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Abstract

In the summer of 2012, the ATLAS and CMS experiments at the Large Hadron Collider announced the dis-
covery of a new particle, with properties consistent with those expected from the Standard Model Higgs
boson. Since then, its properties and its interactions with other particles have been studied by both exper-
iments using the data that have been collected in the meantime, increasing the number of Higgs bosons
produced by a factor of 36. This article gives a brief overview of the measurement of the Higgs boson
mass and of Higgs boson interactions with gauge bosons and with third-generation fermions. To date, all
measurements have been found to be consistent with the predictions of the Standard Model of particle

physics.
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1. INTRODUCTION

The tenth anniversary of the Higgs boson discovery in the sum-
mer of 2012 is a good opportunity to look back at the discovery
and at what has been learned about the nature of the Higgs bo-
son in those ten years. The discovery itself had really been a
textbook discovery, with an excess of events compatible with
a Higgs boson mass of around 125GeV slowly emerging at
both experiments as the size of the analyzed dataset grew. In
the summer of 2012, the statistical significance of the excess
reached or surpassed 50 at both experiments [1, 2], and the
news of the discovery was met with large excitement. A new
particle had been observed. But what was this new particle?

The Standard Model of particle physics (SM) makes very
clear predictions about the properties of the SM Higgs bo-
son [3,4,5,6,7,8,9,10,11, 12]. It is an elementary particle, and
it is a scalar, or in other words, it has a spin of 0. The strength
of its interactions with other particles is directly related to that
particle’s mass. This makes the Yukawa interaction between
the Higgs boson and the fermions the only interaction in the
SM that distinguishes between the three fermion generations.
It also predicts Higgs boson self-interactions with a strength
related to its vacuum expectation value. In contrast to many
extensions of the SM, the SM only predicts the existence of a
single Higgs boson.

The SM does not predict the mass of the Higgs boson,
but for any given mass, it predicts the cross sections for all
Higgs boson production processes and the decay rates for all
Higgs boson decay channels. At the time the ATLAS [13] and
CMS [14] experiments at the Large Hadron Collider (LHC) [15]
started to collect data in 2010, the Higgs boson mass was the
only unknown parameter of the SM needed to predict the pro-
duction cross sections and decay rates. Results from experi-
ments at the LEP, SLD, and Tevatron colliders constrained the
mass of a potential SM Higgs boson to be between 114 and
158 GeV or above 175 GeV [16].

The discovery was the starting point of the in-depth inves-
tigation of the properties of this new particle to first determine
whether or not it is compatible with being a Higgs boson, and

to determine its properties to check their compatibility with the
predictions of the SM and of extended models.

This article gives a brief overview of the measurement of
the Higgs boson mass and of Higgs boson interactions with
gauge bosons and third-generation fermions, following [17]. A
companion article [18] covers studies of the particle’s spin, its
interactions with second-generation fermions as well as Higgs
boson self-interactions, and finally the search for other Higgs
bosons.

2. HIGGS BOSON MASS

The mass of the Higgs boson, a free parameter in the SM, is a
crucial input to predict the production cross sections and the
decay rates of the Higgs boson. Before the discovery, cross sec-
tions and decay rates had been computed for a wide range of
masses to study the feasibility of observing and studying the
Higgs boson at the LHC and to provide crucial input to the de-
sign of the detectors and the software.

The Higgs boson mass has been measured in the two decay
channels with only light leptons and photons in the final state,
which have an excellent invariant mass resolution, as shown
for H - yyand H — ZZ* — 4{ in Figures 1 and 2, re-
spectively. As such, the mass measurement relies on the precise
calibration of the energy and momentum measurements of the
ATLAS and CMS tracking detectors, muon systems, and elec-
tromagnetic calorimeters.

