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The properties of the Higgs boson candidate, whose discovery was announced in July 2012 by
ATLAS and CMS collaborations, have been measured by using data collected by ATLAS and
CMS experiment from pp collisions at the LHC at the center-of-mass energy of

√
s = 7 TeV

in 2011 and 8 TeV in 2012. The recents results concerning the measurement of the Higgs
boson mass, the spin-parity are reported both from ATLAS and CMS. The first direct and
the indirect constraints on the total Higgs width from CMS are described.

1 Introduction

The discovery of a new particle with a mass of about 125 GeV in July 2012 by the ATLAS 1 and
CMS 2 collaborations at the LHC, the confirmation of that in 2013 3 and the first measurements
of its properties 4,6,5,7 shed light on the existence of a Higgs boson such as the one predicted
by the BEH mechanism 8,9,10,11,12,13 within the Standard Model (SM) 14,15,16. That discovery
brought to the Nobel prize awarded in October 2013 to the theorists P. Higgs and F. Englert
that elaborated the BEH mechanism to give masses to fermions and gauge bosons and predicted
the existence of a scalar particle.

The excellent performance of the LHC machine and of the ATLAS and CMS detectors made
the two experiments able to collect data corresponding to an integrated luminosity of about
5 fb−1 at a collision energy of 7 TeV in 2011 and about 20 fb−1 at 8 TeV in 2012.

The most sensitive channels for the discovery of the SM Higgs boson at the LHC and the
measurements of its properties are the H→ ZZ→ 4l (with l = e, µ) and the H→ γγ because
of the clean final states (but with very different level of signal to background ratio) and the
possibility to reconstruct the mass of the Higgs boson with the highest resolution. Indeed, even
if the branching fraction of the H→ ZZ decay mode is only 2.6% at mH = 125 GeV17 and for the
subsequent decay of the Z boson in leptons the branching fraction is about 3.3% for each lepton
flavour, the H→ ZZ→ 4l decay channel provides a clear signature of four well isolated and
identified leptons coming from the primary vertex of the interaction; leptons are then coupled
in two pairs with opposite-sign and same-flavor.



The experimental search for the SM Higgs boson in the H→ ZZ→ 4l channel was extremely
demanding in terms of the efficiency for lepton reconstruction and identification, especially at
low transverse momentum, where the background from jets reconstructed as leptons could not
be neglected. Discrimination between the signal and the ZZ background was reached by using
an angular analysis based on a matrix element likelihood approach 2.

The search for the SM Higgs boson in the H→ γγ decay mode was also quite challenging since
the branching fraction of the H→ γγ decay mode is very small compared to other final states,
about 0.23% at mH = 125 GeV; neverthless the signature of the final state is very clear, with two
well reconstructed, identified, isolated and high transverse energy photons. The H→ γγ analysis
relied on the performance of the vertex identification, the photon reconstruction, identification
and isolation; several categories of events were defined based on the signal to background ratio,
the resolution and production modes.

Results for the H→ ZZ→ 4l and H→ γγ analyses were derived in terms of the distribution
of the relevant observables and the number of observed and expected events after the full selec-
tion. The statistical approach for the hypotheses tests was based on constructing a likelihood
ratio function, according to the methodology described in Reference 18. Systematic uncertain-
ties and their correlations were modeled by the introduction of nuisance parameters with their
expected distributions.

2 Higgs boson mass measurement and spin-parity results

The measurement of the mass of the discovered boson in the H→ ZZ→ 4l channel relied largely
on the maximization of the efficiency for low transverse momentum leptons and on the precise
calibration of the lepton transverse momentum scale and resolution.

In the case of H→ γγ channel the mass measurement depended largely both on the pos-
sibility to maintain a good mass-resolution in high pile-up regime (from both the energy and
the direction contribution) and on the understanding of the electron/photon extrapolation for
energy-scale (depending on the material, the shower description, etc).

Once the two most sensitive channels were combined the best fit values for the mass of the
discovered boson and their uncertainties, derived by the ATLAS 19 and CMS 20 collaborations
were those reported in the Table 1; they were consistent each other within the uncertainties.

Table 1: Mass values measured by ATLAS and CMS after combining H → ZZ → 4l and H → γγ analyses.

ATLAS CMS

Measured mass (GeV) 125.5± 0.2(stat.) +0.5
−0.6(syst.) 125.7± 0.3(stat.)± 0.3(syst.)

Both ATLAS and CMS collaborations used a similar approach to probe the spin of the
discovered particle; the angular distributions of the decay products of the particle can in fact
give information about its spin and parity17. Test of spin and parity hypotheses were performed
by using the same statistical approach mentioned previously.

First the compatibility of data with the 0+ hypothesis for the SM Higgs was tested. Then
alternative hypotheses were tested assuming the most general scattering amplitude for different
spin and parity combinations.

So far tests were done with the H→ ZZ→ 4l, H→ γγ and H→WW→ 2l2ν analyses. The
combination of the results from those three channels has been performed by the ATLAS collab-
oration 21. The expected and observed confidence level for alternative spin–parity hypotheses
assuming a 0+ signal are reported in Figure 1 (left); for the spin-2 hypothesis, the results for the
specific 2+

m model with a Kaluza Klein graviton-like particle22 with minimal couplings, are shown.
All the results were then converted in number of one-side Gaussian standard deviations, σ.

CMS used the H→ ZZ→ 4l analysis to test several spin/parity hypotheses corresponding
to pure states expected in different models other than the SM 23. The list of models tested is



reported in Table 2 together with the corresponding exclusion in terms of number of σ and the
confidence level values.

