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To be put through its paces

Precise and fine-grained measurements of the Higgs boson are continuously improved.

Adinda de Wit

The Large Hadron Collider is a 27 km-long circular par-
ticle collider which has been in operation since 2010
at CERN. At the Large Hadron Collider, protons collide
at a record-breaking centre-of-mass energy of up to
13.6 TeV. Four large experiments are placed around the
ring at the intersection points of the proton beams:
ATLAS, CMS, LHCb, and ALICE detect the products of
the resulting collisions. The study of these data helps
to improve our understanding of the universe.

n July 2012, the ATLAS and CMS collaborations an-

nounced the discovery of a new particle with a mass of

around 125 GeV/c* [1 - 3]: the Higgs boson, a particle
predicted in the 1960s which is responsible for generating
the masses of other elementary particles. The Standard
Model of particle physics describes the building blocks
of everything around us. Matter consists of fermions:
quarks and leptons which exist in three generations. The
interactions between these particles are mediated by ,force
carriers’: the bosons. The discovery of the Higgs boson
completed a major missing piece of the Standard Model.

One of the reasons, it took nearly half a century to find
the Higgs boson is that its mass was not predicted by the
Standard Model. Therefore, physicists had to search a wide
range of masses. Furthermore, the Higgs boson can de-
cay to a range of other elementary particles - and the rate
of a particular decay channel depends on the mass of the
Higgs boson. Thus, many different final states had to be
investigated. With a mass of 125 GeV/¢?, the Higgs boson
might decay into pairs of bosons (WW, ZZ, yy) or pairs of
fermions such as bottom quarks and tau leptons. In addi-
tion to a range of decay channels, there are several ways
to produce the Higgs boson at the Large Hadron Collider
(LHC): the dominant production mechanism with 87 % is
the fusion of two gluons, followed by the fusion of vector
bosons (W or Z boson), the production in association with
a vector boson, and with a pair of top quarks.

The CMS and ATLAS collaborations studied different
production modes and decay channels with the data colle-
cted during the first run of the LHC which lasted until the
end of 2012. Using the data, they established the couplings
between the Higgs boson and vector bosons as well as the
effective coupling to photons. In addition, they determined
the production cross sections per production process and
decay channel combining data from ATLAS and CMS.

However, these investigations marked only the be-
ginning of the story of the Higgs boson. Using the data
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CMS Experiment at the LHC, CERN
Data recorded; 2018-Jun-02 02:23:55.014080 GMT
Run / Event/ Liﬁ1 7320/ 1288436121 / 891
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The collision of two protons with an energy of 13 TeV might produce a Higgs boson
decaying into a pair of tau leptons. Two forward pointing jets (yellow) in the oppo-
site endcaps of the CMS detector are characteristical for such an event. The jets of
the tau leptons (orange) are identified by energy deposits in the electromagnetic
(green) and hadronic (blue) calorimeter systems. Some transverse energy is mis-
sing (pink arrow).

collected from 2015 to 2018 during the second run of the
LHC, both experiments were able to confirm the couplings
between the Higgs boson and third generation fermions:
the top quark, the bottom quark, and the tau lepton. It is
important to understand these couplings in detail because
the mechanism of mass generation differs for fermions and
bosons and the Standard Model predicts that the coupling
between the Higgs boson and other particles is proporti-
onal to their mass. As the third-generation fermions are
heavier than their first- and second-generation counter-
parts, their couplings are weaker and more difficult to ac-
cess. However, during the second run, significant progress
was made when evidence for the decay of the Higgs boson
into pairs of muons was found. The probability that the
observed signal was just a statistical blip is less than half
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parameter value

The cross sections for different production mechanisms of the Higgs boson measured by the ATLAS collaboration (a, top) are com-

pared to the value expected by the Standard Model (bottom). The CMS collaboration derived the decay rates of the Higgs boson for various

decay channels relative to the prediction of the Standard Model (b).

a percent. Moreover, both experiments have made strides
in studying the coupling between the Higgs boson and the
charm quark. Upper limits on the decay H - ¢C now reach
the order of ten times the expectation set by the Standard
Model. Thus, the decay of a Higgs boson to charm quarks
was not observed yet, but we are starting to get closer [4, 5]
- a particularly remarkable achievement. Ten years ago,
this decay channel was not considered to be within reach
at the LHC.

