
Hugues BRUN, 
  

Université Libre de Bruxelles 

on behalf of the ATLAS and CMS collaborations

Off-Shell Higgs Measurements 

November 10th, 2016

Higgs Couplings 2016



Hugues BRUN /19

Interest of the Higgs Off-Shell measurement

Off-shell Higgs Measurements 2

• Off-Shell production of the Higgs boson in 
VV gives interesting extra information about 
the coupling structure of the Higgs boson  

- Also sensitive to possible new physics that 
changes the interaction between the Higgs and 
the SM particles in this region  

• Off-shell cross section does not depend on 
total width (ΓH) as σOn-shell does:  

- In the SM, assuming that the on peak and 
the off peak couplings are scaling the 
same, combined measurement of µon-shell 
and µoff-shell, can be interpreted as a limit 
on ΓHRo
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Limit on ΓH  through off-shell production  

•  High mass region of  H! VV above the 2mV threshold sensitive to the Higgs boson 
production through off-shell and background interference effects 

–   characterize the properties of  the  Higgs boson through off-shell signal strength and off-shell Higgs 
boson couplings 

–  Sensitivity to new physics that change interaction between the Higgs and SM particle in this region 

•   ¾offshell ~gg
2gV

2 and doesn’t depend on total width ¡H as ¾onshell does 

–  In terms of  couplings modifiers 

1 Introduction

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,
reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-
troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical
importance. Among its key properties are the couplings to each of the SM fermions and bosons, for
which ATLAS presented results in Refs. [3, 4] and spin/CP properties, for which ATLAS presented re-
sults in Ref. [5].

The studies in Refs. [6–9] have shown that the high-mass off-peak regions of the H → ZZ and
H → WW channels above the 2mV (V = W,Z) threshold have sensitivity to Higgs boson production
through off-shell and background interference effects, which presents a novel way of characterising the
properties of the Higgs boson in terms of the off-shell signal strength and the associated off-shell Higgs
boson couplings. This approach was used by the CMS collaboration [10] to set an indirect limit on the
total width.

This note presents an analysis of the off-shell signal strength in the ZZ → 4ℓ and ZZ → 2ℓ2ν final
states (ℓ = e, µ). It is structured as follows: Section 2 presents the analysis concept and some key
theoretical considerations for this analysis. Section 3 discusses the simulation of the main signal and
background processes. Sections 4 and 5 give details for the analysis in the ZZ → 4ℓ and ZZ → 2ℓ2ν
final states, respectively. The dominant systematic uncertainties are discussed in Section 6. Finally the
results of the ZZ → 4ℓ and ZZ → 2ℓ2ν analysis and their combination are presented in Section 7.

The ATLAS detector is described in Ref. [11]. The present analysis is performed on data correspond-
ing to an integrated luminosity of 20.3 fb-1 at a collision energy of

√
s = 8 TeV.

2 Off-shell signal and theoretical considerations

The recent interest in the cross section for the off-shell Higgs boson production gg → (H∗ →)VV1,
σgg→(H∗→)VV

off-shell for high-mass WW and ZZ final states was sparked by the novel approach to Higgs boson
couplings measurements possible in this region. This could provide sensitivity to new physics that alters
the interactions between the Higgs boson and other fundamental particles in the high-mass region [12–
15].

The cross section for the off-shell signal strength σgg→H∗→ZZ
off-shell is proportional to the Higgs boson

couplings for production and decay. However, unlike the on-shell Higgs boson production, σgg→H∗→ZZ
off-shell

is independent of the total Higgs boson decay width ΓH [6, 7]. Using the framework of Higgs boson
coupling deviations as in Ref. [16] this proportionality can be expressed as:

σgg→H∗→ZZ
off-shell

σgg→H∗→ZZ
off-shell, SM

= µoff-shell = κ
2
g,off-shell · κ2V,off-shell , (1)

where µoff-shell is the off-shell signal strength in the high-mass region above the 2mZ threshold and
κg,off-shell and κV,off-shell are the off-shell coupling scale factors associated with the gg → H∗ production
and the H∗ → ZZ decay, respectively. The off-shell Higgs boson signal cannot be treated independently
from the gg → ZZ background, as sizeable negative interference effects appear [6]. The interference
term is proportional to √µoff-shell = κg,off-shell · κV,off-shell.

1In the following the notation gg→ (H∗ →)ZZ is used for the full signal+background process for ZZ production, including
the Higgs boson signal gg→ H∗ → ZZ process, the continuum background gg→ ZZ process and their interference. For Vector
Boson Fusion (VBF) production, the analogous notation VBF (H∗ →)ZZ is used for the full signal plus background process,
with VBF H∗ → ZZ representing the Higgs boson signal and VBF ZZ for the background.

1

In contrast, the on-shell process gg→ H → ZZ allows a measurement of the ratio:

σgg→H→ZZ
on-shell

σgg→H→ZZ
on-shell, SM

= µon-shell =
κ2g,on-shell · κ2V,on-shell

ΓH/ΓSM
H

, (2)

where the total width ΓH appears in the denominator. The combination of both on- and off-shell measure-
ments promises a significantly higher sensitivity to the total width ΓH than previously believed possible
at the LHC through direct measurements of the on-shell line shape.

Several theory considerations have to be taken into account for this analysis:

• The determination of µoff-shell is valid under the assumption that any new physics which modifies
the off-shell couplings κ2i,off-shell does not modify the expectation for the SM backgrounds (includ-
ing higher-order QCD and electroweak (EW) corrections to the SM signal and background predic-
tions) nor does it produce other sizeable signals in the search region of this analysis unrelated to
an enhanced off-shell signal strength. This assumption is similar in structure to the assumptions
needed for the Higgs boson coupling scale factor framework in Ref. [16] and a µoff-shell measure-
ment should be regarded as a search for a deviation from the SM expectation. The observation
of a deviation is independent of any assumptions, but the interpretation of the deviation as a non-
standard Higgs boson off-shell coupling relies on the assumption above.

• The interpretation of µoff-shell as a measurement of ΓH requires a combination with the on-shell
signal strength measurements from the ∼125.5 GeV Higgs boson peak. This interpretation is valid
under the assumption κi,on-shell = κi,off-shell. This assumption is particularly relevant to the running
of the effective coupling κg for the loop induced gg → H production process, as it is sensitive to
new physics that enters at higher mass scales and could be probed in the high-mass mZZ signal
region of this analysis. More details are given in Refs. [12–15].

• While higher-order QCD and EW corrections are known for the off-shell signal process [17] in the
form of a next-to-next-to-leading-order (NNLO) K-factor KH∗(mZZ) = σNNLO

gg→H∗→ZZ/σ
LO
gg→H∗→ZZ ,

no higher-order QCD calculations are available for the leading-order (LO) gg → ZZ background
process. In Ref. [18] a soft-collinear approximation is used to estimate the next-to-leading-order
(NLO) and NNLO corrections to the gg → WW background process, indicating that the signal
K-factor may also be applied to the signal-background interference term at the cost of adding an
additional uncertainty of ∼30%. Details can be found in Section 6.

• Although the NNLO/LO K-factor KH∗(mZZ) is known for the signal [17] as a function of mZZ , it
is calculated inclusively, meaning that it is integrated over all jet multiplicities or non-zero pT (ZZ)
values that are induced by the higher order QCD corrections, and may no longer be accurate
if event selections which bias the jet multiplicity or transverse momentum pT (ZZ) are applied.
Consequently, the impact of any direct or indirect selections in jet multiplicity or pT (ZZ), must
be assessed by simulating the additional QCD activity with a parton shower MC to approximate
the missing higher order matrix element contributions. This will lead to correspondingly larger
acceptance uncertainties.

As a consequence of these considerations, the primary goal of this analysis is to provide a limit on the
off-shell signal strength µoff-shell. The experimental analysis was designed to be as inclusive as possible
with respect to additional QCD activitity, to minimize additional acceptance-related uncertainties on the
gg → (H∗ →)ZZ process. Finally, results will be given as a function of the K-factor ratio K(gg →
ZZ)/K(gg → H∗ → ZZ) to make their dependence on this unknown K-factor explicit. Following
Ref. [18], the central value is obtained with the background K-factor taken from the Higgs boson signal
calculation.

