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Abstract
The off-shell production of SM Higgs boson, at the high-mass off-peak region beyond 2mZ, well above the measured resonance 
mass of mH=125 GeV, has a substantial cross section at the LHC, due to the increased phase space as the Z bosons become on-
shell with the increasing energy scale. This presents a novel way of characterizing the properties of the Higgs boson in terms of 
the off-shell event yields, normalized to the SM prediction (referred to as signal strength μ), and the associated off-shell Higgs 
boson couplings. Assuming the ratio of the Higgs boson couplings to the SM predictions is independent of the momentum 
transfer of the Higgs boson production mechanism, a combination with the on-shell signal-strength measurement was used to 
set indirect limits on the total Higgs boson width with the 36 fb-1 ATLAS Run-2 data collected in proton-proton collisions at the 
centre-of-mass energy of √s = 13 TeV.

Introduction & Motivation 

Analysis Strategy 

Analysis Results

Conclusions

• Measurement of off-shell Higgs boson production in ZZ→4ℓ
and ZZ→2ℓ2ν (ℓ = e or μ)

• Using LHC ATLAS Run-2 36.1 fb−1 data at √s=13 TeV
• Observed (expected) upper limit at 95% CL on off-shell 

Higgs signal strength of 3.8 (3.4)
• Off-shell Higgs signal strength: event yield normalized to 

SM prediction 
• Combination with the on-shell signal-strength 

measurements yields observed (expected) 95% CL upper 
limit on Higgs boson total width of 14.4 (15.2) MeV
• Assuming ratio of Higgs boson couplings to SM 

predictions independent of momentum transfer of Higgs 
production mechanism

• For the ZZ→ 4ℓ channel, the shape fits to a Matrix Element 
-based kinematic discriminant, while the ZZ→ 2ℓ2ν fits to 
the transverse mass ZZ distribution 

• Main backgrounds: qq→ ZZ, gg→ ZZ 
• Interference (negative) between signal and gg→ ZZ 

continuum is considered
• The experimental systematics are almost negligible. The 

dominant systematic is the theory uncertainty on the high-
order QCD corrections for ZZ background and signal

• Main Purpose is to study the off-shell Higgs 
boson production in ZZ events above the mH
peak (~15% of the overall ggF cross-
section) 
• Further characterize the Higgs boson 

properties:
• measure the off-shell signal strength
• probe new physics which can play a role 

in modifying the couplings structure
• The SM Higgs total width, ΓH ~ 4 MeV, is 

not directly measurable at the LHC due to 
experimental limits
• indirectly constrain the Higgs total 

width, assuming identical on-shell and 
off-shell couplings

• The study is based on two independent 
analyses (ZZ→ 4ℓ, ZZ→ 2ℓ2ν) that are 
combined to derive the final constraints 

• The event selections are performed 
inclusively in the number of jets to 
reduce QCD-corrections dependence 

• Use data collected by the ATLAS 
experiment in 2015 and 2016 at an 
integrated luminosity of 36.1 fb-1 

• On-shell region is defined between 118-
129 GeV, while the off-shell is defined 
between 220-2000 GeV (ZZ→ 4ℓ) and 
250-2000 GeV (ZZ→ 2ℓ2ν) 

Analysis Overview 

Two-steps strategy:
1. Off-shell signal strength measurement 
• Interpetation of off-shell when fixing the 

ratio of the signal strength in ggF and VBF 
to the SM prediction 

2. Higgs total width measurenent 
• Interpretation of the Higgs total width when 

assuming the same on-shell and off-shell 
couplings 
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I N T RO D U C T I O N &  M OT I VAT I O N  

• Main Purpose is to study the off-shell Higgs boson production in 
ZZ events above the mH peak (~15% of the overall ggF cross-
section) 
• Further characterize the Higgs boson properties:

• measure the off-shell signal strength
• probe new physics which can play a role in modifying the 

couplings structure
• The SM Higgs total width, ΓH ~ 4 MeV, is not directly 

measurable at the LHC due to experimental limits
• indirectly constrain the Higgs total width, assuming 

identical on-shell and off-shell couplings

Differential cross-sections
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I N T E R F E R E N C E