Precise measurements

Having established many of the major Higgs boson produc-
tion modes and decay channels, the data collected during
the second run now serves to perform precise measure-
ments of the Higgs boson. But what are we measuring in
that case? Studying a particular decay channel of the Higgs
boson - for example, the Higgs boson decaying to a pair
of tau leptons - always involves looking at one or more
different production mechanisms - for example vector
boson fusion. Hence, it is not possible to isolate the decay
channel, or conversely the production mode, using a single
measurement. In consequence, a single measurement does
not reveal whether the production rate, the decay rate or
both of them deviate from the Standard Model, if the ob-
served combined rate does not match the predictions. For-
tunately, a combined measurement is able to overcome this
limitation. A combined measurement takes into account
all available production modes and decay channels, thus,
providing a complete picture of the couplings of the Higgs
boson and its production and decay rates, with the best
possible precision on those measurements reached [6, 7].
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Using the data collected during the second run, ATLAS
and CMS were both able to measure the cross section for
gluon-gluon fusion, which is the dominant production
mechanism, with a precision better than ten percent. This
precision enables learning more about physics beyond the
Standard Model from these measurements. Uncertainties of
the other major production modes, i. e. vector boson fusion
as well as W-associated, Z-associated, and top-quark-pair-
associated production, are in the range of ten to twenty per-
cent for the ATLAS experiment (Fig.1a). For the first time,
both collaborations were able to measure the production
of a Higgs boson in association with a single top quark -
although the uncertainty of the measured value is still very
large (50 %). The data being collected in the current third
run and in future will further improve this precision. The
CMS experiment measured the decay rates of the Higgs
boson with a precision similar to the one of the production
cross-sections (Fig. 1b): If the Higgs boson decays to bosons,
i.e. pairs of W, Z, or y, the precision is around ten percent;
rarer decay channels, such as pairs of muons, suffer from
a limited precision.

Fine-grained measurements

The increasing precision of these measurements stems
from the large data sets as well as the continuous impro-
vement of the analysis methods. Both enable progress
and allow not only considering Higgs-boson production
cross-sections inclusively but also performing more fine-
grained measurements. There are two approaches for the
Higgs boson: simplified template cross sections (STXS)
and fiducial differential cross-section measurements. In
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both cases, different slices of the parameter space called
bins are defined to measure the Higgs-boson production
cross-sections within. Examples for a binning include the
transverse momentum of the Higgs boson, the number of
particle jets in the event, and many other variables. The two
approaches differ in various points; most importantly, the
bins of the STXS approach are defined using multiple diffe-
rent variables at the same time. In addition, the number of
variables changes with the position in the parameter space.
Therefore, the binning occurs ad-hoc compared with the
one used in ,standard’ differential cross-section measure-
ments. The ATLAS and CMS collaborations agreed on the
STXS bins while consulting theoretical colleagues. This
simplifies the comparison between the results of ATLAS
and CMS and eventually allows combining their data to
increase the precision of the measurements.

Beyond the Standard Model

The aim of achieving more precise results for cross sections
and decay rates corresponds to one of the main goals of the
LHC: to find physics beyond the Standard Model. One hint
for such physics is the mass of the Higgs boson of around
125 GeV/c? if there are no further particles than the ones
already observed, this mass would be too low. Many theo-
ries beyond the Standard Model address this problem. Some
of them predict deviations in the couplings of the Higgs
boson at the percent level. Therefore, a comparable preci-
sion of the measurements is mandatory to decide whether
such deviations exist and which of the new models might
be correct.

Another aspect relates more to the STXS and differential
measurements. The presence of physics beyond the Stan-
dard Model might affect the couplings of the Higgs boson
not only inclusively but also differentially. For instance, a
new particle might exist which is too heavy to be produ-
ced directly at the LHC whose collision energy is limited
to 14 TeV for protons. Although such a particle is not di-
rectly observable, it would still affect the production cross-
sections of particles in the Standard Model like the Higgs
boson. For example, this new, heavy particle might modify
the cross section of the Higgs boson at high transverse mo-
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mentum (Fig. 2a). An inclusive measurement of the cross
section would yield results compatible with the prediction
of the Standard Model as the overall effect is negligible.
However, measuring the production cross-sections in bins
of transverse momentum, the deviation might become si-
gnificant in some of the last bins of the distribution (Fig. 2b).