2

100

2 MW

2 MZ 2 Mt 1000

10−6

10−5

10−4

10−3

10−2

10−1

WW

ZZ

HTO powered by complex - pole - scheme

8 TeV

MV V [ GeV]

M
2 V
V

d
σ

d
M

2 V
V

[
pb

]

Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)

– 5 –

•  Assuming the on-peak and off-peak couplings 
are the same, we can reinterpret the limit on 
µoffshell , combined with µonshell measurement, as 
a limit on ¡H 
 

N.Kauer, G.Passarino 
JHEP08(2012)116 

ATLAS: Eur. Phys. J. C (2015) 75:335 
CMS: Phys. Lett. B 736 (2014) 64 
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Interference effects and MC generators 
•  In the high mass region off-shell Higgs production and 

non resonant gg! VV background (box diagram) 

 

•  Interference between the two processes sizable and 
negative in SM 

•  Similar for qq!VV+2j  and VBF production 

ggF production mechanism 

•  MCFM and gg2VV (LO, µR=µF=mZZ/2) 
•  gg!(H*)! ZZ  gg!H*! ZZ ,  gg!ZZ 

•  Sherpa (0j+1j) for pT(ZZ) description (ATLAS) 

VBF production mechanism 

•  MadGraph and Phantom used 

•  Other production mechanisms (VH,ttH) negligible 

qqZZ background 

•  Powheg NLO QCD  + corrections  NLO EW  
•   also NNLO mZZ k-factor in ATLAS 
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Figure 1. Representative Feynman graphs for the Higgs signal process (left) and the qq̄- (center)
and gg-initiated (right) continuum background processes at LO.

calculations have been presented in Refs. [26, 27]. The accuracy of the Mt → ∞ approxi-

mation at NNLO has been investigated in Refs. [28–33].2 In addition to higher-order QCD

corrections, electroweak (EW) corrections have been computed up to two loops [35–42] and

found to be at the 1–5% level. Mixed QCD-EW effects have also been calculated [43]. Re-

fined calculations/updated cross sections for gg → H have been presented in Refs. [44–48].

Kinematic distributions and NNLO cross sections with experimental selection cuts have

also been studied extensively for gg → H → V V → 4 leptons (V = W,Z) [49, 50] and all

other important decay modes (see Ref. [51] and references therein). NLO EW corrections

to H → V V → 4 leptons have been calculated in Refs. [52, 53].

The proper theoretical description of the Higgs boson line shape is an essential ingre-

dient for heavy Higgs searches and has been studied in detail in Ref. [54]. A comparison of

the zero-width approximation (ZWA, see below) and finite-width Higgs propagator schemes

for inclusive Higgs production and decay can also be found in Refs. [46, 47, 55].3 In the

light Higgs mass range the on-shell width of the SM Higgs boson is more than four orders

of magnitude smaller than its mass, for instance 4.03MeV for a mass of 125GeV.4 The

ZWA a.k.a. narrow-width approximation, which factorizes the Higgs cross section into

on-shell production and on-shell decay when ΓH approaches zero, is expected to be excel-

lent well below the WW and ZZ thresholds with an error estimate of O(ΓH/MH). For

Higgs production in gluon fusion, we show in Sections 2 and 3 that this is not always the

case. For gg → H → V V , we find that the deviation between ZWA and off-shell results

is particularly large. We therefore take into account the resonance-continuum interference

(see Fig. 1, left and right), which was studied in Refs. [60–65] and for related processes in

Refs. [66–68]. For studies of the continuum background (see Fig. 1, center and right), we

refer the reader to Refs. [69–72] and references therein.

The paper is organised as follows: In Section 2, we briefly review the zero-width

approximation and why it can be inadequate. We then present and discuss inclusive results

in ZWA and with off-shell effects for the processes gg → H → all and gg → H → ZZ with

MH = 125GeV including Higgs-continuum interference effects. In Section 3, we extend our

ZWA v. off-shell analysis by considering experimental Higgs search procedures, selection

criteria and transverse mass observables for all gg → H → V V → 4 leptons search channels.

2Scale, PDF, strong coupling and heavy-top-limit uncertainties have recently been reappraised in Ref.

[34].
3The accuracy of the ZWA in the context of beyond-the-SM physics has been studied in Refs. [56–59].
4Width computed with HTO, see Section 2.
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➡In the high mass region, interference 
between gg→H*→VV and gg→VV is 
sizeable and negative in SM  

➡Similar for qq →VV + 2 jet and VBF 
production 

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and
WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,
the interference between them, VV production in association with two jets through VBF and VH-like
production modes pp! VV + 2 j (s-, t- and u-channel) and the qq̄! VV background. The LO Feynman
diagrams for the gg ! H⇤ ! VV signal, the continuum gg ! VV background and the dominant
irreducible qq̄! VV background are depicted in Fig. 1. The WW ! e⌫ µ⌫ channel also receives sizeable
background contributions from tt̄ and single-top production. In the following a Higgs boson mass of
mH = 125.5 GeV, close to the ATLAS-measured Higgs boson mass value of 125.36 GeV [11], is assumed
for the o↵-shell signal processes. This small di↵erence has a negligible impact on the predicted o↵-shell
production yields.

Figure 2 illustrates the size and kinematic properties of the gluon-induced signal and background pro-
cesses by showing the four-lepton invariant mass (m4`) distribution for the gg ! (H⇤ !)ZZ ! 2e2µ
processes after applying the event selections in the ZZ ! 4` channel (see Sect. 3) on generator-level
quantities. The process gg ! (H⇤ !)ZZ ! 2e2µ is shown for the SM µo↵-shell = 1 case and for an
increased o↵-shell signal with µo↵-shell = 10. For low masses mZZ < 2mZ the o↵-shell signal is negligible,
while it becomes comparable to the continuum gg! ZZ background for masses above the 2mt threshold.
The interference between the gg ! H⇤ ! ZZ signal and the gg ! ZZ background is negative over
the whole mass range. A very similar relation between the gg ! H⇤ ! VV signal and the gg ! VV
background is also seen for the gg! (H⇤ !)ZZ ! 2`2⌫ and gg! (H⇤ !)WW ! e⌫ µ⌫ processes.
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Figure 2: (a) Di↵erential cross-sections as a function of the four-lepton invariant mass m4` in the range of
100 GeV < m4` < 1000 GeV for the gg ! (H⇤ !)ZZ ! 2e2µ channel at the parton level, for the gg ! H⇤ ! ZZ
signal (solid line), gg! ZZ continuum background (dots), gg! (H⇤ !)ZZ with SM Higgs boson coupling (long-
dashed line, including signal plus background plus interference) and gg ! (H⇤ !)ZZ with µo↵-shell = 10 (dashed
line). (b) Di↵erential cross-section as a function of m4` in the range of 130 GeV < m4` < 1000 GeV for the SM
gg ! H⇤ ! ZZ ! 2e2µ signal (solid line) and its interference with the gg ! ZZ ! 2e2µ continuum background
(dashed line).

4
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H→ZZ→4l final state

Off-shell Higgs Measurements 4

• Final states: 2µ2e, 2e2µ, 4µ,4e 

• Selection: 
- 2 pairs of same flavour lepton in a mass window around the mZ   

• Exploit the kinematic of the decay to construct a likelihood 
discriminant: 

- matrix discriminant used to enhance the sensitivity to the 
gg→(H*→)ZZ (in CMS) or to gg→H*→ZZ (in ATLAS) 

- m4l mZ1 mZ2 and 5 production/decay angles used as input 
of the discriminant 

• Selection: Off-Shell enriched region: m4l > 220 GeV 

5

to a given value only affects the sensitivity of the analysis. To suppress the dominant qq ! 4`
background in the on-shell region, the analysis also employs a MELA likelihood discriminant
Dkin

bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-
ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].