Table 2: List of models used with the CMS H → ZZ → 4l analysis of the spin and parity hypotheses corresponding
to the pure states of the type noted. The observed separation quotes consistency of the observation with the JP

model. The last column quotes the CLs value for the JP model.

JP model JP production Obs. JP CLs

0− any +3.8σ 0.05%
0+

h any +2.1σ 4.5%
1− qq̄ → X +4.7σ 0.002%
1− any +4.9σ 0.001%
1+ qq̄ → X +4.1σ 0.02%
1+ any +4.8σ 0.004%
2+

m gg → X +3.0σ 0.9%
2+

m qq̄ → X +3.8σ 0.2%
2+

m any +3.4σ 0.7%
2+

b gg → X +3.4σ 0.5%
2+

h gg → X +2.0σ 2.3%
2−h gg → X +3.2σ 0.09%

From the Table 2 it can be concluded that CMS data disfavored the pure pseudo-scalar
hypothesis over the pure scalar one at more than 3σ level. A strong exclusion was observed also
for models predicting a spin-1 resonance. Moreover graviton-like resonances were excluded at
more than 3σ.

3 Constraint on the Higgs boson total width

The SM prediction for the Higgs boson width at mH = 125 GeV is ΓH = 4.15 MeV. A direct
measurement of the width of the narrow resonance discovered at the LHC is heavily limited by
the experimental resolution which is of the order of 1 GeV so upper limits on the value of the
width were derived by a likelihood scan for different SM Higgs decay width hypotheses by using
the data collected by CMS in 2011 and 2012; an upper limit of 6.9 GeV at a 95% confidence
level was derived with the H→ γγ analysis 24 and 3.4 GeV with the H→ ZZ→ 4l analysis 7.

A new method proposed in Reference25 has been recently used to derive an indirect constraint
on the Higgs width; it uses the Higgs off-shell production and decay to two Z bosons away from
the resonance peak 26. In fact, given that the ratio of the off-shell cross section above 2mZ to
the on-shell signal is sizable and of the order of 8%, it can be shown that integrating the cross
section in a small region around mH and above 2mZ, the on-peak and the off-peak cross sections
are respectively:

σon−shell
gg→H→ZZ ∼

g2
ggHg

2
HZZ

mHΓH
and σoff−shell

gg→H→ZZ ∼
g2

ggHg
2
HZZ

(2mZ)2
. (1)

Therefore, according to Eq. (1), a measurement of the relative off-shell and on-shell produc-
tion in the H→ ZZ channel provides direct information on ΓH.

The H→ ZZ→ 4l and the H→ ZZ→ 2l2ν channels were considered, the former for the very
clean final state and the latter for the high branching fraction; for both channels the analysis
was based on the same event selection described in References 23,27.

The main background to H→ ZZ production comes from the qq̄→ ZZ (dominant) and
gg→ ZZ events; the interference between the signal gg→ H→ ZZ and the background gg→ ZZ
is significant at high mZZ and was properly modeled 26,28 and taken into account for the two



Figure 1 – (left) Expected (blue triangles/dashed lines) and observed (black circles/solid lines) confidence level
for alternative spin/parity hypotheses assuming a 0+ signal, as obtained by combining the ATLAS H → ZZ → 4l,
H → γγ and H → WW → 2l2ν analyses. The green band represents the 68%CLs expected exclusion range for a
signal with assumed 0+. For the spin-2 hypothesis, the results for the specific 2+

m model, are shown. On the right
y-axis, the corresponding numbers of Gaussian standard deviations are given, using the one-sided convention.
(right) Likelihood scan versus the ΓH variable for spin/parity test hypothesis as derived by using the CMS
H → ZZ → 4l analysis. Different colors refer to: combination of 4l low-mass and high-mass (ochre), combination
of 4l low-mass and 2l2ν high-mass (Sienna) and combination of 4l low-mass and both channels at high-mass
(blue). Solid lines represent observed limits, while dashed lines are the expected.

analyses. A discriminant based on a matrix element likelihood approach 2 was developed to
discriminate qq̄→ 4l from gg→ ZZ events in the four-lepton channel.

A simultaneous maximum likelihood fit to the measured distributions of the discriminating
variables, for both the channels, near the resonance peak and above the Z-boson pair production
threshold was performed and the scans of the negative log-likelihood as a function of ΓH are
shown in Figure 1 (right). The combination of the two channels led to an observed (expected)
upper limit on the Higgs boson total width of ΓH < 22 MeV(33 MeV) at a 95% confidence level,
which is 5.4 (8.0) times the expected value in the SM at the measured mass.

4 Conclusions

Data collected by CMS and ATLAS collaboration in 2011 and 2012 Run I data proved the
existence of a Higgs boson such as the one expected by the BEH mechanism in the SM. The
mass of the boson has been measured precisely with the H→ ZZ→ 4l and H→ γγ analyses.
Data disfavored all alternative spin hypotheses tested other than 0+ at more than 3σ level.

A new experimental constraint on Higgs boson total width was derived by the CMS col-
laboration, measuring the ratio between the off-shell and the on-shell production rate with the
H→ ZZ→ 4l and H→ ZZ→ 2l2ν analyses; the observed (expected) upper limit on the Higgs
boson total width amounted to ΓH < 22 MeV(33 MeV) at a 95% confidence level, which is 5.4
(8.0) times the expected value in the SM at the measured mass.
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