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Abstract. The most recent results of a Higgs boson production and properties
from the CMS Collaboration using the LHC Run 1 and Run 2 data are reported.
These include analyses of a Higgs boson decaying to a pair of photons, four
leptons via Z boson pair decays and the associated production of a Higgs boson
with top quark pair, predicted by the Standard Model (SM). The studies of a
Higgs boson decays to a pair of bottom quarks, a pair of tau leptons and a
charm quark pair are also presented. The Higgs boson production via vector
boson fusion (VBF) and decaying to invisible particles is reported here as well.
The analysis of a Higgs boson decay to a pair of muons is also presented. The
study of a Higgs boson pair production at 13 TeV is performed as well and
projections of a Higgs boson self couplings together with the couplings to other
particles at the HL-LHC are made.

1 Introduction

The Higgs boson was discovered in 2012 at CERN by the ATLAS and CMS Collaborations
[1-3], with mass measured to be around 125 GeV and precise measurements of its spin-parity,
width, boson and fermion couplings were pursued ever since the discovery. All the performed
measurement have turned out to be consistent with the prediction of the SM. With the full
LHC Run 2 data available, the focus of the Higgs boson studies shifted from the Higgs boson
discovery also to the precision measurements of the Higgs boson couplings and properties.
The yet not accessible decay modes are being studied, the Higgs boson anomalous couplings
are being searched for and a large available datasets have enabled to study also the differential
cross sections. The recent results of the Higgs boson studies by the CMS Collaboration [4]
are presented in this report.

2 Higgs boson decay to two photons

The analysis of a Higgs boson decaying to two photons was performed targeting the gluon-
gluon fusion (ggF) and the vector boson fusion (VBF) production modes, using the data
recorded by the CMS experiment in 2016 and 2017 [5]. The simplified template cross section
(STXS) framework [6] that minimizes a theory dependence of the Higgs boson measurement
was used in this analysis. The extensive usage of Boosted Decision Trees (BDT) was applied
and dedicated BDTs were trained for the photon and vertex identification, signal extraction
and the event categorization. The signal plus background fit was performed in all analysis
categories. The fitted diphoton invariant mass spectrum for the sum of all categories, each
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weighted by the ratio of the number of signal over signal plus background events, S/(S+B),
is presented in Fig. 1. The measured cross section, normalized to the corresponding SM pre-

diction, targeting the ggF and VBF production modes is found to be: oggn /0 oy = 1155012
s

and oyup/ o-q;;’i = 0.8f8;‘3‘. The results of a seven parameter fit performed using the STXS
framework are presented in Fig. 2, each showing a good agreement with the SM prediction,
within the uncertainties.
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Figure 2. The results of a seven-
Figure 1.  Signal plus background parameter fit in the STXS framework.

model fit to the diphoton invariant mass
spectrum for the sum of all categories.
The bottom plot shows the residuals af-
ter the background component is sub-

Cross section ratios are shown with
approximate 68% CL intervals (black
points), and compared to the SM expec-
tations and uncertainties (blue bands)

traction [5]. [5].

3 Higgs boson decay to four leptons

The decay of a Higgs boson to four leptons, being either electrons or muons, via production
of a Z boson pair has a clean experimental signature with a large signal to background ratio,
due to an excellent lepton momentum resolution. It also provides a possibility for a precise
measurement of the Higgs boson mass and width.

3.1 Measurement of the Higgs boson mass

The Higgs boson mass was measured with the 2016 data recorded by the CMS experiment,
using its decay to four leptons via production of a Z boson pair [7]. The reconstructed in-
variant mass of the four lepton system is presented in Fig. 3. This analysis applies matrix
element discriminants in order to enhance the signal sensitivity. The three-dimensional fit,
taking account the four lepton invariant mass, a per-event estimate of the mass resolution and
a kinematic discriminant variable as the inputs was performed. This lead to the measured
combined value of the Higgs boson mass of my = 125.26 + 0.20 (stat.) + 0.08 (syst.) GeV.
The likelihood scan versus the Higgs boson mass, while profiling the signal strength modifier
u along with all other nuisance parameters, is shown in Fig. 4. The systematic uncertainty in
the mass measurement is totally dominated by the uncertainty in the lepton momentum scale.