As an illustration, Fig. 3(left) presents the 4` invariant mass distribution for the off-shell signal
region (m4` > 220 GeV) and for Dgg > 0.65. The expected contributions from the qq ! 4`
and reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson fu-
sion (VV) contributions, including the Higgs boson signal, are shown. The distribution of the
likelihood discriminant Dgg for m4` > 330 GeV is shown in Fig. 3(right), together with the ex-
pected contributions from the SM. The expected m4` and Dgg distributions for the sum of all
the processes, with a Higgs boson width GH = 10 ⇥ GSM

H and a relative cross section with re-
spect to the SM cross section equal to unity in both gluon fusion and VBF production modes
(µ = µggH = µVBF = 1), are also presented, showing the enhancement arising from the scal-
ing of the squared product of the couplings. The expected and observed event yields in the
off-shell gg-enriched region defined by m4` � 330 GeV and Dgg > 0.65 are reported in Table 1.
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Figure 3: Distributions of (left) the four-lepton invariant mass after a selection requirement on
the MELA likelihood discriminant Dgg > 0.65, and (right) the Dgg likelihood discriminant for
m4` > 330 GeV in the 4` channel. Points represent the data, filled histograms the expected con-
tributions 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 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. 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`2n analysis is performed on the 8 TeV data set only. The final state in the 2`2n channel
is characterized by two oppositely-charged leptons of the same flavour compatible with a Z
boson, together with a large Emiss

T from the undetectable neutrinos. We require Emiss
T > 80 GeV.

The event selection and background estimation is performed as described in Ref. [16], with the
exception that the jet categories defined in Ref. [16] are here grouped into a single category, i.e.
the analysis is performed in an inclusive way. The mT distribution in the off-shell signal region
(mT > 180 GeV) is shown in Fig. 4. The expected and observed event yields in a gg-enriched
region defined by mT > 350 GeV and Emiss

T > 100 GeV are reported in Table 1.

The kinematic discriminant is defined as in Ref. [9]:

ME = log10

 
PH

Pgg + c · Pqq̄

!
, (7)

where c = 0.1 is an empirical constant, to approximately balance the overall cross-sections of the qq̄ !
ZZ and gg ! (H⇤ !)ZZ processes. The value of c has a very small e↵ect on the analysis sensitivity.
Figure 3(b) shows the observed and expected distributions of the ME-based discriminant combining all
lepton final states. Events with the ME-based discriminant value between �4.5 and 0.5 are selected with
a signal e�ciency of > 99%.
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Figure 3: Observed distributions for (a) the four-lepton invariant mass m4` in the range of 220 GeV <
m4` < 1000 GeV and (b) the ME-based discriminant combining all lepton final states for the ME-based analysis
signal region, compared to the expected contributions from the SM including the Higgs boson (stack). The dashed
line corresponds to the total expected event yield, including all backgrounds and the Higgs boson with µo↵-shell = 10.
A relative gg! ZZ background K-factor of RB

H⇤=1.0 is assumed. The Z+jets and top-quark backgrounds are barely
visible in the plot since they are very small (<1% of the total background).

In addition, an alternative multivariate discriminant based on a boosted decision tree (BDT) algorithm was
studied to further separate the gg ! H⇤ ! ZZ signal and the main qq̄ ! ZZ background, by exploiting
additional kinematic information (pT and ⌘) of the ZZ system. The analysis sensitivity improves very
little (⇠2%) compared to the ME-based discriminant alone. Due to the dependence on the pT of the ZZ
system, the BDT-based discriminant introduces additional systematic uncertainties from the higher-order
QCD corrections. For these reasons, the BDT-based discriminant is not used for the final result.

4. Analysis of the ZZ ! 2` 2⌫ final state

The analysis of the ZZ ! 2`2⌫ channel follows strategies similar to those used in the invisible Higgs bo-
son search in the ZH channel [20]. The definitions of the reconstructed physics objects (electrons, muons,
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HVV couplings
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• Spin 0 HVV coupling, V (Z, W, g, γ), scattering amplitude

• Equivalant Spin 0 Lagrangian 
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4

observe 223 events in the off-shell signal region, while we expect 217.6± 9.5 from SM processes,
including the SM Higgs boson signal.
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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
discriminant Dgg is used, which characterizes the event topology in the 4` centre-of-mass frame
using the observables (mZ1, mZ2, ~W) for a given value of m4`, where ~W denotes the five angles
defined in Ref. [28]. The discriminant is built from the probabilities Pgg

tot and Pqq
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 + Pqq

bkg

=

2

41 +
Pqq

bkg

a ⇥ Pgg
sig +

p
a ⇥ Pgg

int + Pgg
bkg

3

5
�1

, (4)

where the parameter a is the strength of the unknown anomalous gg contribution with respect
to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the
expected sensitivity. Studies show that the expected sensitivity does not change substantially
when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a

The kinematic discriminant is defined as in Ref. [9]:

ME = log10

 
PH

Pgg + c · Pqq̄

!
, (7)

where c = 0.1 is an empirical constant, to approximately balance the overall cross-sections of the qq̄ !
ZZ and gg ! (H⇤ !)ZZ processes. The value of c has a very small e↵ect on the analysis sensitivity.
Figure 3(b) shows the observed and expected distributions of the ME-based discriminant combining all
lepton final states. Events with the ME-based discriminant value between �4.5 and 0.5 are selected with
a signal e�ciency of > 99%.
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Figure 3: Observed distributions for (a) the four-lepton invariant mass m4` in the range of 220 GeV <
m4` < 1000 GeV and (b) the ME-based discriminant combining all lepton final states for the ME-based analysis
signal region, compared to the expected contributions from the SM including the Higgs boson (stack). The dashed
line corresponds to the total expected event yield, including all backgrounds and the Higgs boson with µo↵-shell = 10.
A relative gg! ZZ background K-factor of RB

H⇤=1.0 is assumed. The Z+jets and top-quark backgrounds are barely
visible in the plot since they are very small (<1% of the total background).

In addition, an alternative multivariate discriminant based on a boosted decision tree (BDT) algorithm was
studied to further separate the gg ! H⇤ ! ZZ signal and the main qq̄ ! ZZ background, by exploiting
additional kinematic information (pT and ⌘) of the ZZ system. The analysis sensitivity improves very
little (⇠2%) compared to the ME-based discriminant alone. Due to the dependence on the pT of the ZZ
system, the BDT-based discriminant introduces additional systematic uncertainties from the higher-order
QCD corrections. For these reasons, the BDT-based discriminant is not used for the final result.

4. Analysis of the ZZ ! 2` 2⌫ final state

The analysis of the ZZ ! 2`2⌫ channel follows strategies similar to those used in the invisible Higgs bo-
son search in the ZH channel [20]. The definitions of the reconstructed physics objects (electrons, muons,
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ATLAS:
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H→ZZ→2l2ν final state

Off-shell Higgs Measurements 5

• Selection:  
- ll pair in a mass window around 

Z mass 

- cut on ETmiss  

- + additional kinematic 
requirement such as

Imperfect modelling of detector non-uniformities and Emiss
T response could lead to an incorrect estimate

of the Z boson background in the signal region. The Z boson background is estimated with data using
the two-dimensional sideband regions constructed by reversing one or both of the ��(p``T ,Emiss

T ) and
��`` selections [20]. The main uncertainty on the mis-measured Z boson background arises from the
di↵erences in shape of the Emiss

T and mZZ
T distributions in the signal and sideband regions and the small

correlation between these two variables. Other systematic uncertainties originate from the subtraction of
the non-Z boson backgrounds in the sideband regions.

The W+jets and multi-jet backgrounds are estimated from data using the fake-factor method [20]. The
predicted background with a looser Emiss

T selection applied at 100 GeV, and without the mZZ
T selection,

is 0.04 ± 0.01 events. No event remains after applying the full event selection for both the data-driven
method and MC samples, and hence this background is estimated to be negligible.

The predicted signals and backgrounds with statistical and systematic uncertainties are summarised in
Table 1. The observed event yields agree with the total predicted ones from the SM within the uncertain-
ties. Figure 4 shows the distributions of mZZ

T for the ee and µµ channels in the signal region, compared to
the predicted contributions from the SM as well as to a Higgs boson with µo↵-shell = 10.
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Figure 4: Observed distribution of the ZZ transverse mass mZZ
T in the range 380 GeV < mZZ

T < 1000 GeV combining
the 2e2⌫ and 2µ2⌫ channels, compared to the expected contributions from the SM including the Higgs boson (stack).
The first bin only contains events in the range 380 GeV < mZZ

T < 400 GeV. The hatched area shows the combined
statistical and systematic uncertainties. The dashed line corresponds to the total expected event yield, including
all backgrounds and the Higgs boson with µo↵-shell = 10. A relative gg ! ZZ background K-factor of RB

H⇤=1 is
assumed.