• Interference is significant between off-shell signal and continuum 
ggZZ background

• SBI=S+B+I, S : signal (gg → H* → ZZ), B : background (gg → ZZ), 
I : interference term 

• Signal only, Background only, and SBI samples used 
• Interference term “I” is derived with the samples “I = SBI-S-B” 
• Signal related distribution (signal strength, μ): 𝝁·𝑺+ √𝝁·𝑰+𝑩

Differential cross-sections
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A N ALYS I S  S TRATE G Y  

• ZZ → 4ℓ channel, ME, Matrix Element based 
kinematic discriminant

• ZZ → 2ℓ2ν channel, mT
ZZ, transverse mass ZZ 

distribution 

• The study is based on two independent analyses (ZZ → 4ℓ, ZZ → 2ℓ2v) that are combined to derive the 
final constraints

• On-shell region is defined between 118-129 GeV, while the off-shell is defined between 220-2000 GeV 
(ZZ → 4ℓ) and 250-2000 GeV (ZZ → 2ℓ2v)

• Interference (negative) between signal and gg → ZZ continuum background is considered

shows the observed and expected distributions of DME. Events with a DME value between �4.5 and 0.5
are used for the final result.
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Figure 1: Observed distributions in the range 220 GeV < m4` < 2000 GeV for (a) the four-lepton invariant mass m4`
and (b) the ME-based discriminant DME combining all lepton final states, compared to the expected contributions
from the SM including the Higgs boson (stacked). Events with m4` > 1200 GeV are included in the last bin of the
m4` distribution. 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 = 5. The
ratio plot shows the observed data yield divided by the SM prediction (black points) as well as the total expected
event yield with µo�-shell = 5 divided by the SM prediction (dashed line) in each bin.

5 ZZ ! 2`2⌫ analysis

The analysis in the Z Z ! 2`2⌫ final state closely follows the one performed to search for Z Z reson-
ances [33]. The reconstruction, identification and selection of electrons, muons, jets, b-jets and missing
transverse momentum are identical while the event selection is optimised for the current analysis.

To discriminate the signal from the background and enhance the sensitivity to o�-shell Higgs boson
production, the transverse mass of the Z Z system (mZZ

T ) is used, defined as:
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where p

``
T is the transverse momentum of the dilepton system, mZ is the mass of the Z boson fixed to

mZ = 91.187 GeV [65] and E
miss
T is the magnitude of the missing transverse momentum ÆEmiss

T . The latter
is computed as the negative sum of transverse momenta of all the leptons and jets, as well as the tracks
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discriminant computed at LO is constructed to enhance the separation between the gg ! H
⇤ ! Z Z signal

and the gg ! Z Z and qq̄ ! Z Z backgrounds, and this discriminant is subsequently used in a binned
maximum-likelihood fit for the final result. To minimise the dependence of the gg ! Z Z kinematics
on higher-order QCD e�ects, the analysis is performed inclusively, ignoring the number of jets in the
events.

The analysis is split into three channels (4µ, 2e2µ, 4e). Each electron (muon) must have transverse
momentum pT > 7 (5) GeV and be measured in the pseudorapidity range |⌘ | < 2.47 (|⌘ | < 2.7). The
highest-pT lepton in the quadruplet must satisfy pT > 20 GeV, and the second (third) lepton in pT order is
required to have pT > 15 GeV (pT > 10 GeV). Lepton pairs are formed from same-flavour opposite-charge
leptons. For each channel, the quadruplet with a lepton pair whose mass is closest to the Z boson mass
is kept. This pair is referred to as the leading dilepton pair and its invariant mass, m12, is required to
be between 50 GeV and 106 GeV. The second (subleading) pair is chosen from the remaining leptons
as the pair closest in mass to the Z boson and in the range 50 GeV < m34 < 115 GeV. The o�-shell
region is defined as the range 220 GeV < m4` < 2000 GeV, while the on-shell region is defined as
118 GeV < m4` < 129 GeV.

The dominant background in the Z Z ! 4` channel arises from qq̄ ! Z Z events. This is modelled
using MC simulation, accurate to NLO QCD and NLO EW corrections as explained in Section 3. Other
backgrounds, such as triboson production, ttV , Z + jets, and top quark production, constitute less than
2% of the total background in the o�-shell signal region, and are either taken from simulation or from
dedicated data control regions.