This measurement was the first precision measurement at
the LHC: sub-% level precision was reached only two years af-
ter the discovery [19, 20]. A statistical combination of the AT-
LAS and CMS measurements based on the data taken during
LHC Runl reached a precision of 0.19% [21]. Recent measure-
ments achieved a precision of 0.11% based on data taken during
Runl and 2016 using H — ZZ* — 4¢ and H — <y decays at
CMS [22] and 0.14% based on almost the full data taken during
Runl and Run2 using H — ZZ* — 4/ decays at ATLAS [23].
The uncertainties still have a large statistical component, so
that the precision of the measurements can be improved fur-
ther with larger datasets.
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FIGURE 1: Invariant mass of selected diphoton events at the
time of the Higgs boson discovery. The signal peak is visible
on top of the smoothly falling background, both parametrized
by analytical functions. The figure was reproduced from [1].
Similar results were obtained by CMS [2].
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FIGURE 2: Invariant mass of selected events with four light
leptons at the time of the Higgs boson discovery. The main
background is estimated from the simulation, and the signal
is clearly visible. The peak from pp — Z — 4¢ around 90 GeV
serves as an important cross-check of the analysis. The figure
was reproduced from [2]. Similar results were obtained by AT-
LAS [1].

3. HIGGS BOSON PRODUCTION AND
DECAYS AT LHC

Several processes are predicted to contribute to the produc-
tion of Higgs bosons in proton-proton collisions. According to
the SM, the dominant process is gluon fusion, accounting for
88% of the Higgs boson production cross section for pp colli-
sions at 13 TeV for a Higgs boson with a mass of 125GeV. The
gluon fusion process proceeds via a triangular fermion loop,
expected to be dominated by the top quark contributions. Vec-

tor boson fusion, which has a distinct signature with two well-
separated hadronic jets and little hadronic activity between
them, accounts for about 7% of Higgs boson production in the
SM. Associated production with a vector boson (W or Z) ac-
counts for about 4% of the production cross section and has a
clear signature with the vector boson reconstructed in leptonic
or hadronic decays. Finally, associated production with a tf pair
can be tagged by the presence of the tf decay products and ac-
counts for about 1% of the production cross section in the SM.

The rate of Higgs boson production is many orders of mag-
nitude smaller than that of other processes such as the produc-
tion of hadronic final states via the strong interaction, the pro-
duction of weak vector bosons, or the production of ¢ pairs.
Many of these processes are important backgrounds for Higgs
boson measurements and searches. Extracting the Higgs signal
from the overwhelming backgrounds requires a careful design
of the triggers, the event selections, and the background esti-
mation.

The accessible Higgs boson decay channels depend quite
strongly on the Higgs boson mass. For a mass of 125GeV, a
large variety of decay channels is accessible, allowing for very
detailed studies of the Higgs boson properties. The decays to
two photons, H — 7, to two 7 leptons, H — 77, and to a bb
pair, H — bb, which would be the primary discovery channels
for a lighter Higgs boson, are still sufficiently large at 125 GeV.
On the other hand, the decays to two vector bosons, H — WW*
and H — ZZ*, which would be the dominant decay chan-
nels for a heavier Higgs boson, are already accessible in lep-
tonic vector boson decays with one of the vector bosons being
off-shell. Table 1 shows the number of Higgs boson decays ex-
pected to be produced and selected in the five main Higgs bo-
son decay channels for a mass of 125GeV per fb~! in pp colli-
sions at 13 TeV. Considering the quite small number of selected
events and taking into account the presence of sizeable back-
grounds, quite large datasets are needed for precision measure-
ments.

Produced  Selected
H— oy 130 46
H—Z7Z* 1400 (7) 1.5
H — WW* 12000 (280) 42
H— 11 3500 17
H — bb 32000 66

TABLE 1: Number of Higgs bosons pro-
duced and selected in the five main
decay channels per fb~! at a collision
energy of 13TeV [24]. The numbers
in parentheses take into account the
branching fractions of Z — ¢¢ and W —
v (L =e,p).

An overview of Higgs boson production and decays along
with references to the original literature can be found in [25].

4. HIGGS BOSON DECAYS TO GAUGE
BOSONS

The observation of the Higgs boson was driven by its decays
to gauge boson pairs, two photons, two Z bosons, and two W
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bosons. For the latter, their decays to light charged leptons (e,
) and neutrinos were exploited.