5. Analysis of the WW ! e⌫ µ⌫ final state

The analysis of the WW ! e⌫ µ⌫ channel closely follows the Higgs boson measurements in the oppositely
charged electron–muon pair final state in Ref. [58]. This selection ensures orthogonality with the ZZ !

12

Process ZZ ! 4` ZZ ! 2` 2⌫ WW ! e⌫ µ⌫
gg! H⇤ ! VV (S) 1.1 ± 0.3 3.2 ± 1.0 1.5 ± 0.4
gg! VV (B) 2.8 ± 0.8 5.3 ± 1.6 3.6 ± 1.1
gg ! (H⇤ !)VV 2.4 ± 0.7 3.9 ± 1.2 2.4 ± 1.2
gg! (H⇤ !)VV (µo↵-shell = 10) 9.2 ± 2.5 24.0 ± 7.3 10 ± 4
VBF H⇤ ! VV (S) 0.12 ± 0.01 0.48 ± 0.04 0.42 ± 0.05
VBF VV (B) 0.71 ± 0.04 1.2 ± 0.2 1.6 ± 0.2
VBF (H⇤ !)VV 0.59 ± 0.03 0.7 ± 0.1 1.1 ± 0.1
VBF (H⇤ !)VV (µo↵-shell = 10) 1.17 ± 0.06 2.9 ± 0.2 2.8 ± 0.3
qq̄! ZZ 21.3 ± 2.1 31.5 ± 3.5 �

2.0 ± 0.2qq̄! WZ - 10.6 ± 1.4
qq̄! WW - 9>>=

>>; 0.4 ± 0.2
40 ± 5

tt̄, Wt, and tb̄/tqb̄ - 35 ± 4
Z ! ⌧⌧ - 1.4 ± 0.2
Z ! ee, µµ - 3.5 ± 3.0 -
Other backgrounds - 0.8 ± 0.2 8.7 ± 1.3
Total Expected (SM) 24.4 ± 2.2 51 ± 6 90 ± 4
Observed 18 48 82

Table 1: Expected and observed numbers of events in the signal region for all final states in the cut-based ap-
proaches. For the ZZ ! 4` analysis a mass range of 400 < m4` < 1000 GeV is used. The other backgrounds in
the ZZ ! 4` final state include contributions from Z+jets and top-quark processes. For the ZZ ! 2`2⌫ analysis
the range 380 GeV < mZZ

T < 1000 GeV is considered. For the WW ! e⌫ µ⌫ analysis, the region R8 > 450 GeV
is used and background event yields are quoted after the likelihood fit was performed. The expected events for the
gg ! (H⇤ !)VV and VBF (H⇤ !)VV processes (ZZ or WW), including the Higgs boson signal, background and
interference, are reported for both the SM predictions (in bold) and µo↵-shell = 10. A relative gg! VV background
K-factor of RB

H⇤=1 is assumed. The uncertainties in the number of expected events include the statistical uncer-
tainties from MC samples and systematic uncertainties. The entries with a � are for processes with event yields
< 0.1.

jets, and missing transverse momentum) are identical, but some of the kinematic cuts were optimised for
the current analysis.

4.1. Event selection

As the neutrinos in the final state do not allow for a kinematic reconstruction of mZZ , the transverse mass
(mZZ

T ) reconstructed from the transverse momentum of the dilepton system (p``T ) and the magnitude of the
missing transverse momentum (Emiss

T ):

mZZ
T ⌘

s q
m2

Z +
���p``T

���2 +
q

m2
Z +

���Emiss
T

���2
!2

� ���p``T + Emiss
T

���2 , (8)

is chosen as the discriminating variable to enhance sensitivity to the gg! H⇤ ! ZZ signal.

The selection criteria are optimised to maximise the signal significance with respect to the main back-
grounds, which are ZZ, WZ, WW, top-quark, and W/Z+jets events, as described in Sect. 4.2. The impact
of the background uncertainty is considered in the significance calculation.
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��
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miss
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• Backgrounds:  
- qq→ZZ, WZ 

- Z → ee (µµ) with a 
genuine lepton  

- WW, top, Z → ττ

estimated 
from MC

} data-driven 
estimations Off-Shell enriched region: 

- ATLAS : 350GeV<mT<1TeV  
- CMS :     180GeV<mT<1TeV  
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H→WW→eνµν final state

Off-shell Higgs Measurements 6

• in CMS: 
- Off-Shell region defined with mll>70 

GeV+ higher cut on pTll (45 GeV) and 
on the pT

l2 (20 GeV)  

- signal extracted using a MVA or the 
2D (mT, mll) depending of the dataset 
(7 TeV/8 TeV) and the jet category (0, 
1, 2 jets) 

• in ATLAS: 
- introduced a new variable  

- off-shell signal sensitive region 
defined with R8> 450 GeV and a = 0.8
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Figure 5: Observed distributions of R8, constructed from the dilepton invariant mass and transverse mass, Eq. 11, in
the WW ! e⌫µ⌫ channel for (a) the top control region, (b) WW control region (the CRs start at 160 GeV), and (c)
the signal region for R8 above 450 GeV, compared to the expected contributions from the SM including the Higgs
boson (stack). The dashed line corresponds to the total expected event yield, including all backgrounds and the
Higgs boson with µo↵-shell = 10. The last bin in (a) and (c) includes the overflow. A relative gg! WW background
K-factor of RB

H⇤ = 1 is assumed. The top-quark and WW backgrounds are normalised to data as described in
Sect. 5.1. The stacking order follows the legend in each plot.
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2` 2⌫ final state. The same object identification and selection as in Ref. [58] is used in this analysis.
Additionally, an event selection identical to that used for the gluon fusion initial states in H ! WW !
e⌫ µ⌫ is used, up to and including a requirement on missing transverse momentum: leading lepton pT >
22 GeV, subleading lepton pT > 10 GeV, m`` > 10 GeV, and pmiss,track

T > 20 GeV, the magnitude of
the missing transverse momentum, with a track-based soft term. The signal region (SR) and background
estimations were revised for the high-mass region used in this analysis. Contrary to the base analysis [58],
events are not binned by the number of jets. Top-quark events and SM WW production remain the largest
expected backgrounds.

5.1. Event selection

As with the ZZ ! 2` 2⌫ channel, the neutrinos in the final state do not allow for a kinematic reconstruction
of mVV . Thus a transverse mass (mWW

T ) is calculated from the dilepton system transverse energy (E``T ),
the vector sum of lepton transverse momenta (p``T ), and the vector sum of neutrino transverse momenta
(p⌫⌫T ), measured with pmiss,track

T :

mWW
T =

r
⇣
E``T + p⌫⌫T

⌘2 � ���p``T + p⌫⌫T
���2, where E``T =

q�
p``T
�2
+
�
m``
�2. (10)

The transverse mass is modified compared to the definition in Eq. (8) as the neutrinos do not come from
the same parent particle, and there is no mZ constraint.

In order to isolate the o↵-shell Higgs boson production while minimising the impact of higher-order QCD
e↵ects on gg! WW kinematics, a new variable, R8, is introduced:

R8 =

r
m2
`` +
⇣
a · mWW

T

⌘2
. (11)

Both the coe�cient a = 0.8 and the requirement R8 > 450 GeV are optimised for o↵-shell signal sensit-
ivity while also rejecting on-shell Higgs boson events, which have relatively low values of m`` and mWW

T .
The predicted on-shell signal contamination is 0.04 ± 0.03 (stat.) events. The MV1 algorithm, at 85%
e�ciency, is used to reject b-jets with pT > 20 GeV and |⌘| < 2.4 in order to reject backgrounds con-
taining top quarks. A more e�cient working point for b-jet tagging is used compared to the ZZ ! 2` 2⌫
analysis because of the need to reject a substantially larger top-quark background. A requirement on the
separation between leptons, �⌘`` < 1.2, suppresses qq̄-initiated WW production relative to gg-initiated
production. The b-jet veto and �⌘`` requirement are found to have a minimal impact on the WW-system
kinematics and jet multiplicity in the gg ! (H⇤ !)WW processes. Table 1 contains the predicted and
observed event yields in the signal region, 90 ± 4 and 82 respectively, in agreement with the SM with a
small deficit in data. The distribution of the R8 variable in the signal region is shown in Fig. 5(c) for the
SM expectation and for a Higgs boson with µo↵-shell = 10.