Figure 1(a) shows the observed and expected distributions of m4` combining all lepton channels in the
o�-shell region. The data are in agreement with the SM predictions, with two small excesses at m4` around
240 GeV and 700 GeV, each having a significance of about two standard deviations (2�), as evaluated by
the high-mass resonance search reported in Ref. [33]. Table 1 shows the expected and observed numbers
of events in the signal region and additionally in the 400 GeV < m4` < 2000 GeV mass range, which
is enriched in signal. The latter mass region was chosen for this table since it is optimal for a counting
experiment.

The matrix-element kinematic discriminant fully exploits the event kinematics in the centre-of-mass frame
of the 4` system. It is computed from eight kinematic observables: the three masses m4` , m12 and m34, and
the leading Z boson production angle and four decay angles defined in Ref. [64]. These observables are
used to calculate the matrix elements for the di�erent processes with the MCFM program [15] at LO. The
following matrix elements are calculated for each event in the mass range 220 GeV < m4` < 2000 GeV:

• Pqq̄: the matrix element squared for the qq̄ ! Z Z ! 4` process,

• Pgg: the matrix element squared for the gg ! (H⇤ !)Z Z ! 4` process, which includes the Higgs
boson with SM couplings, the continuum background and their interference,

• PH : the matrix element squared for the gg ! H
⇤ ! Z Z ! 4` process without continuum

background or interference.

The ME-based discriminant is defined as in Ref. [15]:

DME = log10

✓
PH

Pgg + c · Pqq̄

◆
,

where c = 0.1 is a constant whose value is chosen to balance the overall cross sections of the qq̄ ! Z Z

and gg ! (H⇤ !)Z Z processes. The value of c has a small e�ect on the analysis sensitivity. Figure 1(b)

7
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AN ALYS I S  OV E RV IE W (𝒁𝒁 → 𝟒ℓ )  
• On-shell high-mass* event selection used as baseline in the off-shell region: 

220 GeV < m4l < 2000 GeV
• Four final states: 4e, 4μ, 2e2μ, 2μ2e
• Backgrounds:

• ZZ continuum from MC, qq → ZZ and gg → ZZ, ~97%
• Reducible estimated from data, ~3% 

• Shape fit to Matrix Element (ME) based kinematic discriminant
• ME is based on 8 observables defining the event kinematics in the 

center of mass frame of 4ℓ system  

discriminant computed at LO is constructed to enhance the separation between the gg ! H
⇤ ! Z Z signal

and the gg ! Z Z and qq̄ ! Z Z backgrounds, and this discriminant is subsequently used in a binned
maximum-likelihood fit for the final result. To minimise the dependence of the gg ! Z Z kinematics
on higher-order QCD e�ects, the analysis is performed inclusively, ignoring the number of jets in the
events.

The analysis is split into three channels (4µ, 2e2µ, 4e). Each electron (muon) must have transverse
momentum pT > 7 (5) GeV and be measured in the pseudorapidity range |⌘ | < 2.47 (|⌘ | < 2.7). The
highest-pT lepton in the quadruplet must satisfy pT > 20 GeV, and the second (third) lepton in pT order is
required to have pT > 15 GeV (pT > 10 GeV). Lepton pairs are formed from same-flavour opposite-charge
leptons. For each channel, the quadruplet with a lepton pair whose mass is closest to the Z boson mass
is kept. This pair is referred to as the leading dilepton pair and its invariant mass, m12, is required to
be between 50 GeV and 106 GeV. The second (subleading) pair is chosen from the remaining leptons
as the pair closest in mass to the Z boson and in the range 50 GeV < m34 < 115 GeV. The o�-shell
region is defined as the range 220 GeV < m4` < 2000 GeV, while the on-shell region is defined as
118 GeV < m4` < 129 GeV.

The dominant background in the Z Z ! 4` channel arises from qq̄ ! Z Z events. This is modelled
using MC simulation, accurate to NLO QCD and NLO EW corrections as explained in Section 3. Other
backgrounds, such as triboson production, ttV , Z + jets, and top quark production, constitute less than
2% of the total background in the o�-shell signal region, and are either taken from simulation or from
dedicated data control regions.

