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Higgs production at LHC

H→VV decays and Higgs Measurements 2
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4 production modes at LHC

•fusion gluon mode dominant,
•others can help improving s/b and are 
sensitive to different Higgs coupling

Higgs Production at LHC 
•  ggF : Gluon Gluon fusion, the dominant 

production mode. 
•  VBF : Vector Boson Fusion, the second most 

dominant production mode characterized by 
two forward jets produced along with higgs. 

•  VH : composed higgs produced in association 
with a vector boson. 

•  ttH : Higgs produced in association with ttbar 
pair. 

36 fb-1 

•  Increased production cross-section for 
higgs at LHC in run2. 

•  Large amount of data collected by 
experiments. 

•  Enhanced sensitivity to production 
modes for coupling measurements. 

Ruchi Gupta 
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Status after LHC run I: 

H→VV decays and Higgs Measurements 3

• Signal Strength:   
- defined as the ratio of the cross section x BR with respect to the 

SM :  

• Coupling modifiers (κj) :   

f
Vκ
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Combined γγ→H

ZZ→H WW→H

ττ→H bb→H

68% CL

95% CL

Best fit

SM expected

Run 1 LHC
CMS and ATLAS

Figure 24: Negative log-likelihood contours at 68% and 95% CL in the ( f
F ,  f

V ) plane for the combination of
ATLAS and CMS and for the individual decay channels, as well as for their combination (F versus V shown in
black), without any assumption about the sign of the coupling modifiers. The other two quadrants (not shown) are
symmetric with respect to the point (0,0).

H ! ��, H ! WW, and H ! ZZ channels. Nonetheless, the best fit values for most of the individual
channels correspond to negative values of  f

F . However, the best fit value from the global fit yields F � 0,
a result that is driven by the large asymmetry between the positive and negative coupling ratios in the case
of H ! �� decays.

The fact that, for four of the five individual channels, the best fit values correspond to  f
F  0 is not

significant, as shown by the likelihood curves in Figs. 25 (a-e). The H ! bb decay channel displays the

49

Parameter value
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Figure 13: Best fit results for the decay signal strengths for the combination of ATLAS and CMS data (the results
for µµµ are reported in Table 13). Also shown are the results from each experiment. The error bars indicate the
1� (thick lines) and 2� (thin lines) intervals.
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H→VV in run 2

H→VV decays and Higgs Measurements 4

• Increased cross section  
• Large amount of data collected by the experiments (~36fb-1 in 2016) 
⇒ 4x increase in number of Higgs wrt run1: Enhanced sensitivity to production 
modes for coupling measurements  

• Results presented in this talk: 

ATLAS CMS

H→ZZ→4l: Signal Strength/Cross 
section/ Couplings

ATLAS-CONF-2017-043 
(36fb-1 @ 13TeV)

CMS-HIG-16-041  
(36fb-1 @ 13TeV)

H→ZZ→4l: Differential Cross section ATLAS-CONF-2017-032 
(36fb-1 @ 13TeV)

CMS-HIG-16-041  
(36fb-1 @ 13TeV)

H→ZZ→4l: Tensor/Anomalous 
couplings 

ATLAS-CONF-2017-043 
(36fb-1 @ 13TeV)

CMS-HIG-17-011 
(38.6fb-1 @ 13 TeV + comb. with run I) 

H→ZZ→4l: Mass/width ATLAS-CONF-2017-046  
(36fb-1 @ 13TeV + comb. with run I)

CMS-HIG-16-041  
(36fb-1 @ 13TeV)

H→WW→2l2ν ATLAS-CONF-2016-112 
(5.8fb-1 @ 13TeV)

CMS-PAS-HIG-16-021 
(2.3fb-1 + 12.9fb-1 @ 13 TeV) 

Width from offshell Eur. Phys. C(2015) 75:335 
(20.3fb-1 @ 8 TeV)

Phys. Lett B 736 (2014), 64 
(5.1fb-1 @ 7 TeV + 19.7 @ 8 TeV) 

 CMS PAS HIG-16-033 
(12.9fb-1 @ 13 TeV)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-032/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-046/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-112/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-021/index.html
https://arxiv.org/abs/1503.01060
https://arxiv.org/abs/1405.3455
https://cds.cern.ch/record/2204926/files/HIG-16-033-pas.pdf
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H→ZZ→4l 
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H→ZZ→4l: Analysis in a nutshell:

H→VV decays and Higgs Measurements 6

• Signal = 4 isolated leptons, narrow resonance in 
the 4l spectrum  
- 2 pairs of opposite sign, same flavour leptons (OSSF): 

4e, 4µ, 2e2µ, 2µ2e 

- ZZ candidates: Z1 closest to the PDG mass, the other 
as Z2   

• Backgrounds:  
- Main irreducible background: non resonant qq→ZZ 

and gg→ZZ ⇒ estimated from MC (cross section 
corrected with higher QCD orders)  

- Reducible backgrounds: Z+fake leptons, ttbar  ⇒ 
estimated using data driven methods (control 
regions) 

• Large s/b ratio, possibility of using kinematic 
discriminant based on Matrix Element 

10.1 Signal strength 11
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Figure 3: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected distributions. The SM Higgs boson signal with mH = 125 GeV,
denoted as H(125), and the ZZ backgrounds are normalized to the SM expectation, the Z+X
background to the estimation from data. The order in perturbation theory used for the normal-
ization of the irreducible backgrounds is described in Section 7.1. No events are observed with
m4` > 1 TeV.