5.2. Background estimation

The dominant backgrounds arise from processes with real W bosons in the final state. The two back-
grounds with the largest expected event yield are top-quark and qq̄! WW production. Dedicated control

13

2 different approaches:

• main backgrounds 
estimated using data-driven 
methods and control regions  
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Simulation of the main processes: 

Off-shell Higgs Measurements 7

• gg→H*→VV, gg→VV 
- interferences computed at LO using gg2VV and MCFM (dynamic normalisation and 

factorisation scales: mVV/2)  

- gg→H*→VV obtained at NNLO QCD using NNLO/LO K-factors (including NLO EWK 
corrections) 

- signal K-factor found to provide a reliable K-factor for gg→VV: 
• 2 approaches: 

‣ CMS: use of  signal K-factor on gg→VV with a 10% systematic  
‣ ATLAS: introduction of the parameter 

• VBF VV production + interference:  
- simulated with PHANTOM in CMS, with MadGraph5 (cross checked by PHANTOM) in ATLAS 

- normalised to NNLO QCD and NLO EWK  

• qq→VV: 
- simulated with POWHEG-BOX + PYTHIA at NLO QCD 

- NLO EW correction   

- mZZ k-factor NNLO/NLO applied in ATLAS  

RB
H⇤ =

K(gg ! V V )

K(gg ! H⇤ ! V V )
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Systematics :

Off-shell Higgs Measurements 8

• Systematic uncertainties dominated by theoretical uncertainties  
- QCD scale uncertainty for gg→H*→VV and qq→VV 

- PDF for qq→VV and gg→VV processes  

- Uncertainty due to unknown k-factor for the gg→VV 

‣ ATLAS: result as a function of 

‣ CMS: assumes same signal NNLO K-factor for the bkg and adds a 10% syst uncertainties  

- Additional 30% uncertainty considered for the interference terms for ATLAS  

• Experimental uncertainties are subdominant: 
- Main are lepton efficiency and luminosity in the 4l channel  

- JES and data-driven background estimate are dominating for ZZ→2l2ν and WW→2l2ν

RB
H⇤ =

K(gg ! V V )

K(gg ! H⇤ ! V V )

Systematic uncertainty 95% CL lim. (CLs) on µo↵�shell
Interference gg! (H⇤ !)VV 7.2
QCD scale KH⇤(mVV ) (correlated component) 7.1
PDF qq̄! VV and gg! (H⇤ !)VV 6.7
QCD scale qq̄! VV 6.7
Luminosity 6.6
Drell–Yan background 6.6
QCD scale KH⇤

gg (mVV ) (uncorrelated component) 6.5
Remaining systematic uncertainties 6.5
All systematic uncertainties 8.1
No systematic uncertainties 6.5

Table 5: The expected 95% CL upper limit on µo↵-shell for the combined ZZ and WW analyses, with a ranked
listing of each systematic uncertainty individually, comparing with no systematic uncertainty or all systematic
uncertainties. The upper limits are evaluated using the CLs method, assuming RB

H⇤=1. The ratio of the gg ! H⇤
and VBF processes is assumed to be as expected in the SM.

In addition to the main theoretical uncertainties, the common experimental systematic uncertainties are
treated as correlated.

The results reported in the following are based on two di↵erent assumptions:

• Determination of �H/�SM
H when profiling the coupling scale factors g and V associated with the

on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤) ! VV decay, assuming g =
g,on-shell = g,o↵-shell and V = V,on-shell = V,o↵-shell.

• Determination of Rgg = 2g,o↵-shell/
2
g,on-shell when profiling the coupling scale factor V = V,on-shell =

V,o↵-shell associated with the VBF production and the H(⇤) ! VV decay. The ratio �H/�SM
H =1 is

fixed to the SM prediction. The parameter Rgg is sensitive to possible modifications of the gluon
couplings in the high-mass range with respect to the on-shell value.

The negative log-likelihood scans for the above-defined fitting configurations as well as the combined
upper limit at 95% CL on �H/�SM

H and Rgg are illustrated in Figs. 11 and 12 and the corresponding limits
are listed in Table 6. The limits are all computed with the CLs method, taking the SM values as the
alternative hypothesis.

The limit on �H/�SM
H can be translated into a limit on the total width of the Higgs boson under the

assumptions reported above, out of which the most important is that the relevant Higgs boson coupling
scale factors are independent of the energy scale of the Higgs boson production. Assuming a value of
RB

H⇤=1, this translates into an observed (expected) 95% CL upper limit on the Higgs boson total width of
22.7 (33.0) MeV.10

10 The value of the SM Higgs boson width of 4.12 MeV at a mass of 125.4 GeV [23] is used to convert the limit �H/�SM
H into

the total width limit.

26
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Results (CMS): 

Off-shell Higgs Measurements 9

• Off-shell signal extraction: 
- H→ZZ→4l: binned maximum-likelihood using (m4l, kinematic 

discriminent)    

- H→ZZ→2l2υ: binned maximum-likelihood fit to transverse mass mT  

- H→WW→eυµυ: MVA or (mT, mll) depending of the dataset and jet 
category  

• Scanning off-shell cross-section with signal strength:  

• Limits on µggHoff-shell and µVBFoff-shell obtained separately : 
- while scanning one, the other is treated at a nuisance parameter 

- assuming SU2 custodial symmetry µggZZ/µggWW = µVBFZZ/µVBFWW

MCgg!(H⇤!)ZZ = µ⇥MCgg!H⇤!ZZ +
p
µ⇥MCI +MCgg!ZZ
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Results: Limit on µoffshell (CMS) 

Off-shell Higgs Measurements 10
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GF = µZZ
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Figure 9: Scan of the negative log-likelihood as a function of GH from the combined fit of H !
WW and H ! ZZ channels for 7 and 8 TeV. In the likelihood scan of GH, this analysis assumes
the same GF and VBF ratio of signal strengths for WW and ZZ decay modes : µZZ

GF/µWW
GF =

µZZ
VBF/µWW
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µggoff-shell < 2.4 @ 95% CL 
(expected µggoff-shell < 6.2)

µVBFoff-shell < 19.3 @ 95% CL 
(expected µVBFoff-shell < 34.4)

under the assumption 
that µggZZ/µggWW = 
µVBFZZ/µVBFWW = 1

8 6 Analysis strategy

Table 1: Analysis region definitions for on- and off-shell selections.

On-shell Off-shell Off-shell
(7, 8 TeV: all-jet) (8 TeV: 0,1-jet) (7 TeV: all-jet, 8 TeV: 2-jet)

m`` <70 GeV >70 GeV >70 GeV
p``T >30 GeV >45 GeV >45 GeV
pT

`2 >10 GeV >20 GeV >20 GeV
fit Var. m``, mH

T m``, MVA m``, mH
T

likelihood function depending on the SM Higgs boson GF (VBF) signal strength in the off-
shell region µoff-shell

GF (µoff-shell
VBF ) without correlation to the on-shell GF (VBF) signal strength µGF

(µVBF), the total expected event rates per bin (Ptot(m``, mH
T (MVA)|µs)) can be written using

these functions following [17, 64] as

Ptot(m``, mH
T (MVA)|µs) =µoff-shell

GF Pgg
H, off-shell +

q
µoff-shell

GF Pgg
int + Pgg

bkg

+ µoff-shell
VBF PVBF

H, off-shell +
q

µoff-shell
VBF PVBF

int + PVBF
bkg

+ µGF P
gg
H, on-shell + µVBF PVBF

H, on-shell + Pqq
bkg + Pother bkg.