Figure 1(a) shows the observed and expected distributions of m4` combining all lepton channels in the
o�-shell region. The data are in agreement with the SM predictions, with two small excesses at m4` around
240 GeV and 700 GeV, each having a significance of about two standard deviations (2�), as evaluated by
the high-mass resonance search reported in Ref. [33]. Table 1 shows the expected and observed numbers
of events in the signal region and additionally in the 400 GeV < m4` < 2000 GeV mass range, which
is enriched in signal. The latter mass region was chosen for this table since it is optimal for a counting
experiment.

The matrix-element kinematic discriminant fully exploits the event kinematics in the centre-of-mass frame
of the 4` system. It is computed from eight kinematic observables: the three masses m4` , m12 and m34, and
the leading Z boson production angle and four decay angles defined in Ref. [64]. These observables are
used to calculate the matrix elements for the di�erent processes with the MCFM program [15] at LO. The
following matrix elements are calculated for each event in the mass range 220 GeV < m4` < 2000 GeV:

• Pqq̄: the matrix element squared for the qq̄ ! Z Z ! 4` process,

• Pgg: the matrix element squared for the gg ! (H⇤ !)Z Z ! 4` process, which includes the Higgs
boson with SM couplings, the continuum background and their interference,

• PH : the matrix element squared for the gg ! H
⇤ ! Z Z ! 4` process without continuum

background or interference.

The ME-based discriminant is defined as in Ref. [15]:

DME = log10

✓
PH

Pgg + c · Pqq̄

◆
,

where c = 0.1 is a constant whose value is chosen to balance the overall cross sections of the qq̄ ! Z Z

and gg ! (H⇤ !)Z Z processes. The value of c has a small e�ect on the analysis sensitivity. Figure 1(b)
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*Eur. Phys. J. C 78 (2018) 293 

https://doi.org/10.1140/epjc/s10052-018-5686-3
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AN ALYS I S  OV E RV IE W(𝒁𝒁 → 𝟐ℓ𝟐𝝂 )  

• Gain in signal yield Br(ZZ → 2ℓ2ν) ~ 6 Br(ZZ → 4ℓ)
• Baseline selection same as high-mass* ZZ → 2ℓ2𝜈 search reoptimized 

• Higher energy region: ET
miss > 175 GeV, ET

miss/HT > 0.33 
• Two final states: 2μ2ν, 2e2ν (2 isolated leptons, large ET

miss) 
• Backgrounds 

• Irreducible from MC, qq → ZZ and gg → ZZ, ~63%
• Reducible from data, ~37%

• Shape fit to transverse mass distribution mT
ZZ

SYSTEMATICS 
• The experimental systematic uncertainties for both channels are almost negligible 
• The dominant systematic is the theory uncertainty on the high-order QCD 

corrections for qqZZ background and signal gg(→H*) → ZZ (10-20%)

*Eur. Phys. J. C 78 (2018) 293 

https://doi.org/10.1140/epjc/s10052-018-5686-3
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AN A LYS I S  R E S ULTS  (𝒁𝒁)
Expected and observed yields in the signal region for both final states 

These results are significantly improved compared to the Run-1 publication [26], the expected limit being
about a factor two better.

If instead of constraining the qq̄ ! Z Z background to the theoretical expectation, the normalisation is
left as a free parameter in the profile likelihood fit, the upper limits on µon-shell are about 4% worse in the
Z Z ! 4` channel. If only the NLO K-factor are applied to the SM prediction of the gg-initiated Z Z

processes, without the additional NNLO/NLO K-factor of 1.2 (Section 3), the upper limits on µo�-shell and
�H/�SM

H
are about 10% worse.

Table 2: The 95% CL upper limits on µo�-shell, �H/�SM
H

and Rgg. Both the observed and expected limits are given.
The 1� (2�) uncertainties represent 68% (95%) confidence intervals for the expected limit. The upper limits are
evaluated using the CLs method, with the SM values as the alternative hypothesis for each interpretation.