3.2 Measurement of the Higgs boson width

The Higgs boson width was studied in the four lepton final state using the combination of
the Run 1 data with the Run 2 data recorded by the CMS experiment in 2016 and 2017 [8].
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Figure 3. Distribution of the recon- Figure 4. 1D likelihood scans as a
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in the full mass range [7]. nal states and a combination of all final

states for the 3D mass measurement [7].

The kinematic information from the decay particles and the associated jets are combined us-
ing matrix element techniques in order to identify the production mechanism and to increase
the sensitivity to the Higgs boson couplings in both production and decay. The Higgs boson
width was measured using the off-shell production method that relies on the relative ratio of
the off-shell to the on-shell measurement. The width constraints are shown in Fig. 5 which
represents the observed (solid) and expected (dashed) likelihood scans. The constraints on
the anomalous HVV couplings are found to be consistent with the SM expectation in both
on-shell and off-shell regions. With the assumption of a coupling structure similar to that
in the SM, the Higgs boson width is constrained to be 3.23:5 MeV, while the expected con-
straint based on simulation is 4.1:5‘:8 MeV. This width measurement is significantly better
than using the on-shell method alone, that is approximately 1 GeV [7-9]. No anomalous
HVYV interactions were observed.
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Figure 5. Observed (solid) and expected (dashed) likelihood scans of I'y;. Results of the combined Run
1 and Run 2 data analyses, with the 2015 data included in the on-shell case. The dashed horizontal lines
show the 68% and 95% CL regions [8].
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3.3 Differential and fiducial cross sections

The differential and fiducial cross sections were measured in the four lepton final state using
the full Run 2 dataset [11]. The cross section for the Higgs boson decay to four leptons in
a fiducial region closely matching the experimental selection of the leptons is measured to
be o = 2.73fg:gg(stat.)fgfg(syst.) fb at my = 125.09 GeV, compared to the SM prediction of
2.76+0.14 fb. The inclusive fiducial cross section in different final states and their combina-
tion is shown in Fig. 6. The differential cross sections as a function of the py and rapidity of
the Higgs boson, the number of associated jets and the pr of the leading associated jet are de-
termined. In the Fig. 7 the differential cross section as a a function of the pr is presented. All
results are consistent with the expectations for the SM Higgs boson, within the uncertainties.
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Figure 6. The measured inclusive fidu-
cial cross section in different final states Figure 7. The results of the differential
[11]. cross section measurement for pr [11].

4 Higgs boson production with top quark pair

The observation of a Higgs boson production in association with a top quark-antiquark pair
(ttH) is reported in [12], where the analyses performed with data recorded at 7, 8 and 13
TeV were combined. This analysis of ttH production allows for a direct measurement of
the top quark Yukawa coupling (y;). The results of a statistically independent search for
Higgs boson production associated to a top quark pair and decaying to a pair of W bosons,
Z bosons, photons, tau leptons or bottom quark jets are combined to maximize sensitivity.
The presence of a ttH signal is assessed by performing a simultaneous fit to the data from
the different decay modes. The distribution of a log;¢(S/B) is shown in Fig. 8, where the S
and B are the expected post-fit signal (with y,z = 1) and background yields, respectively, in
each bin of the distributions considered in the combination. The value of a test statistic q as
a function of the y,y is shown in Fig. 9, with y,; based on the combination of decay modes
described above for the combined fit. The observed significance is 5.2 standard deviations,
while the expected significance for a SM Higgs boson with a mass of 125.09 GeV is 4.2
standard deviations.

