adjustments due to
the different sensitivities in some combinations of production and decay final states: in the H — bb mode,
the ggF + bbH and VBF modes are considered as a single process; in the H — yvy mode, the tH and tH
modes are considered separately; in the H — uu decay, the ggF + bbH and ttH + tH modes are similarly
considered together, as well as the VBF, WH and ZH modes; in the H — Zy mode, all production modes
are grouped together; and finally in the H — cc mode, only the WH and ZH processes are considered,
while the others are fixed to their SM expectation. In total, 29 combinations (o; X Bf) of production
cross-sections o; and branching ratios B s are reported. Higgs boson signal processes are considered within
the fiducial volume |ygy| < 2.5.

Results are shown in Figure 5 and Table 4. The results are all in agreement with SM predictions, with a
p-value psm = 84%.

ATLAS Pre“mmary FedData (Total Unc.) Esyst. unc. [l SM prediction
15 =13 TeV, 36.1-140 fb %, m, = 125.09 GeV, ly | <2.5,p_ = 84%
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Figure 5: Measured values of (o; X B) for the combinations of production cross-sections and branching ratios
described in the text, relative to their SM predictions.

10



Table 4: Measured values of (0; X By) for different combinations of production processes and decay modes. The
fourth colum lists the SM prediction for the measuremement together with its theory uncertainty. The values for the
ZH(— yy) and ZH(— cc) processes are found to be negative due to an observed event count in the corresponding
signal-sensitive regions that is below the predicted background level.

Decay mode Prod. mode Measurement (pb) SM prediction (pb)  Ratio to SM
ggF + bbH + VBF 27 £10 28.0+ 1.6 1.0+ 0.4
0.15 0.018 0.21
H s b WH 0.68 tg-l : 0.706 *0.018 0.96 t(?'zzf
.1 .
ZH 0.41 *910 0.462 +0.019 0.88 *0.22
ttH +tH 0.27 +0.06 0.340 + 0.030 0.80 *1%
ggF + bbH 11.3£1.1 9.6+ 0.6 1.17 £0.11
VBF 0.73 *0.17 0.753 £0.022 0.97 *0-22
H—WW* WH 0.13 +0.08 0.262 + 0.008 0.48 *030
0.09 0.5
ZH 0.29 *40 0.171 + 0.007 1.7 493
ttH + tH 0.21 +0.08 0.126 +0.011 1.7+0.6
0.8 0.27
ggF + bbH 2.2 %08 2.80+0.17 0.77 *921
0.040 0.18
VBF 0.226 *0.04 0.219 + 0.007 1.03 .18
H— 171 WH 0.110 *%9% 0.0761 + 0.0023 1.4 4903
0.023 0.5
ZH 0.052 +0.023 0.0498 + 0.0022 11493
0.026 0.7
ttH +tH 0.040 *0.020 0.0366 + 0.0033 11+
Decay mode Prod. mode Measurement (fb) SM prediction (fb)  Ratio to SM
320 2.4 9.2
H o oo WH 135 tféé) 35.1 111_72 3.9 t78_08
+ +1. +/.
ZH -8 +ioo 23.0 17 -0.3 7.9
0.13 0.11
ggF + bbH 111 #9013 1.18 £0.07 0.94 *11
VBF 0.12 +40 0.0924 + 0.0027 1.3 402
H—zz" 7006 +0.0016 i
VH 0.08 *0.06 0.0531 *0:001¢ 1542
ttH +tH 0.026 *0,0%¢ 0.0154 +0.0014 1.7 4]
ggF + bbH 106 + 10 102 +7 1.04 £0.10
VBF 10.0 *32 7.94 +£0.28 1.26 *0.%%
H—yy WH 42115 2.76 £0.10 1.5 00
ZH -0.4 *-0 1.81+0.08 -0.2+0.6
0.40 0.32
ttH 1.01 *0:40 1.13+£0.12 0.89 *0:32
0.8 0.013 4.0
tH 0.5 *08 0.192 #0013 2.5 9
30 1.0
H— Zy All 160 89 78 +7 2.0 L9
ggF + bbH +1tH +tH 6+9 9.8+0.6 0.6+0.9
H = pp VBF + VH 2.6 +15 1.197 +0.035 25 +13
+ O i 77 20,040 )