Higgs boson signal after the full event selection are reported in Table 1 for the full range of m4`.
Table 2 shows the expected and observed yields for each of the seven event categories.

Table 1: The number of expected background and signal events and number observed candi-
dates after full analysis selection, for each final state, for the full mass range m4` > 70 GeV, for
an integrated luminosity of 35.9 fb�1. Signal and ZZ backgrounds are estimated from Monte
Carlo simulation, Z+X is estimated from data.

Channel 4e 4µ 2e2µ 4`
qq̄ ! ZZ 192.7+18.6

�20.1 360.2+24.9
�27.3 471.0+32.6

�35.7 1023.9+68.9
�76.0

gg ! ZZ 41.2+6.3
�6.1 69.0+9.5

�9.0 101.7+14.0
�13.3 211.8+28.9

�27.5
Z+X 21.1+8.5

�10.4 34.4+14.5
�13.2 59.9+27.1

�25.0 115.4+31.9
�30.1

Sum of backgrounds 255.0+23.9
�25.1 463.5+31.9

�33.7 632.6+44.2
�46.1 1351.1+85.8

�91.2
Signal (mH = 125 GeV) 12.0+1.3

�1.4 23.6 ± 2.1 30.0 ± 2.6 65.7 ± 5.6
Total expected 267.0+24.9

�26.1 487.1+33.1
�34.9 662.6+45.7

�47.5 1416.8+89.1
�94.3

Observed 293 505 681 1479

The reconstructed dilepton invariant masses selected as Z1 and Z2 are shown in Fig. 5 for 118 <
m4` < 130 GeV, with their correlation. The correlation of the kinematic discriminant Dkin

bkg with
the four-lepton invariant mass is shown in Fig. 6. The distribution of the discriminants used for
event categorization along with the corresponding working point values are shown in Fig. 7.

10.1 Signal strength

To extract the signal strength for the excess of events observed in the Higgs boson peak region,
we perform a multi-dimensional fit that relies on two variables: the four-lepton invariant mass

• Analysis in categories:  
- sensitivity to the Higgs production mode  

- categories with VBF or lepton tag very pure (but much less statistic) 
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H→ZZ→4l: Categories definition 

H→VV decays and Higgs Measurements 7

• CMS:  
- categories build using cuts 

+ kinematic discriminants  

- signal extraction using 
(m4l x KD) shape

signal fraction
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

H tagged tt

  tagged
VH-MET  

    tagged
VH-leptonic

     tagged
VH-hadronic

  tagged
VBF-2jet   
  tagged
VBF-1jet   

Untagged  
ggH
VBF

X→WH, W
νl→WH, W

X→ZH, Z
l2→ZH, Z
+Xl0→tH, ttt
+Xl1→tH, ttt
+Xl2→tH, ttt

39.68 exp. events

9.44 exp. events

4.19 exp. events

2.03 exp. events

0.36 exp. events

0.12 exp. events

0.50 exp. events

 (13 TeV)-135.9 fbCMS Preliminary

• ATLAS:  
- categories build using 

cuts  

- signal extraction using 
shape of BDT output

~stage 0  in STXS* reduced stage 1  in STXS*

*STXS more details in P. Vanlear talk this afternoon 
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Signal Strength 

H→VV decays and Higgs Measurements 8

µ
0 1 2 3 4 5

 0.00−
1.19+ =  0.00

Htt
µ

 0.00−
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VHlep
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 0.00−
2.85+ =  0.00

VHhad
µ

 0.06−
1.03+ =  0.06

VBF
µ

 0.21−
0.22+ =  1.20

ggH
µ l 4→ ZZ* →H 

 = 125.09 GeVHm

0.17−
0.19+ = 1.05

comb.
µ

 (13 TeV)-135.9 fbCMS Preliminary

CMS:  
observed µ=1.05+0.15-0.14(stat)+0.11-0.09(syst)=1.05+0.19-0.17 
expected µ=1.00+0.15-0.14(stat)+0.10-0.08(syst) 

ATLAS: 
observed µ=1.28+0.18-0.17(stat)+0.08-0.06(exp)+0.08-0.06(th)=1.28+0.21-0.19

Main uncertainties: 
-exp: leptons efficiencies, lumi  
-th: ggf cross section, ggf category 
migration
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Coupling to fermions/bosons 

