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upper limit on the Higgs boson width of ΓH < 22 MeV at a 95% confidence level,
which is 5.4 times the expected value in the standard model at the measured mass of
mH = 125.6 GeV.
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The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-1

LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was2

measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-3

periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to4

be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence5

level (CL) on its decay width (ΓH) was reported by the CMS experiment in the four-lepton de-6

cay channel [7]. A direct width measurement at the resonance peak is limited by experimental7

resolution, and is only sensitive to values far larger than the expected width of around 4 MeV8

for the SM Higgs boson [8, 9].9

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production10

and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-11

sion production mode the off-shell production cross section is known to be sizable. This arises12

from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-13

tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark14

pair production threshold. The zero-width approximation is inadequate and the ratio of the15

off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further16

developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].17

The gluon fusion production cross section depends on ΓH through the Higgs boson propagator

dσgg→H→ZZ

dm2
ZZ

∼
g2

ggHg2
HZZ

(m2
ZZ −m2

H)
2 + m2

HΓ2
H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ −mH)� ΓH, the cross sections are, respectively,

σon-shell
gg→H→ZZ∗ ∼

g2
ggHg2

HZZ

mHΓH
and σoff-shell

gg→H∗→ZZ ∼
g2

ggHg2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in18

the H → ZZ channel provides direct information on ΓH, as long as the coupling ratios remain19

unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are20

no new particles contributing. In particular, the on-shell production cross section is unchanged21

under a common scaling of the squared product of the couplings and of the total width ΓH,22

while the off-shell production cross section increases linearly with this scaling factor.23

The dominant contribution for the production of a pair of Z bosons comes from the quark-24

initiated process, qq → ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-25

induced diboson production involves the gg → ZZ continuum background production from26

the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram27

is shown in Fig. 1(right). The interference between the two gluon-induced contributions is28

significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.29

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-30

shell cross section, is expected to increase above 2mZ. The above formalism describing the31

ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this32

analysis we constrain the fraction of VBF production using the properties of the events in the33

on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),34

which contribute at the level of about 5% to the on-shell signal, are not expected to produce a35

significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore36

neglected in the off-shell analysis.37
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Figure 1: Lowest order contributions to the main ZZ production processes: (left) quark-initiated
production, qq → ZZ, (center) gg continuum background production, gg → ZZ, and (right)
Higgs-mediated gg production, gg→ H→ ZZ, the signal.

In this Letter, we present constraints on the Higgs boson width using its off-shell production38

and decay to Z-boson pairs, in the final states where one Z boson decays to an electron or a39

muon pair and the other to either an electron or a muon pair, H → ZZ → 4` (4` channel), or a40

pair of neutrinos, H→ ZZ→ 2`2ν (2`2ν channel). Relying on the observed Higgs boson signal41

in the resonance peak region [7], the simultaneous measurement of the signal in the high-mass42

region leads to constraints on the Higgs boson width ΓH in the 4` decay channel. The 2`2ν de-43

cay channel, which benefits from a higher branching fraction [16, 17], is used in the high-mass44

region to further increase the sensitivity to the Higgs boson width. The analysis is performed45

for the tree-level HVV coupling of a scalar Higgs boson, consistent with our observations [4, 7],46

and implications for the anomalous HVV interactions are discussed. The Higgs boson mass is47

set to the measured value in the 4` decay channel of mH = 125.6 GeV [7] and the Higgs boson48

width is set to the corresponding expected value in the SM of ΓSM
H = 4.15 MeV [8, 9].49

The measurement is based on pp collision data collected with the CMS detector at the LHC50

in 2011, corresponding to an integrated luminosity of 5.1 fb−1 at the center-of-mass energy of51 √
s = 7 TeV (4` channel), and in 2012, corresponding to an integrated luminosity of 19.7 fb−1

52

at
√

s = 8 TeV (4` and 2`2ν channels). The CMS detector, described in detail elsewhere [18],53

provides excellent resolution for the measurement of electron and muon transverse momenta54