11



4.5 Measurements of couplings parameters in the « framework

The measurements presented in Section 4.4 are interpreted in the context of Higgs boson coupling
parameters, which are defined within the x-framework. Multiplicative modifiers «,, are introduced for the
couplings of the Higgs boson to the elementary SM particles p = W, Z, t, b, ¢, T, u, with the SM hypothesis
corresponding to a unit value for all x,,. The modifiers kg, x, and kz, are also introduced to describe
effective Higgs boson interactions with gluons (Hgg), photons (Hy7y) and the combined interaction with a
photon and a Z boson (HZvy). The rates of Higgs boson processes not probed by the analyses included in
the combination are assumed to correspond to their SM expectations, and only SM decays of the Higgs
boson are considered. The Higgs boson production cross-sections and decays rates are expressed in terms
of the coupling modifiers using several parameterizations, each based on a set of physics assumptions.
In each case, the modifications are applied to the SM predictions; the uncertainties in these predictions
therefore enter the uncertainties in the measured values of the modifiers.

A first model considers only two coupling modifiers: the bosonic coupling parameters xw and kz are
assumed to be equal to a single modifier xy, while a modifier x is associated to all fermion couplings.
Both parameters are assumed to be positive: for «y this is by convention, and a negative value of the
relative sign between kr and ky has been experimentally excluded [37]. The effective couplings kg, &y
and kz, are expressed as a function of kr and kv, using expressions derived from the corresponding
leading-order loop processes in the SM. The parameterizations used for this model and the ones shown
below are described in detail in Table 6 shown in Appendix A.

The observed (expected) values of the coupling modifiers are xy = 1.015t%'%22% (I.OOOJ:%'.%ZZ%) and

Kp = O.979t%_%i‘; (1 .OOOt%_%A;%). The observed (expected) correlation coefficient between the two parameters
is 40% (36%). Profiled log-likelihood contours at 68% and 95% confidence level (CL) in the (ky, kr)

plane are shown in Figure 6. Observed results are consistent with the SM, with a p-value psy = 62%.

A more general model introduces independent x modifiers for Higgs boson couplings to each of W, Z, ¢,
b, ¢, T and u. A positive sign is assumed by convention for kw. For «z and «; only positive values are
considered, since the negative regions have been experimentally excluded [37-39]. For «p, k- and k,, the
combination is sensitive to the absolute values of the modifiers but has almost no sensitivity to their signs.
Confidence intervals are therefore reported only in the positive region for simplicity. Finally, «. is allowed
to range over both positive and negative values since it is only weakly constrained and the k. = 0 scenario
cannot be excluded at the considered confidence levels.

Two scenarios are explored for the effective modifiers kg, k, and kz,: a resolved parameterization similar
to the first model above, in which the effective modifiers are expressed as functions of the other modifiers
using expressions derived from the corresponding leading-order loop contributions within the SM; and an
effective parameterization in which they are instead considered as independent parameters in the fit. In the
resolved parameterization, k. is either included as a measurement parameter, or set equal to ;.

Coupling modifiers in the resolved parameterization are shown as a function of particle masses in Figure 7,
and the measured values for both parameterizations are summarized in Figure 8 and Table 5. The results
are consistent with SM expectations, with psym = 90% and 82% for the resolved parameterization with
and without «. as a free parameter, respectively; and psy = 89% for the effective parameterization. The
uncertainty on the charm coupling modifier «. is reduced by a factor of about 2 compared to the results of
Ref. [3], mainly due to the improved constraints on the VH (— cc) process from the analysis of Ref. [27].
The uncertainty on «;, is improved by about 15% relative to Ref. [3].
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Figure 6: Contours of —2log AL in the plane (ky, kr) of modifiers to Higgs boson fermionic and bosonic coupling
modifiers. The observed 68% and 95% CL regions are shown respectively as dark and light blue shaded areas, while
the corresponding expected regions under the SM hypothesis are shown in dashed black and red lines, respectively.
The black cross indicates the best-fit point, while the SM expectation is represented by the red star.