H→VV decays and Higgs Measurements 9
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 (13 TeV)-135.9 fbCMS Preliminary

signal strength and coupling modifier consistent in 2σ 
with the Standard Model expectation  
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• Fiducial cross-section: 
- Kinematic and other selection cuts consistent with the sensitive 

detector acceptance  
⇒ minimise extrapolation into experimentally invisible phase 
space   

- Correction for detector effects (resolutions, efficiencies) 

10.2 Fiducial cross section 17

from the lepton is less than 0.35 · pT. In order to reduce the experimental uncertainties, jets with
with pT > 30 GeV and |h| < 2.5 are considered for the differential cross sections related to jet
observables. An increase in model dependence compared to Ref. [18] is observed when using
the ZZ candidate selection at reconstruction level where the the candidate with the best Dkin

bkg
discriminant value is chosen. Therefore the fiducial cross section measurement is performed
using the event selection algorithm in Ref. [18]. Specifically the Z1 candidate is chosen to be the
one with m(Z1) closest to the nominal Z boson mass, and in cases where multiple Z2 candidates
satisfy all criteria, the pair of leptons with the largest sum of the transverse momenta magni-
tudes is chosen. The full fiducial volume definition is detailed in Table 4 and the acceptance for
various SM production modes is given in Table 5.

Table 4: Summary of requirements and selections used in the definition of the fiducial phase
space for the H ! 4` cross section measurements.

Requirements for the H ! 4` fiducial phase space
Lepton kinematics and isolation

Leading lepton pT pT > 20 GeV
Next-to-leading lepton pT pT > 10 GeV
Additional electrons (muons) pT pT > 7(5) GeV
Pseudorapidity of electrons (muons) |h| < 2.5(2.4)
Sum of scalar pT of all stable particles within DR < 0.3 from lepton < 0.35 · pT

Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z1 candidate 40 GeV < mZ1 < 120 GeV
Inv. mass of the Z2 candidate 12 GeV < mZ2 < 120 GeV
Distance between selected four leptons DR(`i, `j) > 0.02 for any i 6= j
Inv. mass of any opposite sign lepton pair m`+`0� > 4 GeV
Inv. mass of the selected four leptons 105 GeV < m4` < 140 GeV

A maximum likelihood fit of the signal and background parameterizations to the observed 4`
mass distribution, Nobs(m4`), is performed to extract the integrated fiducial cross section for
pp ! H ! 4` (sfid). The fit is done inclusive (i.e. without any event categorization) and does
not use the Dkin

bkg observable in order to minimize the model dependence. The fit is performed
simultaneously in all final states and assumes a Higgs boson mass of mH = 125.0 GeV, and
the branching ratio of the Higgs boson to different final states (4e, 4µ, 2e2µ) is allowed to float.
Systematic uncertainties are included in the form of nuisance parameters and the results are
obtained using an asymptotic approach [55] with a test statistic based on the profile likelihood
ratio [56]. This procedure accounts for the unfolding of detector effects from the observed
distributions and is the same as in Refs. [18] and [57].

The number of expected events in each final state f and in each bin i of a considered observable
is expressed as a function of m4` as:

Nf,i
obs(m4`) = Nf,i

fid(m4`) + Nf,i
nonfid(m4`) + Nf,i

nonres(m4`) + Nf,i
bkg(m4`)

= ef
i,j ·

⇣
1 + f f,i

nonfid

⌘
· s

f,j
fid · L · Pres(m4`)

+ Nf,i
nonres · Pnonres(m4`) + Nf,i

bkg · Pbkg(m4`),

(7)

The shape of the resonant signal contribution, Pres(m4`), is described by a double-sided Crystal
Ball function as described in Section 8, and the normalization is proportional to the fiducial

Fiducial phase space definition in CMS:

Use of dressed 
leptons in both 

ATLAS and CMS 

Differential cross-section measurements (1)
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Differential cross-section measurements (2)

H→VV decays and Higgs Measurements 11

• Signal extraction: 
- fit of the m4l resonance in both 

ATLAS and CMS (no kinematic 
discriminant to be model 
independent)  

• For a given bin i : 

- Ai = acceptance at particle level 

- Ci = correction for detector 
efficiency and resolution 

- Ni,fit = number of signal events 
event observed  

�i,fid = �i ⇥Ai ⇥BR =
Ni,fit

L⇥ Ci
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Results : 

H→VV decays and Higgs Measurements 12
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Differential cross section in pT(H)

H→VV decays and Higgs Measurements 13

•Higgs boson transverse momentum sensitive to:  
- perturbative QCD calculations 

- heavy additional particle in the loop would change the high Higgs pT region  

- low Higgs pT region is sensitive to the Yukawa coupling of the b and charm quark  
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Differential cross section in N jets

H→VV decays and Higgs Measurements 14

• number of jets is sensitive to Higgs production mode 
composition and to gluon emission 
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Higgs pseudo observables (ATLAS)