4.1. Higgs Decays to Two Photons

The H — 77 decay has only a tiny expected branching frac-
tion of about 0.2% and therefore only a very small signal yield.
On the other hand, the fairly simple final state of two photons
can be selected with high efficiency (see Table 1). The back-
grounds for the diphoton signature are very large. The sup-
pression of hadronic backgrounds, where a light meson decay
such as 7 — 77 mimic a single photon, requires suppression
factors of several 10%. This is achieved thanks to the granular
electromagnetic calorimeters, allowing a quite detailed mea-
surement of the shape of energy deposits. These are wider and
less isolated for the case of photons from neutral meson de-
cays, which typically leave a single energy deposit. After the
event selection, the remaining background is dominated by
events with two photons produced nonresonantly, accounting
for roughly 75% of the background. The expected signal purity
in the invariant mass range where the signal is located is about
3%.

The excellent invariant mass resolution of the photon pair,
which can be as good as 1.4 GeV [1], results in a clear peak on
top of a smoothly falling background (see Figure 1), allowing a
robust background subtraction.

4.2. Higgs Decays to Two Z Bosons

The signal yield of the H — ZZ* — 4/{ decay is expected to
be tiny for a Higgs boson of 125GeV. While the H — ZZ*
branching fraction is sizeable, about 2.6%, the small Z — ¢/
branching fraction combined with the experimental efficiencies
results in only 7.5 expected signal events in the data set used
for the Higgs boson discovery [2]. The leptons originating from
the off-shell Z* boson tend to have low momenta, with their
momentum distributions peaking below 10 and 20 GeV, respec-
tively. The reconstruction and the background suppression for
the low-momentum electrons are among the experimental chal-
lenges for this final state.

The small number of background events, mostly from non-
resonant ZZ* production, and the excellent invariant mass res-
olution of about 1-2% in this final state still result in a very clean
signal peak with a signal-to-background ratio of about 2 as can
be seen in Figure 2.

4.3. Higgs Decays to Two W Bosons

The H -+ WW* — evuv decay has a significantly larger sig-
nal yield than the H — ZZ* — 4/ decay, thanks to the quite
large H — WW?* branching ratio of about 21.5% for a Higgs
boson with a mass of 125 GeV. About 25 signal events were ex-
pected to be selected with zero or one hadronic jet in the event
in addition to the Higgs boson decay products, considering the
transverse mass range between 93.75 and 125 GeV [1].

The presence of neutrinos in the final state results in a sig-
nificantly worse mass resolution compared to H — 7 and
H — ZZ* — 4{ decays and motivates the use of the transverse
mass, computed from the transverse energy and momentum
components of the system of the two leptons and the missing
momentum.

The evuv signature is affected by large backgrounds, visible
in Figure 3 for events with zero or one hadronic jet in the final
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FIGURE 3: Transverse mass distribution of H - WW* — evuv
candidate events with zero or one hadronic jet in the event at
the time of the Higgs boson discovery. The signal is visible as
excess compared to the estimated backgrounds. The figure was
reproduced from [1]. Similar results were obtained by CMS [2].

state. The large backgrounds from nonresonant WW* and from
tf production as well as the smaller, but difficult, background
from W+jet production are estimated from dedicated control
samples.

5. HIGHLIGHTS OF RUN1

The discovery of the Higgs boson in the summer of 2012 rested
mainly on the statistical combination of the results in the three
decay channels discussed above, reaching a significance of 6.00
(4.90 expected) [1] and 5.00 (5.80 expected) [2] by the two
experiments, respectively. The three decay channels were ob-
served separately with a significance of above 5¢ shortly af-
terward. At the end of Runl, using the full dataset taken in
2011 and 2012, the global signal strength u was measured to
be 1.331‘8%, i.e., with a precision of about 15% [26]. In a given
decay channel, i = Nmeas/ Ngym, Wwhere Nyeas is the number of
measured Higgs boson events, while Ngy; is the number pre-
dicted by the SM. The global signal strength p is measured in
all decay channels simultaneously, testing the global compati-
bility of the data with the SM.