(1)

Here, Pqq
bkg is the contribution from the qq ! WW continuum background, and Pother bkg in-

cludes the other background contributions. Similarly, the likelihood function of the total width
GH is obtained with the total expected event rates per bin (Ptot(m``, mH

T (MVA)|r))

Ptot(m``, mH
T (MVA)|r) =µGF r Pgg

H, off-shell +
p

µGF r Pgg
int + Pgg

bkg

+ µVBF r PVBF
H, off-shell +

p
µVBF r PVBF

int + PVBF
bkg

+ µGF P
gg
H, on-shell + µVBF PVBF

H, on-shell + Pqq
bkg + Pother bkg,

(2)

where, r = GH/GSM
H is the scale factor with respect to the GSM

H determined by the Higgs boson
mass value used in the simulation.

The normalisation and shape of the template 2D distributions used in the fit for the background
processes are obtained following the same procedure as in Ref. [37]. Most of the background
processes such as top quark, Wg⇤, and W + jets production, are estimated from data control
regions. The normalisation of the qq ! WW background is constrained by the fit of m`` versus
mH

T or m`` versus MVA discriminant distribution using shapes determined by simulation. For
the 2-jet category, the WW background normalization is taken from the MC simulation. After
the template fit to the m`` versus mH

T (MVA) distributions for µs and GH, the observed projected
mH

T (MVA) distributions are compared to the fit results in Figs. 4 and 5. In these figures, each
process is normalized to the result of the 2D template fit and weighted using the other variable
m``. This means that for the mH

T (MVA) distributions, the m`` distribution is used to compute
the ratio of the fitted signal (S) to the sum of signal and background (S+B) in each bin of the m``

distribution integrated over the mH
T (MVA) variable. In Fig. 4, the observed mH

T distributions
are shown for the GF mode 0- and 1-jet categories and for the VBF mode 2-jet category for 7 TeV
data. The mH

T or MVA discriminant distributions of 8 TeV data are presented for the GF mode
0- and 1-jet categories and for the VBF mode 2-jet category in Fig. 5.

Expected event rate = 
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Results: Limit on Higgs Width (CMS ) 

Off-shell Higgs Measurements 11
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Figure 9: Scan of the negative log-likelihood as a function of GH from the combined fit of H !
WW and H ! ZZ channels for 7 and 8 TeV. In the likelihood scan of GH, this analysis assumes
the same GF and VBF ratio of signal strengths for WW and ZZ decay modes : µZZ

GF/µWW
GF =

µZZ
VBF/µWW

VBF .

• limit obtained under the assumption   
µgg

ZZ/µgg
WW = µVBF

ZZ/µVBF
WW 

- relaxing it brings the limit @95% CL to ΓH < 15 
MeV 

• WW decay channel alone: ΓH < 26 MeV 
(expected 66 MeV)  
ZZ decay channel alone:  
ΓH < 22 MeV  
(expected 33 MeV) 

• p-value of the observed limit = 7.4 % 
ΓH < 13 MeV @ 95% CL 
(expected ΓH < 26 MeV)

8 6 Analysis strategy

Table 1: Analysis region definitions for on- and off-shell selections.

On-shell Off-shell Off-shell
(7, 8 TeV: all-jet) (8 TeV: 0,1-jet) (7 TeV: all-jet, 8 TeV: 2-jet)

m`` <70 GeV >70 GeV >70 GeV
p``T >30 GeV >45 GeV >45 GeV
pT

`2 >10 GeV >20 GeV >20 GeV
fit Var. m``, mH

T m``, MVA m``, mH
T

likelihood function depending on the SM Higgs boson GF (VBF) signal strength in the off-
shell region µoff-shell

GF (µoff-shell
VBF ) without correlation to the on-shell GF (VBF) signal strength µGF

(µVBF), the total expected event rates per bin (Ptot(m``, mH
T (MVA)|µs)) can be written using

these functions following [17, 64] as

Ptot(m``, mH
T (MVA)|µs) =µoff-shell

GF Pgg
H, off-shell +

q
µoff-shell

GF Pgg
int + Pgg

bkg

+ µoff-shell
VBF PVBF

H, off-shell +
q

µoff-shell
VBF PVBF

int + PVBF
bkg

+ µGF P
gg
H, on-shell + µVBF PVBF

H, on-shell + Pqq
bkg + Pother bkg.

(1)

Here, Pqq
bkg is the contribution from the qq ! WW continuum background, and Pother bkg in-

cludes the other background contributions. Similarly, the likelihood function of the total width
GH is obtained with the total expected event rates per bin (Ptot(m``, mH

T (MVA)|r))

Ptot(m``, mH
T (MVA)|r) =µGF r Pgg

H, off-shell +
p

µGF r Pgg
int + Pgg

bkg

+ µVBF r PVBF
H, off-shell +

p
µVBF r PVBF

int + PVBF
bkg

+ µGF P
gg
H, on-shell + µVBF PVBF

H, on-shell + Pqq
bkg + Pother bkg,

(2)

where, r = GH/GSM
H is the scale factor with respect to the GSM

H determined by the Higgs boson
mass value used in the simulation.

The normalisation and shape of the template 2D distributions used in the fit for the background
processes are obtained following the same procedure as in Ref. [37]. Most of the background
processes such as top quark, Wg⇤, and W + jets production, are estimated from data control
regions. The normalisation of the qq ! WW background is constrained by the fit of m`` versus
mH

T or m`` versus MVA discriminant distribution using shapes determined by simulation. For
the 2-jet category, the WW background normalization is taken from the MC simulation. After
the template fit to the m`` versus mH

T (MVA) distributions for µs and GH, the observed projected
mH

T (MVA) distributions are compared to the fit results in Figs. 4 and 5. In these figures, each
process is normalized to the result of the 2D template fit and weighted using the other variable
m``. This means that for the mH

T (MVA) distributions, the m`` distribution is used to compute
the ratio of the fitted signal (S) to the sum of signal and background (S+B) in each bin of the m``

distribution integrated over the mH
T (MVA) variable. In Fig. 4, the observed mH

T distributions
are shown for the GF mode 0- and 1-jet categories and for the VBF mode 2-jet category for 7 TeV
data. The mH

T or MVA discriminant distributions of 8 TeV data are presented for the GF mode
0- and 1-jet categories and for the VBF mode 2-jet category in Fig. 5.

Expected event rate = 
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bkg is the contribution from the qq ! WW continuum background, and Pother bkg in-

cludes the other background contributions. Similarly, the likelihood function of the total width
GH is obtained with the total expected event rates per bin (Ptot(m``, mH
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H determined by the Higgs boson
mass value used in the simulation.

The normalisation and shape of the template 2D distributions used in the fit for the background
processes are obtained following the same procedure as in Ref. [37]. Most of the background
processes such as top quark, Wg⇤, and W + jets production, are estimated from data control
regions. The normalisation of the qq ! WW background is constrained by the fit of m`` versus
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T or m`` versus MVA discriminant distribution using shapes determined by simulation. For
the 2-jet category, the WW background normalization is taken from the MC simulation. After
the template fit to the m`` versus mH

T (MVA) distributions for µs and GH, the observed projected
mH

T (MVA) distributions are compared to the fit results in Figs. 4 and 5. In these figures, each
process is normalized to the result of the 2D template fit and weighted using the other variable
m``. This means that for the mH

T (MVA) distributions, the m`` distribution is used to compute
the ratio of the fitted signal (S) to the sum of signal and background (S+B) in each bin of the m``

distribution integrated over the mH
T (MVA) variable. In Fig. 4, the observed mH

T distributions
are shown for the GF mode 0- and 1-jet categories and for the VBF mode 2-jet category for 7 TeV
data. The mH

T or MVA discriminant distributions of 8 TeV data are presented for the GF mode
0- and 1-jet categories and for the VBF mode 2-jet category in Fig. 5.
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Results (ATLAS ) 

Off-shell Higgs Measurements 12

• Off-shell signal extraction: 
- H→ZZ→4l: binned maximum-likelihood fit to the matrix element discriminant 

- H→ZZ→2l2υ: binned maximum-likelihood fit to transverse mass mT  

- H→WW→eυµυ: maximum-likelihood fit is performed using the event yields in 
the signal region and the two control regions 

• Scanning off-shell cross-section with signal strength:  

• Limits on µoff-shell obtained under 2 alternative assumption: 
- fixing the ratio between the gg→H* and the VBF one 

- fixing the VBF signal strength to the SM prediction   µgg!H⇤
off�shell/µ

V BF
off�shell = 1

µV BF

off�shell

= 1

MCgg!(H⇤!)ZZ = µ⇥MCgg!H⇤!ZZ +
p
µ⇥MCI +MCgg!ZZ
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Results: Limit on µoffshell (ATLAS ) 

Off-shell Higgs Measurements 13

µoff-shell < 6.2 @ 95% CL for 
RH*B = 1 

(expected µoff-shell < 8.1)

                 < 6.7 @ 95% CL for 
RH*B = 1 

(expected                        < 9.1)µgg!H⇤!V V
off�shell

µgg!H⇤!V V
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Results: limits on µoffshell 
•  Combination of  ZZ!4l, ZZ!llvv, WW!evµv 

•  Provided by ATLAS under different 
assumptions 

•  1 single µoffshell, equivalent to assuming the gg!
H to VBF production as predicted in the SM 

 

 
 

•  VBF production fixed to the SM prediction 
while just the µoffshell of  the gg!H�!VV 
process is considered. 

