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The Higgs boson mass (my) and its total decay width (') are key parameters that define the
properties of the scalar sector of the Standard Model (SM). Their precise determination, in the
diphoton (H — vyy) and the four-lepton (H — ZZ* — 4¢) channels, is essential both to test
the self-consistency of the SM and to constrain possible contributions from physics beyond the
SM. The most recent combination of these channels yields a mass of mg = 125.38 +0.14 GeV.
The Higgs boson width is measured combining on-shell and off-shell ZZ production, obtaining a
value of 'y = 3.0’:21:2 MeV, consistent with the SM expectation of 4.1 MeV. The scenario of no
off-shell Higgs boson production is excluded at a confidence level corresponding to 3.8 standard

deviations.
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Measurements of the Higgs boson mass and width at CMS

1. Introduction

The discovery of the Higgs boson (H) in 2012 by the ATLAS and CMS experiments [1, 2]
completed the Standard Model (SM) by confirming the existence of the scalar field responsible
for electroweak symmetry breaking. Since then, extensive experimental effort has focused on
determining the Higgs boson’s properties, such as its mass (mpg), total decay width (I'yy), spin,
parity, and couplings to other particles.

The mass of the Higgs boson is a free parameter of the SM and must be measured with high
precision, as it influences theoretical predictions for production cross sections, branching ratios,
and radiative corrections affecting other SM observables (e.g. my, m;). The width I'y, predicted
in the SM to be about 4.1 MeV for mgy ~ 125 GeV, is sensitive to possible new decay modes or
modifications of couplings that could alter the total rate.

Among the many Higgs decay channels studied by CMS, the diphoton (H — 7y7) and four-
lepton (H — ZZ* — 4¢{) final states provide the best mass resolution (about 1-2%), enabling
precise mass measurements. In addition, the four-lepton channel allows the study of off-shell
production, providing indirect sensitivity to I'y. This proceeding summarizes the latest CMS
results using up to 138 fb~! of Run 2 data at 13 TeV, focusing on these two channels.

2. Higgs boson mass measurement in the diphoton channel

2.1 Event selection and categorization

The CMS electromagnetic calorimeter (ECAL), composed of nearly 76 000 PbWOy crystals,
provides excellent energy resolution for photons and electrons. Photon energy reconstruction
proceeds through particle-flow local clustering followed by a “supercluster” algorithm, designed
to recover energy radiated upstream of the calorimeter. Accurate calibration of photon energies
is crucial to achieve the target per-mille mass precision. Events are selected by requiring two
photon candidates reconstructed within || < 2.5, excluding the barrel-endcap transition region
(1.44 < |n| < 1.57). Photons are identified with a multivariate boosted decision tree (BDT)
classifier trained to separate prompt photons from misidentified jets. The diphoton vertex is chosen
using a dedicated BDT exploiting track—photon correlations. Another BDT (diphoton BDT) is
trained to separate signal from background diphotons. The leading (subleading) photon must
satisfy pr > 35(25) GeV, and pr/m,, > 1/3(1/4), together with requirements on the shower
shapes and isolation variables. Events are divided into categories based on production mode,
tagging vector-boson fusion (VBF) events, and in sub-categories based on the diphoton BDT score.
The signal is modeled by a sum of Gaussian functions whose parameters are determined from
simulated signal events, corrected for data—MC scale and resolution differences. The background is
modeled by smooth analytic functions fitted directly to the data sidebands. The Higgs boson mass
is extracted through a simultaneous fit to the diphoton invariant mass distributions of all categories,
as shown in Figure 1.

2.2 Results

Using 35.9 fb~! of data collected in 2016 at 13 TeV, the Higgs boson mass measurement in
the diphoton channel is: myg = 125.78 + 0.26 GeV [3]. The total uncertainty includes a statistical
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component of +0.18 GeV and a systematic one of +0.19 GeV. The dominant systematic uncertainties
arise from the photon energy scale calibration, ECAL non-uniformity, and the modeling of shower
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Figure 1: Data points (black) and signal plus background model fits where the categories are summed
weighted by their sensitivity [3]. The 1 standard deviation (green) and 2 standard deviation bands (yellow)
include the uncertainties of the fit. The bottom plot shows the residuals after background subtraction.

3. Higgs boson mass measurement in the four-lepton channel

Inthe H —» ZZ* — 4¢ channel, events with four isolated leptons (£ = e, u) are reconstructed.
Two same-flavor, opposite-charge lepton pairs consistent with Z boson decays are required, one of
which must satisfy 40 < mz, < 120 GeV and the other 12 < mz, < 120 GeV, where Z; is defined
from the lepton pair with invariant mass closest to the nominal mz. The leading lepton is required
to have pr > 20 GeV, and the subleading one p7 > 10 GeV. Lepton momentum scale corrections
are derived from Z — ¢¢ decays. The observables used in the fit are the four-lepton invariant mass
mye, together with a kinematic discriminant D, to reduce background contribution. The Higgs
boson signal is modeled using a double-sided Crystal Ball function, with parameters dependent on
the per-event resolution. A simultaneous fit to the m4, spectrum is performed in categories defined
using per-event mass resolution, incorporating in the templates the background from non-resonant
ZZ™) and reducible sources (Z+ijets, t7), as shown in Figure 2. The 13 TeV Run 2 analysis with
138 fb~! yields mpy = 125.04 £ 0.12 GeV [5], where the uncertainty is dominated by the statistical
term (+£0.09 GeV), with systematic uncertainties (+0.08 GeV) from lepton calibration and signal
modelling.