The Run1 dataset was also used for more detailed studies of
the properties of the Higgs boson, such as determinations of its
couplings to the other particles. Couplings are often measured
in terms of coupling strengths modifiers x, which are multi-
plicative parameters to the SM coupling in the Lagrangian,
modifying the overall strength of the coupling. Hence, a mea-
surement compatible with ¥ = 1 means that the measured
coupling is consistent with the prediction of the SM. As exam-
ple, Figure 4 shows the coupling strength modifiers for Higgs
couplings to vector bosons and to fermions (assumed to be
the same for all vector bosons and for all fermions, respec-
tively), constrained from the single decay channels to vector
bosons and their statistical combination. Sensitivity to the cou-
pling strength to fermions comes mainly from the gluon fusion
fermion loop. The results are compatible with the SM. One im-
portant conclusion that could be drawn from the early results
was the exclusion of the existence of a heavy, SM-like, fourth
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generation of fermions, which would result in a sizeable in-
crease in the Higgs production cross section. This was ruled
out by the data.
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FIGURE 4: Coupling strength modifiers for Higgs couplings to
vector bosons and to fermions determined from several Higgs
decay channels and their statistical combination. The figure
was reproduced from [26].

The existence of two experiments with similar goals, but
employing very different detector technologies, working inde-
pendently, was indispensable to cross-check each other’s re-
sults. The most precise results from the Runl dataset were ob-
tained by a statistical combination of the results of both experi-
ments. The combination included all main decay channels. A
precision of 10% was reached for the global signal strength,
u = 1.09 £ 0.11 [27]. The combination allowed the observation
of Higgs production through the vector boson fusion process,
as well as Higgs boson decays into two T leptons, H — 17
(see also Section 6.1), each with a significance of more than 5¢.
Figure 5 shows the constraints on the coupling strength modi-
fiers for effective Higgs couplings to photons and to gluons ob-
tained from the separate experiments and their statistical com-
bination. In the SM, these couplings proceed via fermion and
vector boson loops but are assumed to be effective, point-like
couplings for the purpose of this study.

6. HIGGS BOSON COUPLINGS TO
FERMIONS

The Yukawa couplings between the Higgs boson and the
fermions play a special role in the SM. The mechanism of elec-
troweak symmetry breaking does not require any coupling be-
tween the Higgs boson and the fermions. Instead, the Yukawa
couplings are added to the model to explain the masses of the
charged fermions. The large fermion mass hierarchy translates
to an expected large hierarchy in the strength of the Yukawa
couplings, which led to the expectation that the interactions
with the third generation of fermions should be observed first.

Higgs boson production processes and decays directly and
indirectly sensitive to Higgs boson couplings to fermions had
been investigated in Runl, and two important conclusions
had been obtained: first, the existence of Higgs Yukawa cou-
plings was inferred from the good compatibility of the mea-
sured Higgs boson production with that predicted by the SM,
which is dominated by the gluon fusion process, and second,
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FIGURE 5: Coupling strength modifiers for Higgs couplings to
photons and to gluons determined by the separate experiments
and their statistical combination. The figure was reproduced
from [27].

the H — 77T decay was observed in the combination of the re-
sults of both experiments. The much larger dataset collected
during Run2 made the direct study of Higgs boson couplings
to fermions particularly interesting.

6.1. Higgs Couplings to T Leptons

While the H — 77 final state contains neutrinos, in contrast to
the H — WW* final state, their impact on the invariant mass
resolution is mitigated by the small mass of the 7, causing the
neutrinos to be almost collinear with the visible T decay prod-
ucts. This can be used to construct estimators of the di-t invari-
ant mass with improved resolution.

The large Z — tT backgrounds are reduced by selecting
regions of phase space in which H — 77 is enhanced relative
to Z — t7: with large transverse momentum of the di-7 pair,
typically of the order of 100 GeV and above, or with vector bo-
son fusion topology. The H — 77 signal is visible as an excess
in the invariant di-T mass distribution on the shoulder of the
Z — 7T peak (see Figure 6).

The H — 717 decay was observed with a significance of
more than 50 by both experiments separately with the data
taken between 2011 and 2016. This observation constituted the
first (single-experiment) direct observation of Higgs Yukawa
couplings to fermions.