H→VV decays and Higgs Measurements 15

• Double differential cross section m12 vs m34 is used to put 
limits on anomalous couplings within the pseudo-
observables framework (Eur. Phys. J. C (2015) 75: 128)  
- Limits on contact interaction terms between Higgs and leptons 

left(right)-handed εL(εR) assuming lepton flavour universality 

h
Z

Z

Z
h

https://link.springer.com/article/10.1140/epjc/s10052-015-3345-5
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Anomalous couplings: (CMS) 

H→VV decays and Higgs Measurements 16

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

- anomalous coupling to be tested: a2, a3, κ2/Λ2
1, κ2/(Λ1

Zγ)2 

- SM: a1 = 1 + BSM anomalous couplings = 0  

- Effectives fractional cross-section and phase can be defined from 
that:  

- Use of kinematic discriminants:

2 2 Phenomenology of anomalous H boson interactions

2 Phenomenology of anomalous H boson interactions

We assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg, gg, WW, or
gg, which in turn couple to quarks or leptons [19–34]. Three general tensor structures that are
allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2

1, q2
2), where

q1 and q2 are the four-momenta of the two difermion states, such as e+e� and µ+µ� in the
H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated
through a new heavy state V0, generating the so-called contact terms [35, 36]. We therefore
study the process H ! VV ! 4f and the equivalent processes in production, rather than
H ! VV0 ! 4f or equivalent processes. Nonetheless, those contact terms are equivalent to the
anomalous HVV couplings already tested using the fL1 and f Zg

L1 parameters [13]. It is assumed
that all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
Only the lowest order operators, or lowest order terms in the (q2

j /L2) form-factor expansion,
are tested, where L is the energy scale of new physics.

Anomalous interactions of a spin-zero H boson with two spin-one gauge bosons VV, such as
ZZ, Zg, gg, WW, and gg, are parameterized with a scattering amplitude that includes three
tensor structures with expansion of coefficients up to (q2/L2):

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where qi, eVi, and mV1 are the four-momentum, polarization vector, and pole mass of a gauge
boson, f (i)µn = e

µ
Viq

n
i � en

Viq
µ
i , and f̃ (i)µn = 1

2 eµnrs f (i),rs [13, 33].

In Eq. (1), the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and we assume
custodial symmetry, so that aZZ

1 = aWW
1 . The rest of the couplings are considered anomalous

contributions. Tiny anomalous terms arise in the SM due to loop effects, and new, beyond stan-
dard model (BSM) contributions could make them larger. The SM values of those couplings
are not yet accessible experimentally. Considerations of gauge invariance and symmetry be-
tween two identical bosons require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1,2 = k

gg
1,2 = kZg

1 = 0, and
kZg

2 = � exp(ifZg
L1), where fVV

L1 is the phase of the corresponding coupling. The aZg
2,3 and agg

2,3
terms were tested in the Run 1 analysis [13], but have tighter constraints from on-shell pho-
ton measurements in H ! Zg and gg. We therefore do not repeat those measurements. The
HWW couplings appear in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what follows. Four anomalous

couplings are left to be tested: a2, a3, k2/L2
1, and kZg

2 /
⇣

LZg
1

⌘2
. The generic notation ai refers to

all four of these couplings, as well as the SM coupling a1.

Equation (1) describes both the H ! VV decay and the production of the H boson via either
VBF or VH. All three of these processes are considered, which are illustrated in Fig. 1. While q2

i
in the H ! VV process does not exceed (100 GeV)2 due to the kinematic bound, in associated
production no such bound exists. In the present analysis it is assumed that the q2

i range is not
restricted within the allowed phase space.

The effective fractional cross sections fai and phases fai are defined as follows:

fai = |ai|2si

.
Â |aj|2sj, and fai = arg (ai/a1) . (2)

2 2 Phenomenology of anomalous H boson interactions

2 Phenomenology of anomalous H boson interactions
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allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2
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H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated
through a new heavy state V0, generating the so-called contact terms [35, 36]. We therefore
study the process H ! VV ! 4f and the equivalent processes in production, rather than
H ! VV0 ! 4f or equivalent processes. Nonetheless, those contact terms are equivalent to the
anomalous HVV couplings already tested using the fL1 and f Zg

L1 parameters [13]. It is assumed
that all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
Only the lowest order operators, or lowest order terms in the (q2

j /L2) form-factor expansion,
are tested, where L is the energy scale of new physics.

Anomalous interactions of a spin-zero H boson with two spin-one gauge bosons VV, such as
ZZ, Zg, gg, WW, and gg, are parameterized with a scattering amplitude that includes three
tensor structures with expansion of coefficients up to (q2/L2):

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where qi, eVi, and mV1 are the four-momentum, polarization vector, and pole mass of a gauge
boson, f (i)µn = e

µ
Viq

n
i � en

Viq
µ
i , and f̃ (i)µn = 1

2 eµnrs f (i),rs [13, 33].