Combining the diphoton and four-lepton measurements from 7 TeV and 13 TeV data a value of:
mpy = 125.38+0.14 [0.11(stat) £0.08(syst)] GeV, is obtained, corresponding to a relative precision
of about 0.1% [3], as shown in Figure 3.
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Figure 2: The observed (points) and predicted (stacked histograms) my; distributions in the inclusive final
state, defined such that the first lepton pair is taken to be the one with the mass closest to the nominal Z boson
mass. The predictions for the Higgs boson signal and the three main backgrounds are given by the different
colors [5].

CMS

Run 1: 5.1 fb™ (7 TeV) + 19.7 fb™ (8 TeV) —— Total Stat. Only
2016: 35.9 fb* (13 TeV)

Total (Stat. Only)

Run1H-yy —— 124.70 £ 0.34 (£ 0.31) GeV
Run1H- ZZ- 4| —— 125.59 + 0.46 ( + 0.42) GeV
Run 1 Combined — 125.07 £ 0.28 ( + 0.26) GeV
2016 H-yy — 125.78 + 0.26 ( + 0.18) GeV
2016 H- ZZ - 4l ——t 125.26 + 0.21 ( + 0.19) GeV
2016 Combined -L- 125.46 + 0.16 ( + 0.13) GeV
Run 1 + 2016 .—!—. 125.38 £ 0.14 ( + 0.11) GeV
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Figure 3: A summary of the measured Higgs boson mass in the diphoton and four-leptons decay channels,
and for the combination of the two is presented here [3].

4. Higgs boson width in the 4/ and 2/2v channels

The Higgs boson width in the SM is F%M ~ 4.1 MeV [6], therefore, given that the detector
resolution in both yy and 4¢ channels is O (1 GeV), a precise width measurement from the resonance
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shape is not feasible. However, 'y can be constrained using two complementary methods, i.e. by
fitting the on-shell lineshape with templates dependent on I'y; and by exploiting the ratio of off-shell
to on-shell production cross-sections in gg — H*) — ZZ. The off-shell method is more precise,
but requires theoretical assumptions on the Higgs boson couplings, while the on-shell technique
provides a standalone upper limit 'y < 330 MeV at 95% CL.

4.1 Off-shell width analysis

The off-shell method is based on the proportionality % oc ['gy, under the assumption that
the ratio between on- and off-shell Higgs boson production signal strengths, defined as measured
cross-section normalized to SM, is identical. Interference between the gg — H* — ZZ signal and
the gg — ZZ continuum background is included in the likelihood model. The analysis combines
two final states: H* — ZZ — 4( and H* — ZZ — 2{2v, using 138 fb~! of 13 TeV data [5].
Four-lepton events are divided based on the production mode, i.e. gluon-gluon fusion, vector-
boson fusion (VBF) or vector-boson associated production, while two dedicated matrix-element
discriminants (Dpxg, Dins), provide separation between signal, background, and interference. The
likelihood fit is performed using as observables my;, Dpgg, Dins, as shown in Figure 4. In events
with two leptons and two neutrinos, the categorization tags the VBF production mode, while the fit
is performed using the transverse ZZ invariant mass m%z and the missing momentum p?iss (used

to reject the Z +jets background) and, when Njeis > 2, a kinematic VBF tagger variable Dygr.
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Figure 4: Distribution of the four-lepton invariant mass (left) and transverse invariant mass of 2/2v in the
off-shell region [4].

The combined maximum likelihood fit on on-shell and off-shell regions yields 'y = 3 .0’:21:95 MeV
[5], consistent with the SM expectation and improving upon previous CMS results [4]. The hypoth-
esis of I'y = 0 (no off-shell contribution) is excluded at 3.8 standard deviations, as shown in Figure
5.

5. Conclusion

A measurement of the Higgs boson mass (mpg) and width (I'yy) using the decays to two Z
bosons or to two photons is presented. The data sample comes from proton-proton collisions at the
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Figure 5: Observed (solid) and expected (dashed) profile likelihood projections from the Higgs boson width
fit using on- and off-shell production in this analysis. The analysis of the off-shell H — ZZ — 4¢ channel
combined with the on-shell H — ZZ — 4{ measurement is shown in black. The full combination of
H — ZZ — 4¢ with the off-shell H — ZZ — 2£2v channel [5] is given in red. The black horizontal dashed
lines indicate the 68% and 95% confidence level intervals.

LHC recorded by the CMS experiment at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of up to 138 fb~!. The most precise mass measurement is achieved in the
four-leptons channels with 138 fb~! integrated luminosity, yielding my = 125.04 +0.12 GeV. The
total decay width is a more complex observable where the same level of precision is not achieved yet,
and it is constrained using off-shell ZZ production, obtaining a measurement I'y = 3.0f21'_2 MeV,
consistent with the SM prediction. These results confirm the robustness of the SM Higgs mechanism
and lay the foundation for future precision tests at the LHC.
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