(pT) over a wide range. The signal candidates are selected using well-identified and isolated55

prompt leptons. The online selection and event reconstruction are described elsewhere [2, 3, 7,56

16]. The analysis presented here is based on the same event selection as used in Refs. [7, 16].57

The analysis in the 4` channel uses the four-lepton invariant mass distribution as well as a
matrix element likelihood discriminant to separate the ZZ components originating from gluon-
and quark-initiated processes. We define the on-shell signal region as 105.6 < m4` < 140.6 GeV
and the off-shell signal region as m4` > 220 GeV. The analysis in the 2`2ν channel relies on the
transverse mass distribution mT,

m2
T =

[√
pT,2`

2 + m2`
2 +

√
Emiss

T
2
+ m2`

2

]2

−
[
~pT,2` + ~Emiss

T

]2

, (3)

where pT,2` and m2` are the measured transverse momentum and invariant mass of the dilepton58

system, respectively. The missing transverse energy, Emiss
T , is defined as the magnitude of the59

transverse momentum imbalance evaluated as the negative of the vectorial sum of transverse60

momenta of all the reconstructed particles in the event. In the 2`2ν channel, the off-shell signal61

region is defined as mT > 180 GeV. The choice of the off-shell regions in both channels is done62

prior to looking at the data, based on the expected sensitivity.63

Simulated Monte Carlo (MC) samples of gg→ 4` and gg→ 2`2ν events are generated at lead-64

ing order (LO) in perturbative quantum chromodynamics (QCD), including the Higgs boson65
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signal, the continuum background, and the interference contributions using recent versions of66

two different MC generators, GG2VV 3.1.5 [11, 19] and MCFM 6.7 [20], in order to cross-check67

theoretical inputs. The QCD renormalization and factorization scales are set to mZZ/2 (dynamic68

scales) and MSTW2008 LO parton distribution functions (PDFs) [21] are used. Higher-order69

QCD corrections for the gluon fusion signal process are known to an accuracy of next-to-next-70

to-leading order (NNLO) and next-to-next-to-leading logarithms for the total cross section [8, 9]71

and to NNLO as a function of mZZ [14]. These correction factors to the LO cross section (K fac-72

tors) are typically in the range of 2.0 to 2.5. After the application of the mZZ-dependent K73

factors, the event yield is normalized to the cross section from Refs. [8, 9]. For the gg → ZZ74

continuum background, although no exact calculation exists beyond LO, it has been recently75

shown [22] that the soft collinear approximation is able to describe the background cross sec-76

tion and therefore the interference term at NNLO. Following this calculation, we assign to the77

LO background cross section (and, consequently, to the interference contribution) a K factor78

equal to that used for the signal [14]. The limited theoretical knowledge of the background K79

factor at NNLO is taken into account by including an additional systematic uncertainty, the80

impact of which on the measurement is nevertheless small.81

Vector boson fusion events are generated with PHANTOM [23]. Off-shell and interference effects82

with the nonresonant production are included at LO in these simulations. The event yield is83

normalized to the cross section at NNLO QCD and next-to-leading order (NLO) electroweak84

(EW) [8, 9] accuracy, with a normalization factor shown to be independent of mZZ.85

In order to parameterize and validate the distributions of all the components for both gluon86

fusion and VBF processes, specific simulated samples are also produced that describe only87

the signal or the continuum background, as well as several scenarios with scaled couplings88

and width. For the on-shell analysis, signal events are generated either with POWHEG [24–89

27] production at NLO in QCD and JHUGEN [28, 29] decay (gluon fusion and VBF), or with90