If different distributions show deviations from the pre-
dictions, a consistent interpretation of the data is needed.
In so-called effective field theories the Standard-Model
Lagrangian is extended by taking into account higher-order
operators that describe the effects of new physics. A rather
old example is the Fermi theory of beta decay: it described
successfully the decay of a neutron to a proton, an electron,
and an electron antineutrino - half a century before the
W boson which mediates the interaction was discovered.
Similarly, ATLAS and CMS have both already used STXS
and differential measurements to constrain effects in an
effective field theory which describes the Higgs sector. In
addition, an extensive measurement programme trying
to identify anomalous contributions to the interactions of
the Higgs boson with other particles is under way — for
example, to understand the charge-parity structure of the
various couplings.

Future perspectives

The third run of the LHC is currently under way and will
last for the next years. Its data set should more than dou-
ble the data available after the second run. Afterwards, the
collider will be upgraded to operate at higher instantane-
ous luminosity. This high-luminosity LHC (HL-LHC) will
increase the amount of data enormously: twenty times
more than analysed so far. Although decades are needed
to collect these data, not to mention the time for analysis,
it is already worth exploring the precision to be expected
for the measurements related to the Higgs boson. To de-
rive this precision, it is possible to scale up the performed
measurements such that the data collected so far matches
the data set assumed from the HL-LHC. This procedure
relies on several assumptions: for example, the efficiency for
the reconstruction of particles in the detector has to persist.
On top of that, it is necessary to assume the uncertainties
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Abb.2 Inaninclusive measurement, the measured cross section (a, green) appears to agree with the prediction of the Standard Model

(black). Precise measurements allow a more detailed investigation: More granular kinetic information reveals even small deviations (b).
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Abb.3 The HL-LHC will give the opportunity to measure most of the couplings of the Higgs boson to other particles (a) to the percent
level with theoretical uncertainties being the limiting factor in the precision. In addition, the precision of the measured Higgs-boson self-

coupling (b) will be around 50 percent.

entering in the measurements: for example, the theoretical
uncertainties in the predictions of the Higgs-boson pro-
duction cross-sections could be halved while experimental
uncertainties, like the ones stemming from the calibration
of the luminosity measurement, are expected to reduce with
the square root of the increase in luminosity.

Using these assumptions, most of the couplings of the
Higgs boson will be obtained with a precision on the per-
cent level when combining the entire data set collected at
the HL-LHC by ATLAS and CMS (Fig. 3a). At that point,
the precision is limited by theoretical uncertainties. Thus,
a further improvement of the measurements relies on the
precision of the theoretical calculations.

Another goal of the HL-LHC is a significant progress for
rarer Higgs-boson couplings, for example the interaction
which provides the self-coupling of Higgs bosons - a pro-
perty with a significant lack of experimental information
today. Measurements of the production of a pair of Higgs
bosons determine this coupling, however, this process
occurs only once per thousand productions of one Higgs
boson. As a matter of fact, neither of the detectors at the
LHC has observed the production of a Higgs-boson pair
yet, but the data of the HL-LHC should confirm this rare
process. In addition, the precision of the measured strength
of the Higgs-boson self-interaction is predicted in the range
of fifty percent (Fig. 3b) — with this value representing a
conservative estimate: the analysis methods improve con-
tinuously, thus, the expected precisions for the HL-LHC
are not yet based on the most sensitive possible analyses.

Summary

The eleven years after the discovery of the Higgs boson have
provided a lot of progress in establishing the properties of
this particle, and the measurements of its production cross-
sections and decay rates continue to improve. Increasingly
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fine slices of kinematic variables allow the search for new
physics using the production cross-sections. Even though
a large data set is already available, physicists will continue
to collect more data during the next decades aiming for a
data set twenty times larger than the one already analy-
sed. Therefore, there are many more precise Higgs-boson
measurements to come.
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