The ttH analysis with multilepton final states, including Higgs boson decays to a pair
of W bosons, Z bosons and tau leptons is performed also with 2017 data and reported in
[13]. The analysis used BDT and matrix-element discriminant methods for signal extraction,
also combined in a two-dimensional approach (2D BDT), trained against ¢ and ttV(W/Z)
backgrounds, where the 2D space is partitioned using recursive methods, maximizing sig-
nal sensitivity. An excess of events is observed in the highest bins of the BDT distribution,
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Figure 8. Distribution of the events as
a function of the decimal logarithm of
S/B, where the S and B are the expected
post-fit signal (with p,z = 1) and back-
ground yields, respectively, in each bin
of the distributions in this combination
[12].
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Figure 9. The test statistic q, described
in the text, as a function of y,y for all
decay modes at 7+8 TeV and at 13 TeV,
separately, and for all the decay modes
at all the system of center of mass ener-
gies [12].

as shown in Fig. 10, corresponding to the observed significance of 3.2 standard deviations,
with the expected significance of 4.0 standard deviations. The analysis of a Higgs boson de-
caying to a pair of bottom quarks is also updated in [14], yielding with observed (expected)
signal significance of 3.9 (3.5) standard deviations. These results represent a first evidence
of ttH(bb) production, following also the updated b-tagger and the optimized analysis. The
analysis of the ttH production where a Higgs boson decays to a pair of photons is also per-
formed using the 2017 data [14], yielding an observed signal significance of 4.1 and expected

significance of 2.7 standard deviations.
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Figure 10. The distribution of the dis-
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5 Higgs boson decay to bottom quarks

The analysis of a Higgs boson decay to bottom quarks, allowing to test the top quark Yukawa
coupling to the down-type quark, is presented in [15]. The most sensitive Higgs boson pro-
duction process is the associated production to a vector boson, being either a W or Z boson.
Depending on the decay of vector bosons, the final states with either 0, 1 or 2 leptons, together
with a two bottom quark jets are considered in this analysis. The most important backgrounds
to this process are the V+jets, 17 and single top quark production and the QCD multijet pro-
cess. A deep neural network (DNN) discriminant was used to tag the bottom quark jets.
The dijet mass resolution is improved using the DNN regression method. The signal is ex-
tracted by fitting the DNN score. An alternative to fitting the DNN score is to fit the m(jj)
distribution, which results in less sensitivity but enables a more direct visualization of the
Higgs boson signal, as shown in Fig. 12. The best fit to the signal strength in the individual
channels and their combination is presented in Fig. 13. Combining this result with the pre-
vious measurements of this decay by the CMS Collaboration, in the events where the Higgs
boson is produced through gluon fusion, vector boson fusion, or in an association with top
quarks, the observed (expected) significance is 5.6 (5.5) standard deviations. This constitutes
an observation of the Higgs boson decay to a bottom quark pair, by the CMS Collaboration.
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Figure 13. Best-fit value of the sig-
nal strength for Higgs boson decaying
to pair of bottom quarks, for the five in-
dividual production modes considered,
as well as the overall combined results

Figure 12. Dijet invariant mass distribu-
tion for events weighted by S/(S+B) in
all channels combined in the 2016 and
2017 datasets. The weights are derived

from a fit to the dijet mass distribution
[15]. [15].

6 Higgs boson decay to tau lepton pair

The Higgs boson decays to a tau lepton pair with the second largest branching fraction among
the fermionic Higgs boson decays. In the analysis reported here [16] the cross section for a
Higgs boson decaying to a tau lepton pair was measured by the CMS Collaboration. The
STXS framework was used to split the cross section measurement by the production and de-
cay modes. The neural network classification was used to categorize the events. Four different
tau pair final states were considered: ey, eTjug, UThag a0d TpaaThag- A deep neural network
method was used to identify the bottom quark jets, while the hadron-plus-strip algorithm was
used for the reconstruction of tau leptons. The signal is present in the highest bins of the
distribution in Fig. 14. The observed significance was measured to be 4.7 standard devia-
tions, while the expected significance is estimated at 6.6 standard deviations. The inclusive
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cross section times the branching fraction of Higgs boson decay to tau pair is measured to be
Tinct X B(H — 11) = 2.56 + 0.46(stat.) + 0.34(syst.) pb. When split into a production mode,
the cross section corresponding to a gluon-gluon fusion merged with a bb plus Higgs boson
production is measured to be (g9 — H,bbH) X B(H — 1) = 1.11+0.81(stat.)+0.78(syst.)
pb, while the VBF plus V(jj)H has a cross section of o(VBF + V(qq)H) X B(H — 17) =
0.34+0.08(stat.)+0.09(syst.) pb. The measured cross sections are in a good agreement with
SM predictions, within the uncertainties.
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the signal categories used to extract the discussed above, split by final state and

results. The signal and the background inclusively, for all final states combined
contributions from each decay channel [16].

are stacked on top of each other [16].