PYTHIA 6.4 [30] (VH and ttH production).91

In both the 4` and 2`2ν channels the dominant background is qq→ ZZ. We assume SM produc-92

tion rates for this background, the contribution of which is evaluated by POWHEG simulation93

at NLO in QCD [31]. Next-to-leading order EW calculations [32, 33], which predict negative94

and mZZ-dependent corrections to the qq → ZZ process for on-shell Z-boson pairs, are taken95

into account.96

All simulated events undergo parton showering and hadronization using PYTHIA. As is done97

in Ref. [7] for LO samples, the parton showering settings are tuned to approximately reproduce98

the ZZ pT spectrum predicted at NNLO for the Higgs boson production [34]. Generated events99

are then processed with the detailed CMS detector simulation based on GEANT4 [35, 36], and100

reconstructed using the same algorithms as used for the observed events.101

The final state in the 4` channel is characterized by four well-identified and isolated leptons102

forming two pairs of opposite-sign and same-flavour leptons consistent with two Z bosons.103

This channel benefits from a precise reconstruction of all final state leptons and from a very low104

instrumental background. The event selection and the reducible background evaluation are105

performed following the methods described in Ref. [7]. After the selection, the 4` data sample106

is dominated by the quark-initiated qq→ ZZ→ 4` (qq→ 4`) and gg→ 4` productions.107

Figure 2 presents the measured m4` distribution over the full mass range, m4` > 100 GeV, to-108

gether with the expected SM contributions. The gg → 4` contribution is clearly visible in the109

on-shell signal region and at the Z-boson pair production threshold, above the qq → 4` back-110

ground. The observed distribution is consistent with the expectation from SM processes. We111
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observe 223 events in the off-shell signal region, while we expect 217.6± 9.5 from SM processes,112

including the SM Higgs boson signal.113

 (GeV)4lm
100 200 300 400 500 600 700 800

E
ve

nt
s 

/ 1
0 

G
eV

0

10

20

30

40

50

60 Data
 ZZ→gg+VV 

 ZZ→ qq
Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 (GeV)4lm
110 120 130 140 150

E
ve

nt
s 

/ 3
 G

eV

0
2
4
6
8

10
12
14
16

Figure 2: Distribution of the four-lepton invariant mass in the range 100 < m4` < 800 GeV.
Points represent the data, filled histograms the expected contributions from the reducible (Z+X)
and qq backgrounds, and from the sum of the gluon fusion (gg) and vector boson fusion (VV)
processes, including the Higgs boson mediated contributions. The inset shows the distribution
in the low mass region after a selection requirement on the MELA likelihood discriminant
Dkin

bkg > 0.5 [7]. In this region, the contribution of the ttH and VH production processes is
added to the dominant gluon fusion and VBF contributions.

In order to enhance the sensitivity to the gg production in the off-shell region, a likelihood
discriminantDgg is used, which characterizes the event topology in the 4` centre-of-mass frame
using the observables (mZ1 , mZ2 , ~Ω) for a given value of m4`, where ~Ω denotes the five angles
defined in Ref. [28]. The discriminant is built from the probabilitiesPgg

tot andPqq
bkg for an event to

originate from either the gg→ 4` or the qq→ 4` process. We use the matrix element likelihood
approach (MELA) [2, 29] for the probability computation using the MCFM matrix elements for
both gg → 4` and qq → 4` processes. The probability Pgg

tot for the gg → 4` process includes
the signal (Pgg

sig), the background (Pgg
bkg), and their interference (Pgg

int), as introduced for the
discriminant computation in Ref. [37]. The discriminant is defined as

Dgg =
Pgg

tot

Pgg
tot + P

qq
bkg

=

1 +
Pqq

bkg

a×Pgg
sig +

√
a×Pgg

int + P
gg
bkg

−1

, (4)

where the parameter a is the strength of the unknown anomalous gg contribution with respect114

to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the115

expected sensitivity. Studies show that the expected sensitivity does not change substantially116

when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a117
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to a given value only affects the sensitivity of the analysis. To suppress the dominant qq → 4`118

background in the on-shell region, the analysis also employs a MELA likelihood discriminant119