6.2. Higgs Couplings to Top Quarks

Being the heaviest known particle, the coupling of the top
quark to the Higgs boson is expected to be strong, and its di-
rect observation through Higgs boson production in associa-
tion with a tf pair was of high interest. With the decay products
of the tf pair and the Higgs boson, this process has a challeng-
ing final state with high multiplicity, as can be appreciated in
the event display shown in Figure 7.
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FIGURE 6é: Invariant mass distribution of H — 77 candidate
events with event topology consistent with Higgs boson pro-
duction through vector boson fusion in the dataset collected in
2016. The inset shows the data after background subtraction.
The figure was reproduced from [28]. Similar results were ob-
tained by ATLAS [29].

Run: 305723
Event: 1261546391
2016-08-06 17:51:01 CEST

FIGURE 7: tfH candidate event containing a muon candidate
(red track), an electron candidate (blue track and green bars), a
candidate of a hadronically decaying T (grey cone), and multi-
ple hadronic jets (blue and yellow cones). The hadronic jet indi-
cated by the blue cone is tagged to contain a b-quark. The figure
was reproduced from [30].

The tfH production process was initially observed by com-
bining the results in several Higgs boson decay channels, in-
cluding H - vy, H -+ ZZ*,H - WW*, H — 7t,and H —
bb, using the data collected between 2011 and 2016 (or 2017,
respectively) [35, 36]. The decay channels with larger branch-
ing fractions suffer from large and difficult backgrounds. For
the tfH(— bb) process, a particular challenge lies in the model-
ing of the experimentally not well constrained #fbb process. To
increase the efficiency of the event selection, rather than target-
ingthe H -+ ZZ*, H — WW*, and H — 77 decays separately,

an analysis selecting final states with multiple charged leptons,
including light leptons and s, targets these three decays to-
gether.! A particular experimental challenge is the estimation
of backgrounds with other objects misidentified as leptons.

ttH production also was observed in the H — 7 decay
channel alone by using the data collected between 2015 (or
2016, respectively) and 2018 [31, 32] (see Figure 8).

6.3. Higgs Couplings to b Quarks

The H — bb decay is the decay with the largest branching frac-
tion; the SM predicts it to be about 58%. The bb final state has
however very large backgrounds in particular from strong pro-
duction of hadronic final states including b quarks. These can
be reduced by focusing on Higgs boson production in associa-
tion with a vector boson V, VH, with V decaying to final states
with light leptons (Z — ¢(, Z — vv, W — v with { = e, ).
The light leptons also provide a clear signature for the trigger.
In turn, thanks to the large branching fraction, H — bb is the
best decay channel to observe V H production.

Combining the results from the search for H — bb in VH
production with analyses targeting other production processes,
the H — bb decay was observed with a significance of more
than 50 using data collected between 2011 and 2017 [33, 34],
completing the direct observation of Higgs boson couplings to
third-generation fermions. Given the large branching fraction,
this observation also constrains beyond Standard Model con-
tributions to the total Higgs width.

In addition, a combination of the VH(— bb) search with
analyses targeting other Higgs boson decay channels, VH pro-
duction was observed with a significance of more than 5¢ on
the same dataset [33].

7. HIGGS BOSON WIDTH

Measurements at the LHC always constrain the product of
the Higgs boson production cross section and decay branch-
ing fractions. Separate determinations of these quantities re-
quire an assumption on the Higgs boson width. The total
width predicted by the Standard Model of 4.1 MeV is too small
to be measured directly at the LHC. It can however be con-
strained indirectly from the study of off-shell Higgs boson pro-
duction [37, 38, 39], e.g., studying Higgs boson production in
H — ZZ decays with mzz > 2myz, with both Z bosons on-shell
(see Figure 10). The assumption that the couplings are the same
for on-shell and off-shell Higgs bosons allows one to constrain
the Higgs boson width via poftshen = TH/THSM X Hon-shells
where 1of /on-shell are the signal strengths measured off- and
on-shell, respectively. Using data collected in 2016 and 2017,
the first evidence for Higgs boson off-shell production was ob-
tained with a significance of 3.60. The Higgs boson width was
determined tobe I'yy = 3.2f%§ MeV [40].