Observed Expected
Median ±1 � ±2 �

µo�-shell

Z Z ! 4` analysis 4.5 4.3 [3.3, 5.4] [2.7, 7.1]
Z Z ! 2`2⌫ analysis 5.3 4.4 [3.4, 5.5] [2.8, 7.0]
Combined 3.8 3.4 [2.7, 4.2] [2.3, 5.3]

�H/�SM
H

Combined 3.5 3.7 [2.9, 4.8] [2.4, 6.5]
Rgg Combined 4.3 4.1 [3.3, 5.6] [2.7, 8.2]

The impact of the various systematic uncertainties on the expected limit in the µo�-shell fit are listed in
Table 3. The values in this table were derived by fixing all the nuisance parameters associated with the
systematic uncertainties to the values derived from the SM-conditional fit to the data, with the exception
of the one under study. The uncertainties with the largest impact on the sensitivity of µo�-shell are the
theoretical uncertainties of the gg- and qq̄-initiated Z Z processes.

Table 3: The expected 95% CL upper limit on µo�-shell with a ranked listing of the impact of the leading systematic
uncertainty individually, comparing with no systematic uncertainty or all systematic uncertainties. The upper limits
are evaluated using the CLs method.

Systematic uncertainty 95% CL upper limit on µo�-shell
Z Z ! 4` Z Z ! 2`2⌫ Combined

QCD scale qq̄ ! Z Z 4.2 3.9 3.2
QCD scale gg ! (H⇤ !)Z Z 4.2 3.6 3.1
Luminosity 4.1 3.5 3.1
Remaining systematic uncertainties 4.1 3.5 3.0
All systematic uncertainties 4.3 4.4 3.4
No systematic uncertainties 4.0 3.4 3.0

14

Table 1: The expected and observed numbers of events in the signal region for both final states. For the Z Z ! 4`
analysis, numbers are given for both the signal region and a signal-enriched region which covers the mass range
400 GeV < m4` < 2000 GeV. The other backgrounds in the Z Z ! 4` final state include contributions from
Z + jets and top quark processes, while in the Z Z ! 2`2⌫ final state they include contributions from tri-boson
production, the W + jets process, and top quark processes other than pair production. For the Z Z ! 2`2⌫ analysis,
the range 250 GeV < m

ZZ

T < 2000 GeV is considered. The upper part of the table contains the expected events
for the gg ! (H⇤ !)Z Z and VBF (H⇤ !)Z Z processes which include the Higgs boson signal, background
and interference for the SM predictions. The SM estimates for the signal (S) and background (B) event yields
without interference are given in parentheses. The lower part of the table contains the corresponding predictions
for µo�-shell = 5. The uncertainties in the number of expected events include the statistical uncertainties from MC
samples and systematic uncertainties, summed in quadrature. Empty entries correspond to contributions with event
yields smaller than 0.1 events.

Process Z Z ! 4` Z Z ! 2`2⌫
m4` > 220 GeV m4` > 400 GeV m

ZZ

T > 250 GeV
gg ! (H⇤ !)Z Z 96± 15 10.6± 2.0 22± 4

(gg ! H
⇤ ! Z Z (S) 9.8± 1.5 5.9± 1.0 20.1± 3.3)

(gg ! Z Z (B) 101± 16 11.8± 2.2 28± 6)
VBF (H⇤ !)Z Z 8.29± 0.34 3.07± 0.13 2.83± 0.14

(VBF H
⇤ ! Z Z (S) 1.67± 0.08 1.14± 0.04 5.45± 0.30)

(VBF Z Z (B) 9.9± 0.4 4.17± 0.18 6.92± 0.35)
qq̄ ! Z Z 520± 42 77± 8 132± 15
qq̄ ! W Z - - 68± 4
WW/tt̄/Wt/Z ! ⌧⌧ - - 2.6± 1.0
Z + jets - - 6.0± 2.8
Other backgrounds 14.6± 0.7 2.15± 0.15 1.14± 0.08
Total Expected (SM) 639± 60 93± 10 234± 16
Observed 704 114 261
Other signal hypothesis
gg ! (H⇤ !)Z Z (µo�-shell = 5) 117± 18 26± 5 61± 12
VBF (H⇤ !)Z Z (µo�-shell = 5) 11.0± 0.5 4.85± 0.22 8.8± 0.4

arise from the theoretical uncertainties in the gg-initiated Z Z processes and the qq̄ ! Z Z background pro-
cess. The uncertainties from experimental measurements are generally small compared to the theoretical
uncertainties in this analysis.