In Eq. (1), the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and we assume
custodial symmetry, so that aZZ

1 = aWW
1 . The rest of the couplings are considered anomalous

contributions. Tiny anomalous terms arise in the SM due to loop effects, and new, beyond stan-
dard model (BSM) contributions could make them larger. The SM values of those couplings
are not yet accessible experimentally. Considerations of gauge invariance and symmetry be-
tween two identical bosons require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1,2 = k

gg
1,2 = kZg

1 = 0, and
kZg

2 = � exp(ifZg
L1), where fVV

L1 is the phase of the corresponding coupling. The aZg
2,3 and agg

2,3
terms were tested in the Run 1 analysis [13], but have tighter constraints from on-shell pho-
ton measurements in H ! Zg and gg. We therefore do not repeat those measurements. The
HWW couplings appear in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what follows. Four anomalous

couplings are left to be tested: a2, a3, k2/L2
1, and kZg

2 /
⇣

LZg
1

⌘2
. The generic notation ai refers to

all four of these couplings, as well as the SM coupling a1.

Equation (1) describes both the H ! VV decay and the production of the H boson via either
VBF or VH. All three of these processes are considered, which are illustrated in Fig. 1. While q2

i
in the H ! VV process does not exceed (100 GeV)2 due to the kinematic bound, in associated
production no such bound exists. In the present analysis it is assumed that the q2

i range is not
restricted within the allowed phase space.

The effective fractional cross sections fai and phases fai are defined as follows:

fai = |ai|2si

.
Â |aj|2sj, and fai = arg (ai/a1) . (2)
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the final-state radiation (FSR) of leptons. An FSR photon is associated to the closest selected
lepton in the event if its angular separation from the lepton is below the required threshold,
as discussed in Ref. [54]. Three mutually exclusive channels are considered: H ! 4e, 4µ, and
2e2µ. At least two leptons are required to have pT > 10 GeV, and at least one is required to
have pT > 20 GeV. All four pairs of oppositely charged leptons that can be built with the four
leptons, irrespective of flavor, are required to satisfy m`+`0� > 4 GeV. The Z candidates are
required to satisfy the condition 12 GeV < m`` < 120 GeV; the invariant mass of at least one
of the Z candidates must be larger than 40 GeV. The four-lepton invariant mass m4` must be
between 105 and 140 GeV.

Jets are reconstructed using the particle-flow (PF) algorithm [55], with PF candidates clustered
by the anti-kT algorithm [56, 57] with a distance parameter of 0.4, and with the constraint that
the charged particles are compatible with the primary vertex. The jet momentum is determined
as the vectorial sum of all PF candidate momenta in the jet. Jets must satisfy pT > 30 GeV and
|h| < 4.7 and be separated from all selected lepton candidates and any selected FSR photons
by an angular distance DR(`/g, jet) > 0.4, where the angular distance between two particles i
and j is DR(i, j) =

p
(hi � h j)2 + (fi � fj)2.

4 Analysis techniques

The full kinematic information from each event is extracted using the matrix element calcula-
tions in the MELA package. For either the H boson decay or associated production with two
jets, up to seven kinematic observables are defined, as shown in Fig. 1 [26, 33]. In the 2 ! 6
process of associated H boson production via either VBF, ZH, or WH and its subsequent decay
to a four-fermion final state, up to 13 independent observables ~W remain. In the following, we
use either the production kinematics, the decay kinematics, or both, as appropriate. The ~pT of
the system of the H boson and two jets, which would appear at NLO in QCD, is not included in
the input observables in order to reduce associated QCD uncertainties. The MELA approach
retains all relevant kinematic information in a minimal set of discriminants

Dalt =
Psig

⇣
~W
⌘

Psig

⇣
~W
⌘
+ Palt

⇣
~W
⌘ (4)

and

Dint =
Pint

⇣
~W
⌘

Psig

⇣
~W
⌘
+ Palt

⇣
~W
⌘ , (5)

where “sig” stands for the SM signal probability; “alt” denotes an alternative hypothesis proba-
bility [29], which could be background (“bkg”), an alternative H boson production mechanism
(“2jet”), or an alternative H boson coupling model (“ai”); and “int” represents the contribution
to the probability from the interference between “sig” and “alt” [33]. The Dalt discriminant
contains all the information available from the kinematics to separate the SM signal hypoth-
esis from the alternative hypothesis. The combination of Dalt with Dint also contains all the
information available to separate the interference component. The discriminants used in this
analysis are summarized in Table 1 and described in more detail below.

The selected events in the 2016 data sample are split into three categories: VBF-jet, VH-jet, and
untagged. The VBF-jet category requires exactly four leptons with either two or three jets of
which at most one is b quark flavor-tagged, or at least four jets and no b-tagged jets. The VH-jet
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10 5 Results and discussion

Table 3: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (in square
brackets) intervals on anomalous coupling parameters obtained from the combined Run 1 and
Run 2 data analysis.