Dkin
bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-120

ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].121

As an illustration, Fig. 3(top) presents the 4` invariant mass distribution for the off-shell signal122

region (m4` > 220 GeV) and for Dgg > 0.65. The expected contributions from the qq → 4`123

and reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson fu-124

sion (VV) contributions, including the Higgs boson signal, are shown. The distribution of the125

likelihood discriminant Dgg for m4` > 330 GeV is shown in Fig. 3(bottom), together with the126

expected contributions from the SM. The expected m4` and Dgg distributions for the sum of127

all the processes, with a Higgs boson width ΓH = 10× ΓSM
H and a relative cross section with128

respect to the SM cross section equal to unity in both gluon fusion and VBF production modes129

(µ = µggH = µVBF = 1), are also presented, showing the enhancement arising from the scal-130

ing of the squared product of the couplings. The expected and observed event yields in the131

off-shell gg-enriched region defined by m4` ≥ 330 GeV and Dgg > 0.65 are reported in Table 1.132

 (GeV)4lm
300 400 500 600 700 800

E
ve

nt
s 

/ b
in

0

2

4

6

8

10
Data

 = 1)µ, SM
HΓ× = 10HΓAll contributions (

 = 1)µ, SM
HΓ = 

H
Γ ZZ (→gg+VV 

 ZZ→ qq

Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 > 0.65ggMELA D

ggMELA D
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.0

5

0

5

10

15

20 Data

 = 1)µ, SM
HΓ× = 10HΓAll contributions (

 = 1)µ, SM
HΓ = 

H
Γ ZZ (→gg+VV 

 ZZ→ qq

Z+X  > 330 GeV4lm

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Figure 3: Distributions of (top) the four-lepton invariant mass after a selection requirement on
the MELA likelihood discriminant Dgg > 0.65, and (bottom) the Dgg likelihood discriminant
for m4` > 330 GeV in the 4` channel. Points represent the data, filled histograms the expected
contributions from the reducible (Z+X) and qq backgrounds, and from the gluon fusion (gg)
and vector boson fusion (VV) SM processes (including the Higgs boson mediated contribu-
tions). The dashed line corresponds to the total expected yield for a Higgs boson width and a
squared product of the couplings scaled by a factor 10 with respect to their SM values. In the
top plot, the bin size varies from 20 to 85 GeV and the last bin includes all entries with masses
above 800 GeV.

The 2`2ν analysis is performed on the 8 TeV data set only. The final state in the 2`2ν channel133

is characterized by two oppositely-charged leptons of the same flavour compatible with a Z134

boson, together with a large Emiss
T from the undetectable neutrinos. We require Emiss

T > 80 GeV.135

The event selection and background estimation is performed as described in Ref. [16], with the136

exception that the jet categories defined in Ref. [16] are here grouped into a single category, i.e.137

the analysis is performed in an inclusive way. The mT distribution in the off-shell signal region138

(mT > 180 GeV) is shown in Fig. 4. The expected and observed event yields in a gg-enriched139

region defined by mT > 350 GeV and Emiss
T > 100 GeV are reported in Table 1.140
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Table 1: Expected and observed numbers of events in the 4` and 2`2ν channels in gg-enriched
regions, defined by m4` ≥ 330 GeV and Dgg > 0.65 (4`), and by mT> 350 GeV and Emiss

T >
100 GeV (2`2ν). The numbers of expected events are given separately for the gg and VBF pro-
cesses, and for a SM Higgs boson (ΓH = ΓSM

H ) and a Higgs boson width and squared product
of the couplings scaled by a factor 10 with respect to their SM values. The unphysical expected
contributions for the signal and background components are also reported separately, for the
gg and VBF processes. For both processes, the sum of the signal and background components
differs from the total due to the negative interferences. The quoted uncertainties include only
the systematic sources.