8. COUPLINGS AND DIFFERENTIAL
MEASUREMENTS AT THE END
OF RUN2

Ten years after the Higgs boson discovery, the five main pro-
duction processes, gluon fusion, vector boson fusion, and asso-

! An exception is H — ZZ* — 4¢, which is excluded and targeted separately.
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respective event category the event falls into. The figure was reproduced from [31]. Similar results were obtained by CMS [32].
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FIGURE 9: Invariant mass distribution of the bb pair after sub-
traction of all backgrounds apart from the VZ(— bb) back-
ground, which also serves as a control channel. Each event is
weighted by S/ B, where S and B are the fitted background and
signal yield in the respective event category the event falls into.
The figure was reproduced from [33]. Similar results were ob-
tained by CMS [34].

ciated production with a W boson, with a Z boson, and with a
tt pair, and the five main decay channels, H — vy, H — ZZ*,
H — WW*, H — 77, and H — bb, have been observed and are
used to make detailed measurements of the properties of the
Higgs boson and its interactions. The signal strength measure-
ments for 30 combinations of production processes and decay
channels are presented in Figure 11, including also the H — upu
and H — Zv decay channels, which have not yet been ob-
served. All measurements are in good agreement with the pre-
dictions of the SM. The global signal strength, taking into ac-
count all production processes and decay channels, has been
measured to be p = 1.05 £ 0.06 [43] and p = 1.00 & 0.06 [42] by
the ATLAS and CMS collaborations, respectively.
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FIGURE 10: Invariant mass of the four-lepton system in a wide
range including the region of off-shell Higgs boson production.
The dotted line shows the predicted distribution in the case
of no off-shell Higgs boson production. The figure was repro-
duced from [40]. Similar results were obtained by ATLAS [41].

The SM predicts a clear correlation between the mass of
an elementary particle and its coupling to the Higgs boson.
The compatibility of the data with that prediction is depicted
in Figure 12, under the assumption that there are no contri-
butions to the total width beyond those predicted by the SM.
After the observation of Higgs couplings to third-generation
fermions, the observation and measurement of Higgs cou-
plings to second-generation fermions are now of particular in-
terest (see also [18]).
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FIGURE 11: Signal strengths of 30 combinations of Higgs boson production processes and decay channels. The figure was repro-

duced from [42]. Similar results were obtained by ATLAS [43].

With the increased size of the available dataset, a more de-
tailed study of the kinematics in Higgs production and decays
becomes possible. This is of particular interest since the effects
of physics beyond the SM can be enhanced in certain regions of
phase space, such as tails of kinematic distributions. The kine-
matics are studied by measuring cross sections in a variety of
kinematic regions for each of the main production processes as
shown in Figure 13. The kinematic regions have been defined to
maximize the sensitivity to physics beyond the SM, while lim-
iting the model dependence in the measurements. Within the
current uncertainties, all measurements are compatible with
the predictions of the SM.

9. CONCLUSIONS

The understanding of the Higgs boson and its interactions has
come a long way since its discovery in the summer of 2012. The
main production processes and decay channels have been ob-
served and the precision with which the couplings of the Higgs
boson are measured has increased significantly, as can be seen
in Figure 14. This was made possible by the very large increase
in the amount of data collected and analyzed—the number of
Higgs bosons produced at the LHC increased by a factor of 36
during the ten years since the Higgs boson discovery—but also
by improvements in the detector performance and calibration,
data reconstruction, and analysis techniques. So far, all mea-
surements are consistent with the predictions of the SM. The
next step in precision will be reached with a statistical combi-
nation of the Run2 results from ATLAS and CMS.
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Many scenarios beyond the SM predict only percent-level
deviations from the SM, requiring much more precise measure-
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ments of the Higgs boson couplings than available today. De-
spite the big steps that have been taken in understanding the
properties of the Higgs boson, we are just at the beginning of
this exciting journey. Run3 and the High-Luminosity LHC are
ahead, and the much harsher experimental conditions expected
at High-Luminosity LHC require upgrades of the detectors and
the work for these is in full swing. The data to be collected is
expected to increase the number of Higgs bosons by another
factor of 20, allowing for much more detailed studies of the
Higgs boson properties (see, e.g., Figure 14). Higgs boson stud-
ies promise to remain exciting over the next decades!
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