One can note that the observed values of «w and «z in the general model are below 1, whereas in the
(kv, kF) model the value of the common «y modifier was above 1. This is related to the fact that in the
general model k;, takes values about one standard deviation below 1, which leads to a value of the total
width of the Higgs boson that is below its SM expectation and in turn to smaller values of the other coupling
modifiers such as «y and «z. In the (ky, kF) model, k}, is represented by «, which takes a value closer to
1 due to the effect of other fermionic couplings, and this leads to a higher value of the total width and a
thus a higher value of «y.
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Figure 7: Observed values of Higgs boson coupling modifiers to other SM particles as a function of the particle mass.
In the top panel, the values kpmp /v and /kymy /v are shown respectively for fermion and boson couplings, where
kr and ky are the coupling modifiers, mp and my are the particle masses, and v = 246 GeV is the Higgs vacuum
expectation value. Quark masses are evaluated in the MS scheme at the scale mp, while physical masses are used in
other cases. The bottom panel shows the raw coupling modifiers. The light gray points show the results in the case
where the k. modifier is a free parameter in the model, while dark-colored points correspond to the case where k. is
set equal to ;. The resolved parameterization described in the text is used in both cases.
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vertical red line. Results are shown under the assumption corresponding to the case where «. is set equal to ;.
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Table 5: Observed values of Higgs boson coupling modifiers. The second and third column corresponds to the
resolved parameterization, in which the modifiers «,, k, and kz, are expressed as a function of the other modifiers.
The fourth column corresponds to the effective parameterization in which the effective modifiers are considered as
independent parameters. In the second column, . is included as a measurement parameter, while in the third and
fourth columns it is set equal to «;.

Resolved kg, Ky, k7, Effective kg, Ky, Kz

Parameter
Free «. Ke = Kt Ke = Kq

Kz 0.97*0,9%  0.96 +0.05 0.96 + 0.05
Kw 0.99*0%  0.99 £0.04 1.00 +0.05
Ki 0.99*01%  0.9970.9% 0.99 +0.09

0.12 0.10
Kb 0.90*%13  0.89+0.09 0.89*%:10
Kz 0.95*% % 0.94+0.06 0.94 +0.06
Ke 11746 — —

0.25 0.24 0.23
Ky 1.05*03) 10479030 1.04+0.33

0.07

Kg — — 0.9975 06
Ky — — 0.97 +0.06
K2y — — 13673
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5 Conclusion

Higgs boson production and decay rates were measured using up to 140 fb~! of pp collision data collected
at 13 TeV during Run 2 of the LHC, combining the latest available analyses of each process. The overall
Higgs boson signal strength relative to the SM expectation is found to be compatible with SM prediction,
and measured with an uncertainty of 6%. The theory uncertainty on the SM prediction of the Higgs boson
signal rates is dominant compared to the experimental and statistical contributions.

Cross-sections for Higgs boson production processes are measured to be compatible with the SM, with
relative uncertainties ranging between 6% and 18%. Uncertainties on the rates for the WH, ZH, and
ttH +tH processes are reduced by about 30%), 20% and 40% respectively, compared to Ref. [3]. Branching
fractions into the main Higgs boson decay modes (H — yy, H — ZZ* — 4(, H - WW* — {v{v,
H — bb, H — 771) were measured with relative uncertainties in the 8% — 13% range, and in agreement
with SM expectations. The uncertainties in the H — bb and H — WW" branching ratios are reduced by
about 20% compared to Ref. [3], and the uncertainty on the H — 77 branching ratio by 10%. Products
of cross-sections and branching ratios for 29 combinations of production and decay channels are also
reported.

Interpretations in terms of Higgs boson coupling modifiers are also presented. Assuming only SM
contributions to loop processes and Higgs boson processes not probed by the analyses considered here,
Higgs boson couplings to W, Z, ¢, b and T are measured with uncertainties between 5% and 12%, with
improvements ranging from 10% to 20% compared to Ref. [3]. The coupling to the muon is measured with
an uncertainty of about 25%. The coupling to the charm quark is measured with an uncertainty of ‘:13'%,
corresponding to an improvement by about a factor of 2 compared to Ref. [3]. All results are found to be in

agreement with SM predictions.