4` 2`2ν

(a) Total gg (ΓH = ΓSM
H ) 1.8±0.3 9.6±1.5

gg Signal component (ΓH = ΓSM
H ) 1.3±0.2 4.7±0.6

gg Background component 2.3±0.4 10.8±1.7
(b) Total gg (ΓH = 10× ΓSM

H ) 9.9±1.2 39.8±5.2
(c) Total VBF (ΓH = ΓSM

H ) 0.23±0.01 0.90±0.05
VBF signal component (ΓH = ΓSM

H ) 0.11±0.01 0.32±0.02
VBF background component 0.35±0.02 1.22±0.07

(d) Total VBF (ΓH = 10× ΓSM
H ) 0.77±0.04 2.40±0.14

(e) qq background 9.3±0.7 47.6±4.0
(f) Other backgrounds 0.05±0.02 35.1±4.2

(a+c+e+f) Total expected (ΓH = ΓSM
H ) 11.4±0.8 93.2±6.0

(b+d+e+f) Total expected (ΓH = 10× ΓSM
H ) 20.1±1.4 124.9±7.8

Observed 11 91

Systematic uncertainties comprise experimental uncertainties on the signal efficiency and back-141

ground yield evaluation, as well as uncertainties on the signal and background from theoretical142

predictions. Since the measurement is performed in wide mZZ regions, there are sources of sys-143

tematic uncertainties that only affect the total normalization and others that affect both the144

normalization and the shape of the observables used in this analysis. In the 4` final state, only145

the latter type of systematic uncertainty affects the measurement of ΓH, since normalization146

uncertainties change the on-shell and off-shell yields by the same amount.147

Among the signal uncertainties, experimental systematic uncertainties are evaluated from ob-148

served events for the trigger efficiency (1.5%), and combined object reconstruction, identifica-149

tion and isolation efficiencies (3–4% for muons, 5–11% for electrons) [7]. In the 2`2ν final state,150

the effects of the lepton momentum scale (1–2%) and jet energy scale (1%) are taken into ac-151

count and propagated to the evaluation of Emiss
T . The uncertainty in the b-jet veto (1–3%) is152

estimated from simulation using correction factors for the b-tagging and b-misidentification153

efficiencies as measured from the dijet and tt decay control samples [38].154

Theoretical uncertainties from QCD scales in the qq background contribution are within 4–10%155

depending on mZZ [7]. An additional uncertainty of 2–6% is included to account for missing156

higher order contributions with respect to a full NLO QCD and NLO EW evaluation. The sys-157

tematic uncertainty in the normalization of the reducible backgrounds is evaluated following158

the methods described in Refs. [7, 16]. In the 2`2ν channel, for which these contributions are159

not negligible at high mass, the estimation from control samples for the Z+jets and for the sum160

of the tt, tW and WW contributions leads to uncertainties of 25% and 15% in the respective161

background yields. Theoretical uncertainties in the high mass contribution from the gluon-162
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Figure 4: Distribution of the transverse mass in the 2`2ν channel. Points represent the data,
filled histograms the expected contributions from the backgrounds, and from the gluon fusion
(gg) and vector boson fusion (VV) SM processes (including the Higgs-mediated contributions).
The dashed line corresponds to the total expected yield for a Higgs boson width and a squared
product of the couplings scaled by a factor 10 with respect to their SM values. The bin size
varies from 80 to 210 GeV and the last bin includes all entries with transverse masses above
1 TeV.

induced processes, which affect both the normalization and the shape, are especially important163

in this analysis (in particular for the signal and interference contributions that are scaled by164

large factors). However, these uncertainties partially cancel when measuring simultaneously165

the yield from the same process in the on-shell signal region. The remaining mZZ-dependent166

uncertainties in the QCD renormalization and factorization scales are derived using the K fac-167

tor variations from Ref. [14], corresponding to a factor of two up or down from the nominal168

mZZ/2 values, and amount to 2–4%. For the gg → ZZ continuum background production, we169

assign a 10% additional uncertainty on the K factor, following Ref. [22] and taking into account170

the different mass ranges and selections on the specific final state. This uncertainty also affects171

the interference with the signal. The PDF uncertainties are estimated following Refs. [39, 40] by172

changing the NLO PDF set from MSTW2008 to CT10 [41] and NNPDF2.1 [42], and the resid-173