–  interpreted as constraint on offshell coupling 
strength of  the gg!H* production mode. 

µoffshell<6.2 @ 95% CL for  RB H�=1  

(expected: µoffshell<8.1 @ 95%CL ) 

µoffshell(gg!H*!VV)<6.7 @ 95% CL for  RB H�=1  
(expected: µoffshell<9.1 @ 95%CL ) 
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Results: limits on µoffshell 
•  Combination of  ZZ!4l, ZZ!llvv, WW!evµv 

•  Provided by ATLAS under different 
assumptions 

•  1 single µoffshell, equivalent to assuming the gg!
H to VBF production as predicted in the SM 

 

 
 

•  VBF production fixed to the SM prediction 
while just the µoffshell of  the gg!H�!VV 
process is considered. 

–  interpreted as constraint on offshell coupling 
strength of  the gg!H* production mode. 

µoffshell<6.2 @ 95% CL for  RB H�=1  

(expected: µoffshell<8.1 @ 95%CL ) 

µoffshell(gg!H*!VV)<6.7 @ 95% CL for  RB H�=1  
(expected: µoffshell<9.1 @ 95%CL ) 

12'

• Limits computed versus  RB
H⇤ =

K(gg ! V V )

K(gg ! H⇤ ! V V )

No large dependance on R
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Results: Limit on Higgs Width (ATLAS ) 

Off-shell Higgs Measurements 14

• Limit on ΓH can be obtained by combining 
the on-shell  with the off-shell signal 
strength measurement  

- µggH and µVBF profiled on the data 

- assume same on-shell and off-shell couplings 
(κg/V, on-shell = κg/V, off-shell) 
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Figure 11: (a) Scan of the negative log-likelihood as a function of �H/�SM
H when profiling the coupling scale factors

g and V associated with the on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤) ! VV decay. The
black solid (dashed) line represents the observed (expected) value including all systematic uncertainties, while the
red solid (dashed) line is for the observed (expected) value without systematic uncertainties. (b) Observed and
expected combined 95% CL upper limit on �H/�SM

H as a function of RB
H⇤ under the same assumption as (a). The

upper limits are calculated from the CLs method, with the SM values as the alternative hypothesis. The green
(yellow) bands represent the 68% (95%) confidence intervals for the CLs expected limit.
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• Assuming ΓH= ΓH
SM and κV, on-shell = 

κV, off-shell , can interpret result as a 
limit on Rgg = κg, on-shell/κg, off-shell

ΓH < 22.7 MeV @ 95% CL for RH*B = 1  
(expected ΓH < 33 MeV)

Rgg < 6.0 @ 95% CL for RH*B = 1 
(expected Rgg < 9.0)
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First Results with 2016 data 

Off-shell Higgs Measurements 15

• In H*→ZZ→4l channel: 
- Measurement of the Higgs 

properties already performed by 
CMS in 2015 data + the first 12.9 
fb-1 of 2016 data analysed 

- Addition in the high mass region 
of a 2 jet category, sensitive to 
VBF 

CMS PAS HIG-16-033 

10.6 Measurement of the width from on-shell and off-shell region 23

other hand, precision on mass mH is driven by the peak position around m4` ⇠ 125 GeV only
and therefore does not depend on the mass range above 2mZ threshold.

An unbinned maximum likelihood fit of the m4` distribution is performed over the range of
selected events between 100 and 1500 GeV. The strength of fermion-induced couplings (gluon
fusion and tt̄H production mechanisms) and vector-boson-induced couplings (VBF and VH)
are independent and are left unconstrained in the fit. Constraints on the two sets of cou-
plings are possible due to splitting events into two categories with VBF-like two-jet topology
and the rest of the events. The general parameterization of the probability density function
P(m4`|mH, GH, µVBF+VH, µggH+tt̄H) for the VBF or gg ! background + H(125) ! 4` process,
is based on the framework of MCFM + JHUGEN + HNNLO within MELA, and it allows inclu-
sion of interference between various components. This interference is relevant in the off-shell
region, but also in the on-shell region when the width of the resonance is large, comparable to
the precision on the width from on-shell region only.

The joint constraint on the width GH and mass mH of the H(125) boson is shown in Fig. 12,
where results of two fits are shown: in the full mass range and in the on-shell only range,
with 12.9 fb�1 of 13 TeV data. Figure 13 shows likelihood as a function of GH with the mH
parameter unconstrained. As expected, the precision of the mH measurement does not depend
on the range used, while the precision on GH changes significantly with inclusion of the off-shell
events. The observed and expected results are summarized in Table 9.

Table 9: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the H(125) boson. The expected results are
quoted for the SM signal production cross section (µVBF+VH = µggH+tt̄H = 1) and the values of
mH = 125 GeV and GH = 0.0041 GeV.

Parameter m4` range Observed Expected
GH (GeV) [100, 1600] 0.010+0.014

�0.010 [0.000, 0.041] 0.004+0.013
�0.004 [0.000, 0.032]

GH (GeV) [105, 140] 0.3+1.4
�0.0 [0.0, 3.9] 0.0+1.1

�0.0 [0.0, 2.7]
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Figure 12: Observed likelihood scan of mH and GH using the full mass range 100 < m4` <
1600 GeV between 0 < GH < 100 MeV and the signal range 105 < m4` < 140 GeV between
0 < GH < 5 GeV with 12.9 fb�1 data.

ΓH < 41 MeV @ 95% CL (expected ΓH < 32 MeV) 
best-fit = 0.01+0.014-0.01 GeV
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Constraints on anomalous 
couplings

CMS: Phys. Rev. D 92, 072010
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Limit allowing anomalous coupling:

Off-shell Higgs Measurements 17

• CMS H*→ZZ→4l also performed to constrain possible anomalous couplings      

2 2 Analysis techniques

momentum. The average Dt is inversely proportional to the total width:

hDti = tH =
h̄

GH
(2)

The distribution of the measured lifetime Dt is used to set an upper limit on the average lifetime
of the H boson, or equivalently a lower limit on its width GH, and it follows the exponential
distribution if known perfectly. The expected SM H boson average lifetime is tH ⇡ 48 fm/c
(16 ⇥ 10�8 fs) and is beyond instrumental precision. The technique summarized in Eq. (1)
nonetheless allows the first direct experimental constraint on tH.

The upper bound on GH is set using the off-shell production method [22–24] and follows the
technique developed by CMS [10], where the gluon fusion and weak vector boson fusion (VBF)
production mechanisms were considered in the analysis. The technique considers the H boson
production relationship between the on-shell (105.6 < m4` < 140.6 GeV) and off-shell (220 <
m4` < 1600 GeV) regions. Denoting each production mechanism with vv ! H ! ZZ for H
boson coupling to either strong (vv = gg) or weak (vv = VV) vector bosons vv, the on-shell
and off-shell yields are related by

s

on-shell
vv!H!ZZ µ µvvH and s

off-shell
vv!H!ZZ µ µvvH GH, (3)

where µvvH is the on-shell signal strength, the ratio of the observed and expected on-shell
production cross sections for the four-lepton final state, which is denoted by either µggH for
gluon fusion production or µVVH for VBF production. The ttH process is driven by the H boson
couplings to heavy quarks like the gluon fusion process, and the VH process by the H boson
couplings to weak vector bosons like the VBF process. They are therefore parametrized with the
same on-shell signal strengths µggH and µVVH, respectively. The effects of signal-background
interference are not shown in Eq. (3) for illustration but are taken into account in the analysis.