17



Appendix

A Coupling modifier parameterization

The parameterization used to express Higgs boson production cross-sections and branching ratios in terms
of the coupling modifiers introduced in Section 4.5 is shown in Table 6.

B Expected signal strength results

The expected value of the global signal strength under SM assumptions is

p = 1.000*%955 = 1.000 + 0.028 (stat.) +0.025 (exp.) 43 (sig. theo.) *4013 (bkg. theo.) .

The corresponding profile log-likelihood scan is shown in Figure 9.

[ T I T T T T ‘ T T T ‘ ‘ I
C ATLAS Preliminary

7 Vs=13TeV, 36.1-140 fb™
my, = 125.09 GeV, |yH| <25

Total Unc.

Remove Only Background Theory Unc.

-2AIn(L)

Remove Only Signal Theory Unc.

Expected ~  e--ees Statistical-Only Unc.

\H\‘\H\‘H\\‘HHI\‘)\H\‘HH‘HH‘HH

(a)

Figure 9: Expected profile log-likelihood value as a function of the signal strength y, in the model with a single
signal-strength scaling all processes. The intersections with the horizontal dotted lines define the 1o and 20
uncertainties on the measurement. The solid black line corresponds to the full statistical model with all uncertainties
included, and other lines to cases where a class of systematic uncertainties is removed from consideration as described
in the text: the background theory uncertainties (blue line), the signal theory uncertainties (red line), and all systematic
uncertainties (dashed black line).
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Table 6: Parametrizations of Higgs boson production cross sections o; at 13 TeV, partial decay widths I'/, and the
total width 'y, normalized to their SM values, as functions of the coupling-strength modifiers k. The effect of
invisible and undetected decays is not considered in the expression for I'y;. For effective x parameters associated with
loop processes, the resolved scaling in terms of the modifications of the Higgs boson couplings to the fundamental
SM particles is given. The coeflicients are derived following the methodology in Ref. [40].

) Main Effective .
Production Loops Resolved modifier
interference  modifier
o (ggF) v t-b Ké 1.040 /<t2 +0.002 K,zj —0.038 k;kp —0.005 k; k.
o (VBF) - - - 0.733 k3, +0.267 k%
o(qq/qg —» ZH) - - - &,
2.456 k% +0.456 ? — 1.903
o(gg — ZH) v t-Z - “z “ fake
—0.011 kzkp +0.003 k;xp
2
o(WH) - - - Ky
o (1tH) - - - K
o (tHW) - -W - 2.909 k7 +2.310 &3, — 4.220 k;kw
o(tHq) - W - 2.633 k% +3.578 K%V —5.211 kykw
2
o(bbH) - - - Ky,
Partial decay width
bb 2
r - - - Ky
2
rvw - - - Ky
rss v t-b Ky L1117 +0.012 k3 — 0.1k,
r's _ _ _ K%.
44 - - - K%
ree _ _ _ K2
C
1.589 K%V +0.072 Ktz —0.674 kwk;
" v =W I +0.009 k&~ +0.008 K k),
—0.002 k;kp — 0.002 Kk £
r4r v -Ww K%y 1.118 K%/V —0.125 kwk; +0.004 Kt2 +0.003 kwkp
rss - - - K2 (= K%)
| Kol - - - Kfl
Total width
0.581 k3 +0.215 k3, +0.082 k3 +0.063 k%
Ty v - Ky +0.026 &2 +0.029 k2 +0.0023 «2
+0.0015 K%Zy) +0.0004 «2 +0.00022 Ki
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C Additional production cross-section and branching ratio results

Expected results under the SM hypothesis for the Higgs boson production cross-sections described in
Section 4.2, assuming branching ratios to correspond to SM expectations, are shown in Figure 10. Expected
values of the branching ratios described in Section 4.3 assuming the SM value for production cross-sections
are shown in Figure 11. Finally, observed and expected results for combinations (o; X B ) of production
cross-sections o; and branching ratios B described in Section 4.4 are shown in Figure 12. Observed and
expected correlation matrices for the production cross-section results are shown in Figure 13, for branching
ratio results in Figure 14 and for products of cross-sections and branching ratios in Figure 15.