Figure 15. Results of the maximum
likelihood fit to the data, for a model
with one signal strength parameter, as

7 Higgs boson decay to charm quarks

The Higgs boson decaying to a pair of charmed quarks is searched for in this analysis [17]
of the CMS Collaboration. This decay has around 20 times smaller branching fraction than
the Higgs boson decay to a pair of bottom quarks and there is a larger contribution of the
vector boson plus light flavour jets background. The search is performed considering asso-
ciated production of a Higgs boson to a vector boson, being either a W or Z boson. The
leading backgrounds are vector boson production associated with jets and also the ¢ process.
Two distinctive topologies were considered in this analysis: the "resolved jet" topology in
which the Higgs boson candidate is reconstructed from a two distinct charm quark jets and
the "merged-jet" topology, in which the two charm quark jets are reconstructed as a single jet.
The former focuses on the Higgs boson candidates with a low transverse momentum, while
the latter performs better for the Higgs boson candidates with a high transverse momentum.
The central feature of this search is the identification of a charm quark jets. Advanced ma-
chine learning techniques are used for the charm-jet identification. The merged-jet topology
makes use of jet substructure information to further suppress the backgrounds. The perfor-
mance of the charm-jet identification is presented in Fig. 16. A three different final states were
considered, with either zero, one or two leptons. The signal was extracted using a binned like-
lihood fit in the two categories ("resolved" and "merged") and then combined. The observed
(expected) 95% CL upper limit on the signal strength for VH production where the Higgs
boson decays to a pair of charm quarks is presented in Fig. 17 and in the combination of the



EPJ Web of Conferences 222, 01001 (2019)
OFTHEP 2019

https://doi.org/10.1051/epjconf/201922201001

two analysis yields p =70 (37f%?). This result is the most stringent direct limit on the H — cc

cross section times branching fraction.
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any data-to-simulation reshaping [17].

8 VBF Higgs boson decay to invisible particles

The analysis [18] of a Higgs boson produced via the VBF production mode and decaying
to invisible particles is performed by the CMS Collaboration. In the SM, the Higgs boson
decays invisibly only through the decay to four neutrinos, via a pair of Z bosons. The rate
for the invisible decays of a Higgs boson may be enhanced in the context of several BSM
scenarios, including those in which the Higgs boson acts as a portal to dark matter (DM)
[19-21]. In the targeted VBF events, a Higgs boson is produced along with a two jets that
exhibit a large separation in pseudorapidity (JAn;;|) and a large dijet invariant mass (m;;).
This analysis optimally exploits the distinctive kinematic features of the VBF topology by
fitting the shape of the m;; distribution. The observed and the expected 95% CL upper limits
on (0 /osy) B(H — inv) for a partial combination based either on the 7+8 or 13 TeV data as
well as their combination is shown in Fig. 18. The results were interpreted also in the context
of a Higgs-portal model of DM interaction, where the most stringent limits for m, smaller
than 18(7) GeV, assuming a fermion (scalar) DM candidate, were provided, as shown in
Fig. 19. These limits are computed at the 90% CL so that they could be compared with those
from the direct detection experiments such as XENONIT [22], LUX [23], PandaX-II [24],
CDMSlite [25], CRESST-II [26] and CDEX- 10 [27] which provide the strongest constraints
in the m, range probed by this search.

9 Higgs boson decay to muon pair

The analysis [28] of a Higgs boson decaying to a pair of muons is performed by the CMS
Collaboration. There is a small expected branching fraction for a Higgs boson decay to a
pair of muons, having a value of 2.17 x 10™*. The primary production mechanisms are the
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Figure 19. The 90% CL upper lim-
its on the spin-independent DM-nucleon
scattering cross section in Higgs-portal
models, assuming a scalar (solid orange)
or fermion (dashed red) DM candidate
[18].