The relationship in Eq. (3) implies variations of the vvH couplings as a function of m4`. This
variation is assumed to be as in the SM in the gluon fusion process. The assumption is valid
as long as the production is dominated by the top-quark loop and no new particles contribute
to this loop. Variation of the HVV couplings, either in the VBF or VH production or in the
H ! ZZ decay, may depend on anomalous coupling contributions. An enhancement of the
off-shell signal production is suggested with anomalous HVV couplings [10, 25–27], but nei-
ther experimental studies of off-shell production nor realistic treatment of signal-background
interference has been done with these anomalous couplings. We extend the methodology of
the recent analysis of anomalous HVV couplings of the H boson [17] to study these couplings
and introduce in the scattering amplitude an additional term that depends on the H boson
invariant mass, (qV1 + qV2)

2:

A(HVV) µ

"
a1 � eifLQ

(qV1 + qV2)
2

(LQ)
2 � eifL1

�
q2

V1 + q2
V2
�

(L1)
2
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m2
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⇤
V1e

⇤
V2

+ a2 f ⇤(1)
µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn, (4)

where f (i)µn = e

µ

Viq
n

Vi � e

n

Viq
µ

Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)
µn

= 1
2 e

µnrs

f (i),rs is the dual field strength tensor, the superscript ⇤
designates a complex conjugate, and mV is the pole mass of a vector boson. The ai are complex
coefficients, and the L1 or LQ may be interpreted as the scales of beyond-the-SM (BSM) physics.
The complex phase of the L1 and LQ terms are explicitly given as fL1 and fLQ, respectively.
Equation (4) describes all anomalous contributions up to dimension five operators. In the SM,
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3

only the a1 term appears at tree level in couplings to ZZ and WW, and it remains dominant after
loop corrections. Constraints on the anomalous contributions from the a2, a3 and L1 terms to
the H ! VV decay have been set by the CMS and ATLAS experiments [16–18] through on-shell
H boson production.

The LQ term depends only on the invariant mass of the H boson, so its contribution is not
distinguishable from the SM in the on-shell region. This paper tests the LQ term through
the off-shell region. Equation (4) describes both ZZ and WW couplings, and it is assumed
that LQ is the same for both. The ratio of any loop contribution from a heavy particle in the
HVV scattering amplitude to the SM tree-level a1 term would be predominantly real, and the
imaginary part of the ratio would be small. If the contribution instead comes from an additional
term to the SM Lagrangian itself, this ratio can only be real. Therefore, only real coupling ratios
are tested such that cos fLQ = ±1 and a1 � 0, where a1 = 2 and LQ ! • correspond to the
tree-level SM HVV scattering with µggH = µVVH = 1. The effective cross-section fraction due
to the LQ term, denoted as fLQ, allows a parametrization similar to the conventions of L1 in
Ref. [17]. It is defined for the on-shell gg ! H ! VV process assuming no contribution from
other anomalous couplings as

fLQ =
m4

H/L4
Q

|a1|2 + m4
H/L4

Q
. (5)

The HVV couplings in Eq. (4) appear in both production and decay for the VBF and VH mecha-
nisms while they appear only in decay for H boson production through gluon fusion. Isolating
the former two production mechanisms, therefore, enhances the sensitivity to the contribution
of anomalous couplings. While the previous study of the H boson width [10] employs dijet
tagging only in the on-shell region, VBF jet identification is also extended to the off-shell region
in this analysis with techniques from Ref. [20]. A joint constraint is obtained on GH, fLQ, µggH,
and µVVH, where the latter two parameters correspond to the H production strength in gluon
fusion, and VBF or VH production mechanisms in the on-shell region, respectively.

3 The CMS experiment and simulation
The CMS detector, described in detail in Ref. [19], provides excellent resolution for the measure-
ment of electron and muon momenta and impact parameters near the LHC beam interaction
region. Within the superconducting solenoid (3.8 T) volume of CMS, there are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and
scintillator hadron calorimeter. Muons are identified in gas-ionization detectors embedded in
the iron flux return placed outside the solenoid. The data samples used in this analysis are
the same as those described in Refs. [10, 16, 17, 20], corresponding to an integrated luminosity
of 5.1 fb�1 collected in proton-proton collisions at LHC with center-of-mass energy of 7 TeV in
2011 and 19.7 fb�1 at 8 TeV in 2012. The uncertainties in the integrated luminosity measurement
are 2.2% and 2.6% for the 2011 and 2012 data sets, respectively [28, 29].

The H boson signal production through gluon fusion or in association with two fermions from
either vector boson fusion or associated vector boson production may interfere with the back-
ground 4` production with the same initial and final states. The background 4` production
is considered to be any process that does not include a contribution from the H boson signal.
The on-shell Monte Carlo (MC) simulation does not require interference with the background
because of the relatively small H boson width [10]. The off-shell production leads to a broad
m4` spectrum and is generated using the full treatment of the interference between the signal
and background for each production mechanism. Therefore, different techniques and tools

Additional term depending of the invariant 
mass can be probed by the off-shell region 

• Limit of the off-shell effective fraction fΛQ due 
to ΛQ as a function of ΓH can be obtained.

• Anomalous coupling in both production and decay for 
VBF and VH 

- Sensitivity enhanced introducing a 2-jet tag category 
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Figure 8: Observed distribution of �2 ln(L/Lmax) as a function of GH and fLQ cos fLQ with
the assumption fLQ = 0 or p (top panel). The bottom panel shows the observed conditional
likelihood scan as a function of fLQ cos fLQ for a given GH. The likelihood contours are shown
for the two-parameter 68% and 95% CLs (top) and for the one-parameter 68% and 95% CLs
(bottom). The black curve with white dots on the bottom panel shows the fLQ cos fLQ minima
at each GH value.

 ΦΛQ = 0 or π
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Limits on ΓH and fΛQ:

Off-shell Higgs Measurements 18

• Allowed region assuming ΓH
SM

: 
2.4 x10-3 < fΛQ < 3.8 x 10-3 

(expected -3.6 x10-3 < fΛQ < 4.4 x 10-3)

20 8 Conclusions
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of GH (top) and fLQ cos fLQ (bottom). On the top panel, the fLQ value is either constrained to
zero (blue) or left unconstrained (black, weaker limit), while GH = GSM

H and fLQ = 0 or p are
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• Assuming fΛQ = 0 
ΓH < 26 MeV @ 95% CL  
(expected ΓH < 41 MeV) 

• fΛQ unconstrained (but ΦΛQ = 0 or π) 
ΓH < 46 MeV @ 95% CL 
(expected ΓH < 73 MeV)
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Conclusion 

Off-shell Higgs Measurements 19

• With run 1 data, limit on the off-shell Higgs 
cross-section better than ~ 10 time the 
cross section predicted by the Standard  
Model (scale of direct limit is 3 GeV in the 
4l decay  channel)   

• Very interesting measurement to perform 
with RUN2 data (and HL-LHC ) 

- measurement sensitivity @ 20% level with 
3000fb-1 (if no theoretical uncertainties)  

• Theoretical knowledge of the gg→H*→VV 
process and the backgrounds at higher 
orders in QCD will be a key point 
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Figure 4: Likelihood scans on µo↵-shell with and without systematic uncertainties for the configuration L1 and L2.
The error on µ is computed at the 1� level and the uncertainty on RB

H ⇤ (mZZ ) is set to 10%.
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Figure 5: Likelihood scans on µo↵-shell with and without systematic uncertainties for the configuration L1 and L2.
The error on µ is computed at the 1� level and the uncertainty on RB

H ⇤ (mZZ ) is set to 30%.
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Figure 4: Likelihood scans on µo↵-shell with and without systematic uncertainties for the configuration L1 and L2.
The error on µ is computed at the 1� level and the uncertainty on RB

H ⇤ (mZZ ) is set to 10%.
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Figure 5: Likelihood scans on µo↵-shell with and without systematic uncertainties for the configuration L1 and L2.
The error on µ is computed at the 1� level and the uncertainty on RB

H ⇤ (mZZ ) is set to 30%.

8

ATLAS:ATL-PHYS-PUB-2015-024