The theoretical uncertainties originate from the PDF choice, the missing higher-order corrections, and
the parton-shower modelling. The PDF uncertainty corresponds to the 68% CL variations of the nominal
PDF set NNPDF30NNLO for both qq̄ ! Z Z and gg ! (H⇤ !)Z Z , as well as the di�erence from
alternative PDF sets. The alternative PDF sets used are CT10NNLO [68] and MMHT2014NNLO [69].
The uncertainty due to PDF is found to be about 3% in the high-mass region considered. The uncertainty
due to higher-order QCD corrections (QCD scale uncertainty) is estimated by varying the renormalisation
and factorisation scales independently, ranging from a factor of one-half to two. The uncertainty in the
K-factors due to the NLO QCD scale uncertainty is 10–20% as a function of mZZ for the gg-initiated
Z Z processes in the probed high-mass region, and ranges from 5% to 10% as a function of mZZ for the
qq̄ ! Z Z background. The QCD scale uncertainties are treated as correlated among the gg-initiated Z Z

processes, and uncorrelated with the qq̄-initiated Z Z process. There are a few additional normalisation

11

Leading systematic uncertainties
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AN ALYS I S  IN TE RPRE TATION   

• Off-shell signal strength measurement:
• Fix the ratio μggF /μVBF = 1 as SM predicted, and derive the limit on inclusive μoff-shell 

• Higgs boson total width measurement: μoff-shell/μon-shell = ΓH/ΓSM

• Assume identical on-shell and off-shell couplings (κg,on-shell = κg,off-shell = κV,on-shell = κV,off-shell) 
• Rgg = μggF, 

off-shell /μggF, 
on-shell , interpreted as ratio of off-shell to on-shell gluon couplings

• Assume coupling scale factors κV = κV, on-shell = κV, off-shell (profiled), and total width equal to SM 
prediction (Γ/ΓSM=1)  

• Derive the Higgs width based on the both on-shell and off-shell coupling measurement 

Higgs width constraints

�Further derive the Higgs width based on the both on-shell and off-shell coupling 
measurement
o The SM Higgs width is predicted ~ 4MeVÎ not directly measurable from final state 

reconstruction due to limitation of resolution.

5

d𝜎𝑝𝑝→H→𝑍𝑍
d𝑀𝑧𝑧

2 ~
𝑔H𝑔𝑔2 𝑔H𝑍𝑍2

(𝑀𝑧𝑧
2 − 𝑚H

2 )2+𝑚H
2ΓH2

𝜎off−shell
𝑝𝑝→H∗→𝑍𝑍~𝑔H𝑔𝑔2 𝑔H𝑍𝑍2

𝜎on−shell
𝑝𝑝→H→𝑍𝑍∗~

𝑔H𝑔𝑔2 𝑔H𝑍𝑍2

𝑚HΓH

� Assuming identical on-shell and off-shell couplings, we can constrain 
the Higgs width with both on-shell and off-shell information: 

Higgs width constraints

�Further derive the Higgs width based on the both on-shell and off-shell coupling 
measurement
o The SM Higgs width is predicted ~ 4MeVÎ not directly measurable from final state 

reconstruction due to limitation of resolution.

5

d𝜎𝑝𝑝→H→𝑍𝑍
d𝑀𝑧𝑧

2 ~
𝑔H𝑔𝑔2 𝑔H𝑍𝑍2

(𝑀𝑧𝑧
2 − 𝑚H

2 )2+𝑚H
2ΓH2

𝜎off−shell
𝑝𝑝→H∗→𝑍𝑍~𝑔H𝑔𝑔2 𝑔H𝑍𝑍2

𝜎on−shell
𝑝𝑝→H→𝑍𝑍∗~

𝑔H𝑔𝑔2 𝑔H𝑍𝑍2

𝑚HΓH

� Assuming identical on-shell and off-shell couplings, we can constrain 
the Higgs width with both on-shell and off-shell information: 
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Rgg=κg,off-shell2/κg,on-shell2

κV, on-shell = κV, off-shell

Γ/ΓSM=1 These results are significantly improved compared to the Run-1 publication [26], the expected limit being
about a factor two better.

