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Figure 11.4: Summary of the CMS and ATLAS mass measurements in the ““ and ZZ channels in
Run 1 and Run 2.
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In this intricate channel, experiments search for an excess of events with two leptons of opposite
charge accompanied by missing energy and/or jets.

A typical event selection is described below in order to give an idea of the main challenges.
Specific selections vary between experiments and between Run 1 and Run 2 analyses. Events are
divided into several categories depending on the lepton flavour combination (e+

e
≠

, µ
+

µ
≠and e

±
µ

û)
and the number of accompanying jets (Njet = 0, 1, Ø 2). In the ATLAS analysis, the Njet Ø 2
category is optimised for the VBF production process by selecting two leading jets with a large
pseudo-rapidity di�erence and with a large mass (mjj > 500 GeV).

Backgrounds contributing to this channel are numerous and depend on the category of selected
events. Reducing them and accurately estimating the remainder is a major challenge in this anal-
ysis. For events with opposite-flavour leptons and no accompanying high pT jets, the dominant
background stems from non-resonant WW production. Events with same-flavour leptons su�er
from large Drell–Yan contamination (note that also the opposite-flavour leptons analysis has Drell–
Yan · ·̄ background in 0-jet category). The tt̄ , tW and W + jets (with the jet misidentified as a
lepton) events contaminate all categories. Non-resonant WZ, ZZ and W“ processes also contribute
to the background at a sub-leading level.
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Figure 11.8: Combined measurements of the products ‡ · BR, normalised to the SM predictions,
for the five main production and five main decay modes. The hatched combinations require more
data for a meaningful confidence interval to be provided.

These overall signal strengths are fully compatible with the SM expectation, µ = 1, with a
precision of 10%. It is interesting to note that the main uncertainty in these measurement arises
from the limited precision in the theoretical predictions for the signal production processes. The
precision reached with the individual experiments combinations using partial Run 2 datasets have
already exceeded the full Run 1 ATLAS and CMS combination precision.

11.4.2 Main decay modes
Despite the large number of decay channels, since the cross sections cannot be independently

measured, from the measurements described in this section it is impossible to measure the decay
branching fractions without a loss of generality. The simplest assumption that can be made is
that the production cross sections are those of the SM, which is equivalent to assume that, for
all i indices, µi = 1. All branching fractions µf can then be measured in a simple 5 parameter
fit. The results of these fits are reported in Table 11.10 in terms of significances to highlight
their unambiguous observations: all the measured branching fractions are compatible with the SM
values.

For the ·
+

·
≠ channel, ATLAS and CMS were both only mildly sensitive at the Run 1 and have

observed excesses in their data. The individual results were not su�ciently significant to claim an
observation, however, in combination the evidence was very strong. It is really with the addition
of the Run 2 data that the decay of the Higgs boson to tau pairs has been established by the two
experiments independently and unambiguously (see Table 11.10 and Section 11.3.2).

As illustrated in Table 11.10, ATLAS and CMS were both less sensitive in the H æ bb̄ decay
mode. The available sensitivity came mostly from the V H process. The combined significance of
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dataset of 35.9 fb≠1. ATLAS reached an expected sensitivity of 4.9‡ and an observed significance
of 5.8‡ with the Run 2 partial dataset alone, and 6.3‡ (with 5.1‡ expected) in combination with
the Run 1 results. CMS reached a sensitivity of 4.2‡ and observed an excess with respect to the
background-only hypothesis of 5.2‡, combining the Run 1 and Run 2 results.