T I LI I T T I T T I T T I T T I LI I LI I LI T
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Vs=13TeV, 36.1- 140 b B Syst M
m,, =125.09 GeV, Iy | <25 yst
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ggF+bbH == 1.00 =:o006 ( x004, zo005) i =0.058

VBF H=—H 1.00 :o011 (o008, =008) : +*0.020
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Cross-section normalized to SM value

Figure 10: Expected values of the cross-sections for the main Higgs boson production modes, relative to their SM
predictions. The bbH mode is considered together with ggF, and tH with t#H. Higgs boson decay branching ratios
are assumed to be equal to their SM predictions.
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Figure 11: Expected values of the branching ratios inthe H — bb, H - WW*, H - v, H - ZZ*, H — vy,
H — cc and H — Zvy decay modes, relative to their SM predictions. Higgs boson production cross-sections are
assumed to be equal to their SM predictions.
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Figure 12: Observed (left) and expected (right) values of the measurements of products of production cross-sections
and branching ratios, relative to their SM predictions. The total uncertainties (solid bars) are shown along with their
statistical (light shaded regions) and systematic (dark shaded regions) components. Numerical values are shown

rounded to two digits after the decimal point.
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Figure 13: Observed (left) and expected (right) correlation matrices for the measurement of production cross-sections.
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Figure 14: Observed (left) and expected (right) correlation matrices for the measurement of branching ratios.
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Figure 15: Observed (left) and expected (right) correlation matrices for the measurement of products of production
cross-sections and branching ratios.
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D Additional Higgs boson coupling modifier results

For the general coupling modifier models described in Section 4.5, expected results under SM are shown
in Table 7. Observed and expected correlation matrices for the resolved model with «. included as a
measurement parameter, the resolved model with «. = «;, and the effective model are shown respectively
in Figures 16, 17 and 18.

Expected uncertainties on the coupling modifiers in the resolved parameterization are shown in Figure 19

and in the effective parameterization in Figure 20, in both cases together with the corresponding values in
Ref. [3].

Table 7: Expected values of Higgs boson coupling modifiers. The second and third column corresponds to the
resolved parameterization, in which the modifiers «,, k, and kz, are expressed as a function of the other modifiers.
The fourth column corresponds to the effective parameterization in which the effective modifiers are considered as
independent parameters. In the second column, «. is included as a measurement parameter, while in the third and
fourth columns it is set equal to «;

Resolved kg, ky, k7,  Effective kg, &y, K7y

Parameter
Free «. Ko = Kt Ke = K¢

Kz 1.007%9  1.00 £ 0.05 1.00 £ 0.05
Kw 1.00*%% ~ 1.00 +£0.04 1.00 +0.05

0.10 0.08
Kt 1.00*%10 1.00 £ 0.06 1.00%0.08
Kb 1.00%%13 1,00 £0.10 1.00 +0.11
Kr 1.00*%1%  1.00 +0.07 1.00 +0.07
Ke IOJ:1377 - -

0.30 0.26 0.26
Ky 1.00%03%  1.0079.%° 1.0070.2
Kg - - 1.00 +0.07
Ky - - 1.00 + 0.06
KZ [y - - 10704
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Figure 16: Observed (left) and expected (right) correlation matrices for the measurement of Higgs boson coupling
modifiers in the resolved parameterization with «. included as a free parameter.
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Figure 17: Observed (left) and expected (right) correlation matrices for the measurement of Higgs boson coupling
modifiers in the resolved parameterization, assuming k. = k;.
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Figure 18: Observed (left) and expected (right) correlation matrices for the measurement of Higgs boson coupling
modifiers in the effective parameterization.
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Figure 19: Expected uncertainties on the coupling modifiers in the resolved parameterization including «. as a
measurement parameter (left) and assuming «. = «, (right). Uncertainties are shown for the analysis in this note (top
bars, in blue) and for the previous analysis presented in Ref. [3] (bottom bars, in orange). The reduced uncertainty on
k¢ in the current analysis is the main driver of the reduction in the uncertainties of the other coupling modifiers, since
k. indirectly affects their measurement through its effect on the total width of the Higgs boson.
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Figure 20: Expected uncertainties on the coupling modifiers in the effective parameterization. Uncertainties are
shown for the the analysis in this note (top bars, in blue) and for the previous analysis presented in Ref. [3] (bottom
bars, in orange).
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E Additional results including partial Run 3 data