If instead of constraining the qq̄ ! Z Z background to the theoretical expectation, the normalisation is
left as a free parameter in the profile likelihood fit, the upper limits on µon-shell are about 4% worse in the
Z Z ! 4` channel. If only the NLO K-factor are applied to the SM prediction of the gg-initiated Z Z

processes, without the additional NNLO/NLO K-factor of 1.2 (Section 3), the upper limits on µo�-shell and
�H/�SM

H
are about 10% worse.

Table 2: The 95% CL upper limits on µo�-shell, �H/�SM
H

and Rgg. Both the observed and expected limits are given.
The 1� (2�) uncertainties represent 68% (95%) confidence intervals for the expected limit. The upper limits are
evaluated using the CLs method, with the SM values as the alternative hypothesis for each interpretation.

Observed Expected
Median ±1 � ±2 �

µo�-shell

Z Z ! 4` analysis 4.5 4.3 [3.3, 5.4] [2.7, 7.1]
Z Z ! 2`2⌫ analysis 5.3 4.4 [3.4, 5.5] [2.8, 7.0]
Combined 3.8 3.4 [2.7, 4.2] [2.3, 5.3]

�H/�SM
H

Combined 3.5 3.7 [2.9, 4.8] [2.4, 6.5]
Rgg Combined 4.3 4.1 [3.3, 5.6] [2.7, 8.2]

The impact of the various systematic uncertainties on the expected limit in the µo�-shell fit are listed in
Table 3. The values in this table were derived by fixing all the nuisance parameters associated with the
systematic uncertainties to the values derived from the SM-conditional fit to the data, with the exception
of the one under study. The uncertainties with the largest impact on the sensitivity of µo�-shell are the
theoretical uncertainties of the gg- and qq̄-initiated Z Z processes.

Table 3: The expected 95% CL upper limit on µo�-shell with a ranked listing of the impact of the leading systematic
uncertainty individually, comparing with no systematic uncertainty or all systematic uncertainties. The upper limits
are evaluated using the CLs method.

Systematic uncertainty 95% CL upper limit on µo�-shell
Z Z ! 4` Z Z ! 2`2⌫ Combined

QCD scale qq̄ ! Z Z 4.2 3.9 3.2
QCD scale gg ! (H⇤ !)Z Z 4.2 3.6 3.1
Luminosity 4.1 3.5 3.1
Remaining systematic uncertainties 4.1 3.5 3.0
All systematic uncertainties 4.3 4.4 3.4
No systematic uncertainties 4.0 3.4 3.0
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95% CL upper limits on μoff-shell, ΓH /ΓSM and Rgg

Κg/v,on-shell = κg/v,off-shell

ΓH/ΓHSM ratio

μoff-shell

μgg
off-shell/μVBF

off-shell=1 
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CON CLUS ION S

● Measurement of off-shell Higgs boson production in ZZ→4ℓ and ZZ→2ℓ2ν (ℓ: e or μ), 
● Using LHC-ATLAS Run-2 (2015+2016) data at √s=13 TeV with luminosity of 36.1 fb−1

● Observed (expected) upper limit at 95% CL on off-shell Higgs signal strength of 3.8 (3.4)
● Off-shell Higgs signal strength: event yield normalized to SM prediction 

● Combination with the on-shell signal-strength measurements yields observed (expected) 95% CL 
upper limit on Higgs boson total width of 14.4 (15.2) MeV
● Assuming ratio of Higgs boson couplings to SM predictions independent of momentum 

transfer of Higgs production mechanism

References: 
1. Phys. Lett. B 786 (2018) 223 
2. Eur. Phys. J. C (2015) 75:335

https://www.sciencedirect.com/science/article/pii/S0370269318307494
https://link.springer.com/article/10.1140/epjc/s10052-015-3542-2