ual contribution is about 1%. For the VBF processes, no significant mZZ-dependence is found174

regarding the QCD scales and PDF uncertainties, which are in general much smaller than for175

the gluon fusion processes [8, 9]. In the 2`2ν final state, additional uncertainties on the yield176

arising from the theoretical description of the parton shower and underlying event are taken177

into account (6%).178

We perform a simultaneous unbinned maximum likelihood fit of a signal-plus-background179

model to the measured distributions in the 4` and 2`2ν channels. In the 4` channel the analysis180

is performed in the on-shell and off-shell signal regions defined above. In the on-shell region, a181
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three-dimensional distribution ~x = (m4`,Dkin
bkg, p4`

T or Djet) is analyzed, following the method-182

ology described in Ref. [7], where the quantity Djet is a discriminant used to separate VBF from183

gluon fusion production. In the off-shell region, a two-dimensional distribution ~x = (m4`,Dgg)184

is analyzed. In the 2`2ν channel, only the off-shell Higgs boson production is analyzed, using185

the ~x = mT distribution.186

The probability distribution functions are built using the full detector simulation or data con-
trol regions, and are defined for the signal, the background, or the interference between the
two contributions, Psig, Pbkg, or Pint, respectively, as a function of the observables ~x discussed
above. Several production mechanisms are considered for the signal and the background, such
as gluon fusion (gg), VBF, and quark-antiquark annihilation (qq). The total probability distri-
bution function for the off-shell region includes the interference of two contributions in each
production process:

Poff-shell
tot (~x) =

[
µggH × (ΓH/Γ0)×Pgg

sig(~x) +
√

µggH × (ΓH/Γ0)×Pgg
int(~x) + P

gg
bkg(~x)

]
+

[
µVBF × (ΓH/Γ0)×PVBF

sig (~x) +
√

µVBF × (ΓH/Γ0)×PVBF
int (~x) + PVBF

bkg (~x)
]

+ Pqq
bkg(~x) + . . .

(5)

The list of background processes is extended beyond those quoted depending on the final state187

(Z+X, top, W+jets, WW, WZ). The parameters µggH and µVBF are the scale factors which modify188

the signal strength with respect to the reference parameterization in each production mecha-189

nism independently. The parameter (ΓH/Γ0) is the scale factor which modifies the observed190

width with respect to the Γ0 value used in the reference parameterization.191

In the on-shell region, the parameterization includes the small contribution of the ttH and VH
Higgs boson production mechanisms, which are related to the gluon fusion and VBF processes,
respectively, because either the quark or the vector boson coupling to the Higgs boson is in
common among those processes. Interference effects are negligible in the on-shell region. The
total probability distribution function for the on-shell region is written as

Pon-shell
tot (~x) =µggH ×

[
Pgg

sig(~x) + P
ttH
sig (~x)

]
+ µVBF ×

[
PVBF

sig (~x) + PVH
sig (~x)

]
+ Pqq

bkg(~x) + P
gg
bkg(~x) + . . .

(6)

The above parameterizations in Eqs. (5, 6) are performed for the tree-level HVV coupling of192

a scalar Higgs boson, consistent with our observations [4, 7]. We find that the presence of193

anomalous couplings in the HVV interaction would lead to enhanced off-shell production and194

a more stringent constraint on the width. It is evident that the parameterization in Eq. (5) relies195

on the modeling of the gluon fusion production with the dominant top-quark loop, therefore196

no possible new particles are considered in the loop. Further discussion can also be found in197

Refs. [43–45].198

The three parameters ΓH, µggH, and µVBF are left unconstrained in the fit. The µggH and µVBF fit-199

ted values are found to be almost identical to those obtained in Ref. [7]. Systematic uncertainties200

are included as nuisance parameters and are treated according to the frequentist paradigm [46].201