With the larger Run 2 dataset, the dominant mode is the tt(H æ ““) channel, where a narrow
peak over a continuous background is searched for. At Run 2, this channel has reached a signal-
to-background ratio in excess of 1 in the most signal-like categories. This is in contrast with the
inclusive diphoton channel Higgs channels where the signal-to-background ratios are of the order
of a few percent. ATLAS has analysed the entire Run 2 dataset reaching an observed (expected)
sensitivity of 4.9‡ (4.2‡) [161] and CMS has utilised 77.4 fb≠1 of Run 2 data for this channel with
an observed (expected) sensitivity of 4.1‡ (2.7‡) [162], providing nearly unambiguous observations
in this channel alone. These results are largely dominated by statistical uncertainty and are there-
fore expected to improve significantly with more data. These results with the full dataset from
ATLAS [161] and with a larger Run 2 dataset for CMS [162] are not part of the ATLAS and CMS
combinations and therefore provide substantially more evidence for the direct coupling of the Higgs
boson to the top quark.

The resonant search for the resonant Higgs boson decay to four leptons in the associated pro-
duction with a pair of top quarks has also been updated in ATLAS [131] with the full Run 2 dataset
and reported in Table 11.6, but it is also not included in the combination.

An update of the H æ bb channel made by CMS with a partial Run 2 dataset of 41.5 fb≠1 [163],
using in particular the fully hadronic channel, is not in combination either. It is nevertheless
reported in Table 11.5.

For the so-called “multi-lepton” channels which cover mostly the WW , ZZ and ·· decay modes,
ATLAS and CMS have analysed only part of the Run 2 datasets [164].

All results are summarized in Table 11.6.

Table 11.6: Summary of the results of searches for a Higgs boson in association with a top
quark pair by ATLAS and CMS. The results are given in terms of a measured signal strength.
When available, the statistical and systematic contributions to the total uncertainty are reported
separately and in this order. The ATLAS [161] and CMS [162] diphoton results indicated by (ú)
are not included in the overall combinations which include versions of the diphoton analyses with
smaller Run 2 datasets. The combination includes the tt(H æ bb) channels reported in Table 11.5.

ttH ATLAS Run 1 CMS Run 1 ATLAS Run 2 CMS Run 2

H æ ““ 1.3 +2.6
≠1.7

+2.5
≠1.7 1.2 +2.5

≠1.7
+2.6
≠1.8 1.38 +0.33

≠0.31
+0.26
≠0.18 (ú) 2.27+0.86

≠0.74 (ú)

H æ 4¸ — — 1.2 +1.4
≠0.8 (ú) 0.0 ± 1.2 (ú)

WW/··/ZZ 1.4 ± 0.6 ± 1.0 3.3 ± 1.4 1.56 +0.30
≠0.29

+0.30
≠0.27 0.96 +0.34

≠0.31

Comb. 1.7 ± 0.5 ± 0.8 2.6 +1.0
≠0.9 1.32 ± 0.18 +0.21

≠0.19 1.49 ± 0.16 +0.27
≠0.21

11.3.3.2 The associated production with a single top quark
An additional production mode of the Higgs boson in association with a top quark is the single

top associated production mode. There is an interesting similarity between this production mode
and the H æ ““ decay mode. Both processes proceed through either the top Yukawa coupling or
the interaction of the Higgs boson with the W boson, with a negative interference between the two.
Representative Feynman diagrams for this production process are shown in Fig. 11.1. Contrary to
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Figure 11.14: ATLAS [213] (left) and CMS [214] (right) combined measurements of coupling mod-
ifiers in the ŸV < 1 scenario, and in the case of the ATLAS measurements with the assumption
BRBSM = 0 and using the o�-shell Higgs measurements.

Then all combination signals can be parametrised with the following ratios of coupling modifiers:
(i) the ⁄Zg = ŸZ/Ÿg ratio which is mainly probed by the measurements of the VBF and ZH produc-
tion; (ii) the ⁄tg = Ÿt/Ÿg ratio constrained by the tt̄H production process; (iii) the ⁄W Z = ŸW /ŸZ

ratio mainly probed by the WW and ZZ decay modes; (iv) the ⁄·Z = Ÿ· /ŸZ ratio constrained by
the ·

+
·

≠ channel; (v) the ⁄bZ = Ÿb/ŸZ ratio probed mainly by the V H(bb) channels; and (vi) the
⁄“Z = Ÿ“/ŸZ ratio constrained by the diphoton channel. In this parametrisation, the ZZ channel
plays an important normalisation role (the results are discussed in detail in the previous edition of
this review [123]).