Parameter Observed Expected
fa3 cos(fa3) 0.00+0.26

�0.09 [�0.38, 0.46] 0.000+0.010
�0.010 [�0.25, 0.25]

fa2 cos(fa2) 0.01+0.12
�0.02 [�0.04, 0.43] 0.000+0.009

�0.008 [�0.06, 0.19]
fL1 cos(fL1) 0.02+0.08

�0.06 [�0.49, 0.18] 0.000+0.003
�0.002 [�0.60, 0.12]

f Zg
L1 cos(fZg

L1) 0.26+0.30
�0.35 [�0.40, 0.79] 0.000+0.019

�0.022 [�0.37, 0.71]

Run 1 analysis [13], as is evident from the narrow minima at fai = 0 in the expectations in Fig. 3.
This effect comes from utilizing production information, because the cross section in VBF and
VH production increases quickly with fai due to larger q2 values contributing in Eq. (1) [33].
The best fitted µV values, which give the ratio of the signal strength in VBF and VH to the SM
expectation, are less than 1 in all four analyses: 0.76+1.10

�0.76 at fa3 = 0, 0.01+0.89
�0.01 at fa2 = 0, 0.20+0.94

�0.20

at fL1 = 0, and 0.24+0.84
�0.24 at f Zg

L1 = 0. This overall behavior is consistent with a downward
statistical fluctuation in the small number of VBF and VH events, while the values obtained
for the different analyses vary because of the differences in categorization. Because fewer VBF
and VH events are observed than expected, the narrow minima of �2 ln(L) at fai = 0, which
come from the production information in these events, are observed to be less pronounced than
expected. The minimum is most pronounced in the fa3 analysis in Fig. 3 (a) due to the largest
observed µV value.

The improvement in the 95% CL constraints with respect to Run 1 is mostly due to the increase
in the number of events with H ! 4` decay information by about a factor of four. Another
factor of four increase in the data sample size is expected by the end of 2018, under similar
running conditions. At that time, the inclusion of production information is expected to result
in improvements to the 95% CL constraints in line with the improvements already seen in the
68% CL constraints.

Other features in Fig. 3 can be explained by examining the kinematic distributions in Fig. 2.
The Ddec

0� distribution in Fig. 2 (e) favors a mixture of the fa3 = 0 and fa3 = 1 models, resulting
in the best fit value of fa3 = 0.30 ± 0.21 in Run 2. The Ddec

CP distribution in Fig. 2 (h) has a
small forward-backward asymmetry which gives preference to the fa3 cos(fa3) = +0.30 value
as opposed to �0.30. The narrow local minimum at fa3 = 0 corresponds to the distribution
of events in the tagged categories in Fig. 2 (f), (g), which favors the SM hypothesis. The Run 1
result [13] favors the SM strongly, and therefore combining the two data sets results in a global
minimum at fa3 = 0.

Certain values of anomalous couplings, such as fa2 cos(fa2) ⇠ �0.5 and fL1 cos(fL1) ⇠ +0.5,
lead to strong interference effects between the SM and anomalous amplitudes in Eq. (1). There-
fore, kinematic distributions of such models are easily distinguished from SM distributions,
and they are excluded at high CL in Fig. 3. Such anomalous models are shown in Fig. 2 (b), (c).
The fa3 = 1 and f Zg

L1 = 1 models are shown in other cases in Fig. 2, as the most distinct from SM,
except for (h), where maximal forward-backward asymmetry in DCP is shown for fa3 = 0.5. In
all cases, the observed distributions in Fig. 2 are consistent with the SM expectations.
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fusion production, anomalous couplings on the production side are not generally related to the
HVV anomalous couplings. There is a negligible effect on the observed distributions with large
variations in the couplings.

Backgrounds from the qq ! 4`, gg ! 4`, VBF, and V+(4`) processes are estimated using MC
simulation. Theoretical uncertainties in the background estimation include uncertainties from
the renormalization and factorization scales, the PDFs, and the K-factors described above. An
additional 10% uncertainty is assigned to the gg ! 4` background K-factor to cover potential
differences between signal and background.

5 Results and discussion

Four fai parameters sensitive to anomalous H boson interactions, as defined in Eqs. (2) and (3),
are tested in the observed data using the pdf in Eq. (6). The results of the likelihood scans of
the fai parameters on 13 TeV data only and on the full, combined data set from collisions at 13,
8, and 7 TeV are shown in Fig. 3. The combined results are listed in Table 3 and supersede our
previous measurement in Ref. [13].
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Figure 3: Observed (solid) and expected (dashed) likelihood scans of fa3 cos(fa3) (a),
fa2 cos(fa2) (b), fL1 cos(fL1) (c), and f Zg

L1 cos(fZg
L1) (d). Results of the Run 2 only and the com-

bined Run 1 and Run 2 analyses are shown.