This section provides additional plots including the results of two analyses using Run 3 data: an analysis of
the H — Zvy channel [41] and an analysis of the H — uu channel [42], both performed on a dataset of
165 fb~! of Run 3 data collected in pp collisions at a center of mass energy Vs = 13.6 TeV in 2022, 2023
and 2024. In each case, the results are based on a combination of Run 2 and Run 3 results in each channel;
the Run 3 results are not included in the overall combination with other channels. The parameterization of
the Run 3 analyses in terms of coupling modifiers is performed only on the decay branching ratio, neglecting
effects on the production cross-section. Only the relevant coupling modifier («z, for the H — Zv analysis
and and «, for the H — pu analysis) are free to vary in the fit. The Higgs boson total width is defined by
setting x; = 0.89, the best-fit value in the combination of Run 2 analyses, and other modifiers to unity.
The effect of these assumptions is expected to be negligible compared to the reported uncertainties on the
coupling modifiers. The SM predictions for the production cross-sections at v/s = 13.6 TeV are computed
using the same methodology as for the Run 2 results.

Figure 21 shows measurements of Higgs boson branching ratios, Figure 22 Higgs boson coupling modifiers
in the resolved parameterization as a function of particle mass, Figure 23 the measured values of coupling
modifiers in the effective parameterization, and Figure 24 their expected uncertainties.
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Figure 21: Observed (left) and expected (right) values of the branching ratios in the H — bb, H - WW*, H — 17,
H—ZZ",H — yy,H— Zyand H — uu decay modes, relative to their SM predictions. Higgs boson production
cross-sections are assumed to be equal to their SM predictions. For H — Zvy and H — ppu, results including Run 3
data are also shown. The parameterization of the Run 3 analyses in terms of coupling modifiers is performed only on
the decay branching ratio, neglecting effects on the production cross-section. Only the relevant coupling modifier
(kzy for the H — Zvy analysis and and «,, for the H — pyu analysis) are free to vary in the fit. The Higgs boson total
width is defined by setting x5, = 0.89, the best-fit value in the combination of Run 2 analyses, and other modifiers to
unity.
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Figure 22: Observed values of Higgs boson coupling modifiers to other SM particles as a function of the particle
mass. In the top panel, the values kpm g /v and \/kymy /v are shown respectively for fermion and boson couplings,
where «r and «y are the coupling modifiers, mr and my are the particle masses, and v = 246 GeV is the Higgs
vacuum expectation value. Quark masses are evaluated in the MS scheme at the scale m g, while physical masses are
used in other cases. The bottom panel shows the raw coupling modifiers. The grey points and error bars show the
results in the case where the x. modifier is a free parameter in the model, while dark-colored markers correspond to
the case where «, is set equal to «;. The resolved parameterization described in the text is used in both cases. A
measurement of «,, including Run 3 data also included as mentioned in the text is shown with an empty marker and
dotted error bars.
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Figure 23: Measured values of coupling modifiers in the effective parameterization. For kz, and k,,, results including
Run 3 data as mentioned in the text are also shown in dashed lines. Results are shown under the assumption
corresponding to the case where k. is set equal to ;.
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Figure 24: Expected uncertainties on the coupling modifiers in the effective parameterization for the analysis in this
note (blue bars) and for the previous analysis presented in Ref. [3] (orange bars). For «z, and «,,, results including
Run 3 data as mentioned in the text are also shown (red bars).
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