11.6.2.2 Di�erential cross sections
To further characterise the production and decay properties of the Higgs boson, with the increase

in size of the LHC datasets, measurements of fiducial and di�erential cross sections are being carried
out by ATLAS and CMS both at Run 1 (the references can be found in the previous edition of this
review [123]) and Run 2 [260, 272] and in several channels: (i) the diphoton, (ii) the four leptons,
and (iii) the WW channels.

The definition of a fiducial volume as close as possible to the reconstruction level selection
criteria is very important as it will minimise the model dependence from possible variations in
the signal reconstruction e�ciencies. Minimising model dependence of unfolded fiducial di�erential
cross section measurements is also key to ensure their usefulness to further probe and tune more
accurate models in the future.

As an example in the diphoton channel for the ATLAS Run 1 analysis (similar criteria are used
at Run 2 and by CMS), the selection criteria defining the fiducial volume are the following: the
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boson to a pair of b-quarks [172], yiedling a 95% CL upper limit on BR(t æ Hc) < 0.47% with an
expected sensitivity of 0.44%.
11.3.4 Higgs boson pair production

Higgs boson pair production in the SM is a rare but very important mode to measure and search
for. The measurement of Higgs boson pair production is essential to directly constrain the trilinear
Higgs boson self coupling and the search for Higgs boson pair resonances is key in a variety of BSM
models. The latter searches are discussed in Section 11.7.7.

In the SM, the main non-resonant production mode of two Higgs bosons proceeds through a
loop, mainly of top quarks, see Fig. 11.5 (a). Another production mode is via the trilinear coupling
of the Higgs boson, see Fig. 11.5 (b), whose amplitude is not negligible compared to the former.
These diagrams interfere negatively, making the overall production rate smaller than what would
be expected in the absence of a trilinear coupling.

t, b

Figure 11.5: Feynman diagrams contributing at leading order to Higgs boson pair production
through (a) a top- and bottom-quark loop and (b) through the self coupling of the Higgs boson.

11.3.4.1 Searches for Higgs boson pair production
The searches for Higgs boson pair production both resonant and non-resonant are very inter-

esting probes for a variety of BSM theories, and they can be done in a large number of Higgs
boson decay channels. At Run 1, ATLAS and CMS have searched for both resonant and non reso-
nant Higgs boson pair production in the following channels: (i) HH æ bb““; (ii) HH æ bb·

+
·

≠;
(iii) HH æ bbbb; (iv) HH æ WW

ú
““; (v) in final states containing multiple leptons (electrons or

muons) covering the WW
ú
WW

ú, WW
ú
ZZ

ú, ZZ
ú
ZZ

ú, ZZ
ú
·

+
·

≠, WW
ú
·

+
·

≠, ZZ
ú
bb, ·

+
·

≠
·

+
·

≠

channels; and (vi) ““·
+

·
≠ channels.

At Run 2, similarly to the ttH production process, the di-Higgs production gains a substantial
increase in production cross section of a factor in excess of 3 from 8 TeV to 13 TeV, and most of
these channels have been updated both by ATLAS [173] and CMS [174] using the 2016 datasets
with the addition of the (vii) HH æ bbbb channels. The detailed description of the analyses can be
found in references within the combination results published by the collaborations [173, 174]. All
the results and their combinations are summarised in Table 11.7.
11.3.4.2 The Higgs boson self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs potential
with implications on our understanding of the electroweak phase transition. Constraints on the
trilinear self coupling from HH processes is an outstanding long term goal of the LHC and the
reach in sensitivity has been reappraised in the light of the recent HH analyses from ATLAS and
CMS, shedding a di�erent light on the achievable sensitivity [104]. Constraints from the HHH

final state on the quartic Higgs boson self coupling are out of reach at the LHC due mostly to the
very small production rates and intricate final states.

In the SM, the Higgs boson pair production through the trilinear Higgs boson self coupling
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