The expected 68% CL constraints improve by nearly an order of magnitude compared to the
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Figure 2: Distributions of Dbkg (a) for all events in Run 2; D0h+ (b), DL1 (c) , DZg
L1 (d), D0�

(e), and DCP (h) for the untagged and 2015 events; D0� in the VBF-jet (f) and VH-jet (g) cate-
gories. The arrow in (a) indicates the requirement Dbkg > 0.5, used to suppress background on
all other plots. Points with error bars show data and histograms show expectations for back-
ground and signal, as indicated in the legend in (a). The dashed lines show expectations for
BSM hypotheses, as indicated in the individual legends.

and µF, which are the ratios of the observed yields to the expectation in the SM for the produc-
tion mechanisms driven by the HVV couplings (VBF and VH) and for the other modes (gluon
fusion and ttH), respectively. The signal yield in 2015 data is expressed with a single parameter
µ13 TeV, which is a linear combination of µV and µF. The fit is also performed simultaneously
with the 2011 and 2012 data from Ref. [13], where the two signal strength parameters µ7 TeV and
µ8 TeV are also linear combinations of µV and µF including the effects of the cross section scaling
for each value of fai.

Most uncertainties in the signal yields cancel in this analysis because measurements of anoma-
lous couplings are expressed as relative cross sections. Statistical uncertainties dominate over
any systematic uncertainties in this analysis. In the decay-only observables the main effects
come from lepton momentum uncertainties and are propagated into the template uncertainties
as in the previous analyses [13], where the main effect is on the m4` resolution affecting the
Dbkg parameterization.

The primary new feature in this analysis, compared to Run 1 [13], is the categorization based on
jets and the kinematic discriminants using jet information. Both the shapes and the yields are
varied according to uncertainties obtained from the jet energy variations. In addition, uncer-
tainties in renormalization and factorization scales, PDFs, and the modeling of hadronization
and the underlying event in MC simulation are propagated to the template and relative yield
uncertainties. As part of these studies, comparisons were made between QCD production at
NLO and LO, with matched PYTHIA hadronization in each case, for the VBF, VH, and ttH pro-
cesses. In all cases, only small differences were observed. The uncertainties in the migration of
signal and background events between categories amount to 3–13% for the signal and 4–25%
for the background, depending on the category. Among the signal processes, the largest uncer-
tainties arise from the prediction of the gg ! H yield in the VBF-jet category. In ttH and gluon

6 4 Analysis techniques

Table 1: Summary of the three production categories in the analysis of 2016 data. The discrim-
inants D are calculated from Eqs. (4) and (5), as discussed in more detail in the text. For each
analysis, the appropriate BSM model is considered in the definition of the categories: fa3 = 1,
fa2 = 1, fL1 = 1, or f Zg

L1 = 1. Three observables (abbreviated as obs.) are listed for each analysis
and for each category. They are described in more detail later in the text.

Category VBF-jet VH-jet Untagged

Target qq0VV ! qq0H ! (jj)(4`) qq ! VH ! (jj)(4`) H ! 4`

Selection DVBF
2jet or DVBF,BSM

2jet > 0.5 DZH
2jet or DZH,BSM

2jet or not VBF-jet

DWH
2jet or DWH,BSM

2jet > 0.5 not VH-jet

fa3 obs. Dbkg, DVBF+dec
0� , DVBF

CP Dbkg, DVH+dec
0� , DVH

CP Dbkg, Ddec
0� , Ddec

CP

fa2 obs. Dbkg, DVBF+dec
0h+ , DVBF

int Dbkg, DVH+dec
0h+ , DVH

int Dbkg, Ddec
0h+, Ddec

int

fL1 obs. Dbkg, DVBF+dec
L1 , DVBF+dec

0h+ Dbkg, DVH+dec
L1 , DVH+dec

0h+ Dbkg, Ddec
L1 , Ddec

0h+

f Zg
L1 obs. Dbkg, DZg,VBF+dec

L1 , DVBF+dec
0h+ Dbkg, DZg,VH+dec

L1 , DVH+dec
0h+ Dbkg, DZg,dec

L1 , Ddec
0h+

category requires exactly four leptons and two or more jets; if there are four or more jets, none
of them should be b tagged. The requirements on the number of b-tagged jets are applied to
reduce cross-feed from ttH production. In order to separate the target production mode for
each category from gluon fusion production, the requirement D2jet > 0.5 is applied following
Eq. (4), where Psig corresponds to the signal probability for the VBF (ZH or WH) production
hypothesis in the VBF-jet (VH-jet) category, and Palt corresponds to the gluon fusion produc-
tion of the H boson in association with two jets. The requirement D2jet > 0.5 is tested with
both the fai = 0 and fai = 1 signal hypotheses in Psig. Thus, this categorization differs slightly
in the four fai analyses. The two highest pT jets are used in the calculation of the matrix ele-
ments. All remaining events are assigned to the untagged category. The above requirements
are summarized in Table 1. Due to the small size of the 2015 data sample, those events were
not categorized and were all treated as untagged, as was done in the analysis of 2011 and 2012
data [13]. The expected and observed numbers of events are listed in Table 2.

We perform an unbinned extended maximum likelihood fit to the events split into the cat-
egories according to the lepton flavor and production topology. An independent fit is per-
formed for each parameter defined in Table 3. In each category of events, three observables
~D = {Dbkg,Dai,Dint} are defined following Eqs. (4) and (5), as summarized in Table 1.