The shapes and normalizations of the signal and of each background component are allowed202

to vary within their uncertainties, and the correlations in the sources of systematic uncertainty203

are taken into account.204

The fit results are shown in Fig. 5 as scans of the negative log-likelihood,−2∆ lnL, as a function205

of ΓH. Combining the two channels a limit is observed (expected) on the total width of ΓH <206
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22 MeV (33 MeV) at a 95% CL, which is 5.4 (8.0) times the expected value in the SM. The best fit207

value and 68% CL interval correspond to ΓH = 1.8+7.7
−1.8 MeV. The result of the 4` analysis alone208

is an observed (expected) limit of ΓH < 33 MeV (42 MeV) at a 95% CL, which is 8.0 (10.1) times209

the SM value, and the result of the analysis combining the 4` on-shell and 2`2ν off-shell regions210

is ΓH < 33 MeV (44 MeV) at a 95% CL, which is 8.1 (10.6) times the SM value. The best fit values211

and 68% CL intervals are ΓH = 1.9+11.7
−1.9 MeV and ΓH = 1.8+12.4

−1.8 MeV for the 4` analysis and for212

the analysis combining the 4` on-shell and 2`2ν off-shell regions, respectively.

 (MeV)HΓ
0 10 20 30 40 50 60

 ln
L

∆
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Combined ZZ observed

Combined ZZ expected

Figure 5: Scan of the negative log-likelihood, −2∆ lnL, as a function of ΓH for the combined
fit of the 4` and 2`2ν channels (blue thick lines), for the 4` channel alone in the off-shell and
on-shell regions (dark red lines), and for the 2`2ν channel in the off-shell region and 4` channel
in the on-shell region (light red lines). The solid lines represent the observed values, the dotted
lines the expected values.

213

The expected limit for the two channels combined without including the systematic uncertain-214

ties is ΓH < 28 MeV at a 95% CL. The effect of systematic uncertainties is driven by the 2`2ν215

channel with larger experimental uncertainties in signal efficiencies and background estima-216

tion from control samples in data, while the result in the 4` channel is largely dominated by the217

statistical uncertainty.218

The statistical compatibility of the observed results with the expectation under the SM hypoth-219

esis corresponds to a p-value of 0.24. The statistical coverage of the results obtained in the220

likelihood scan has also been tested with the Feldman–Cousins approach [47] for the combined221

analysis leading to consistent although slightly tighter constraints. The analysis in the 4` chan-222

nel has also been performed in a one-dimensional fit using either m4` or Dgg and consistent223

results are found. The expected limit without using the MELA likelihood discriminant Dgg is224

40% larger in the 4` channel.225

In summary, we have presented constraints on the total Higgs boson width using its relative226
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on-shell and off-shell production and decay rates to four leptons or two leptons and two neu-227

trinos. The analysis is based on the 2011 and 2012 data sets corresponding to integrated lumi-228

nosities of 5.1 fb−1 at
√

s = 7 TeV and 19.7 fb−1 at
√

s = 8 TeV. The four-lepton analysis uses229

the measured invariant mass distribution near the peak and above the Z-boson pair produc-230

tion threshold, as well as a likelihood discriminant to separate the gluon fusion ZZ production231

from the qq→ ZZ background, while the two-lepton plus two-neutrino off-shell analysis relies232

on the transverse mass distribution. The presented analysis determines the independent con-233

tributions of the gluon fusion and VBF production mechanisms from the data in the on-shell234

region. It relies nevertheless on the knowledge of the coupling ratios between the off-shell and235

on-shell production, i.e. the dominance of the top quark loop in the gluon fusion production236

mechanism and the absence of new particle contribution in the loop. The presence of anoma-237

lous couplings in the HVV interaction would lead to enhanced off-shell production and would238

make our constraint tighter. The combined fit of the 4` and 2`2ν channels leads to an upper239

limit on the Higgs boson width of ΓH < 22 MeV at a 95% confidence level, which is 5.4 times240

the expected width of the SM Higgs boson. This result improves by more than two orders of241

magnitude upon previous experimental constraints on the new boson decay width from the242

direct measurement at the resonance peak.243
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