VBF and ggH processes. To suppress the Drell-Yan, single top and ¢ backgrounds, boosted
decision trees were used. An iterative procedure is applied in order to optimize the event
categories, based on the sum of a signal events squared, over the number of background
events. A total of 15 categories were utilized in this analysis. A maximum likelihood fit to
the dimuon invariant mass was perfomed, as shown in Fig. 20. The analysis of the 2016 data
yielded an observed (expected) upper limit on the Higgs boson to dimuon decay of 3.0(2.5)
times the SM, while combined with the 7 and 8 TeV data the observed(expected) upper limit
is 2.9(2.2) times the SM expectation at 95% confidence level, as shown in Fig. 21. Assuming
the SM production cross sections for a Higgs boson, the observed upper limit on the Higgs
boson branching fraction to two muons is 6.4x107*.
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for the Higgs boson with my = 125 GeV

[28].

Figure 20. The data and weighted sum
of signal-plus-background fits to each
category. Events are weighted accord-
ing to the expected ratio of signal to
signal-plus-background in the category
to which they belong [28].
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10 Higgs boson pair production

A search for Higgs boson pair production using the combined results from four final states:
bbyy, bbrt, bbbb and bbV'V, where V represents a W or Z boson, is performed by the CMS
Collaboration using the data collected in 2016 [29, 30]. The analysis of a Higgs boson self
coupling represents an independent test of the SM and provides an access to the shape of
the Higgs scalar field potential. It also allows searching for Higgs boson trilinear couplings
by measuring the HH final state. There are heavy BSM resonances also predicted to decay
to the HH final state. The non-resonant Higgs boson pair production is considered, using
the Effective Field Theory (EFT) approach with five couplings: y;, Agun. ¢2, ¢24 and ¢y,
with k) = Agpy/Asy and k; = y,/ysy defined. The resulting limits are reported in Fig. 22.
The resonant signal that is searched for is represented by either a CP-even particle of spin-0
(radion) or spin-2 (graviton) with a width that is much smaller than the detector resolution for
the whole range under study. For the resonant production mechanism, the upper exclusion
limits at 95% CL are obtained for the production of a narrow resonance with masses ranging
from 250 to 3000 GeV.

11 Higgs boson couplings at HL-LHC

The extrapolation studies for a Higgs boson coupling combination at 3000 fb~! have been
performed by the ATLAS and CMS Collaborations [31]. The combined minimum negative-
log-likelihoods are presented in Fig. 23. The 68% confidence intervals for k, are 0.52 < k, <
1.5 and 0.57 < k; < 1.5 with and without systematic uncertainties, respectively. The second
minimum of the likelihood is excluded at 99.4% CL. In addition to Higgs BSM searches, a
substantial amount of parameter space (and masses) will be covered with the physics program

at HL-LHC.
ATLAS and CMS HL-LHC prospects 3 ab (14 TeV)
1 -
s00CMS 35.9 0 (13 TeV) 2 [ i | SMHH significance: 4o | ! -
§ 95% CL upper limits c [ 9 B —— Combination
= Observed ﬁ 1o 0.1 <x21<2.3[95% CL] ! B
Is == -+ Median expected Y | o5<k<1.5[68% CL] ; - bbyy
% . [ 68% expected dj‘ P H
[ 95% expected [ t‘ ! —
2 — 99.4%CL 8 il /N J. bbre
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Figure 22. The expected and the ob- Figure 23. The minimum negative-log-
served 95% CL upper limits on the HH likelihood as a function of k,, calculated

production cross section as a function of by performing a conditional signal plus
the k, parameter [29]. background fit to the background and

SM signal [31].

12 Conclusions

The Higgs boson discovery in 2012 was a major event in high-energy physics. The properties
of the Higgs boson are being characterized, in order to explore the electroweak symmetry
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breaking mechanism in the SM. The Higgs boson mass, spin-parity and width measurement
were performed with unprecedented precision. The Higgs boson was observed separately
in yy, ZZ, WW, bb, 77 and ttH production modes. The inclusive and differential Higgs
boson production cross section measurements were performed and new approaches have been
adopted, like the STXS framework. Rare Higgs boson decay channels have been studied,
like the Higgs boson decay to a muon pair, to a pair of charm quarks and the Higgs boson
self-coupling. No deviations from the SM prediction have been observed. At the HL-LHC
a significant improvement of the measurement precision of the Higgs boson couplings is
expected.
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