The first observable, Dbkg (shown in Fig. 2 (a)), is common to all events and is designed to
separate the signal from the dominant qq ! 4` background, for which Pbkg is calculated.
The signal and background probabilities include both the matrix element probability based
on lepton kinematics and the m4` probability parameterization extracted from simulation of
detector effects. The signal m4` parameterization assumes that mH = 125 GeV.

The second observable, Dai, separates the SM hypothesis fai = 0 from the alternative hypoth-
esis fai = 1. It is defined following Eq. (4), with Psig calculated for fai = 0 and Palt for the
alternative H boson coupling hypothesis with fai = 1. In the untagged category the probabil-
ities are calculated using only the decay information, but in the VBF-jet and VH-jet categories

Results:

Kinematic Discriminants used for each fi scan:

0- ⇾ a3=1 
oh+ ⇾ a2 = 1 

… 

measurements of anomalous couplings are expressed as 
relative cross sections  
 ⇒ dominant uncertainty is the statistical uncertainty 
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• BSM couplings:  
- κHVV = CP-even scalar iteration with vector bosons 

- κAVV = CP-odd pseudo-scalar iteration with vector bosons 

- κAgg = CP-odd BSM iteration with gluons 

- assumed to be the same for W and Z, α taken as 45 degrees 

• SM Higgs: 
- κSM = 1, κHgg=1 + other BSM couplings set to 0  

(VBF-pj
T Low and VBF-pj

T High, respectively). The former bin is expected to be dominated by SM-like
events, while the latter is sensitive to potential BSM contributions. For VH production, separate bins with
hadronically (VH-Had) and leptonically (VH-Lep) decaying vector bosons are considered. The leptonic
V boson decays include the decays into ⌧ leptons and into neutrino pairs. The ttH production bin remains
the same as for Stage 0.

Figure 1 also summarizes the corresponding categories of reconstructed events in which the cross section
measurements are performed and which will be described in more detail in Section 5. There is a dedicated
reconstructed event category for each production bin except for ggF-2 j. This process contributes strongly
in all reconstructed categories containing events with at least two jets and can therefore be measured in
these categories.

3.2 Tensor structure of Higgs boson couplings

In order to study the tensor structure of the Higgs boson couplings, interactions of the Higgs boson with
SM particles are described in terms of the e�ective Lagrangian of the Higgs characterisation model [23],

LV
0 =

⇢
SM

f
1
2gHZZ ZµZµ + gHWWW+µ W�µ

g
� 1

4

f
HgggHggGa

µ⌫Ga,µ⌫ + tan ↵AgggAggGa
µ⌫G̃a,µ⌫

g
�1

4
1
⇤

f
HZZ Zµ⌫Zµ⌫ + tan ↵AZZ Zµ⌫ Z̃µ⌫

g
� 1

2
1
⇤

f
HWWW+µ⌫W�µ⌫ + tan ↵AWWW+µ⌫W̃�µ⌫

g �
X0. (1)

The model is based on an e�ective field theory description assuming that there are no new BSM particles
below the energy scale ⇤. The cuto� scale ⇤ is set to 1 TeV supported by the current experimental results
showing no evidence for new physics below this scale. The notation of Equation (1) follows the notation
of Equation (2.4) in Ref. [23] with the di�erence that the dimensional coupling parameters  are redefined
by dividing them by cos ↵, where ↵ is the mixing angle of the 0+ and 0� CP states implying CP-violation
for ↵ , 0 and ↵ , ⇡. In this way, the coupling parameters SM and Hgg are directly proportional to the
strength of the SM Higgs boson interaction with vector bosons and gluons, respectively. The prediction
for the SM Higgs boson is given by SM = 1 and Hgg = 1 if the values of the BSM couplings are zero.
In this analysis, only the e�ective Lagrangian terms with coupling parameters HVV , AVV and Agg are
considered as possible BSM admixtures to the corresponding SM-like interactions. These terms describe
the CP-even (scalar) and CP-odd (pseudo-scalar) BSM interaction with vector bosons and the CP-odd
BSM interaction with gluons, respectively. The BSM couplings are assumed to be the same for W and
Z bosons (i.e. HWW = HZZ ⌘ HVV and AWW = AZZ ⌘ AVV ). The value of ↵ is arbitrarily set
to 45 degrees such that the CP-odd couplings can be more simply denoted as AVV tan ↵ ) AVV and
Agg tan ↵ ) Agg.

In Run-1 [11], the Higgs-related BSM interactions with heavy vector bosons were studied only in Higgs
boson decays. In this analysis, the impact of BSM contributions on both the decay rates and the production
cross sections in di�erent production modes is taken into account. The HVV and AVV parameters
contribute the most to VH and VBF Higgs boson production in the four-lepton decay mode since the
coupling is present in both the production and decay vertices. The Agg parameter mostly a�ects the ggF
production.

5

assuming no new 
BSM particles 
below Λ (1TeV) 

• Effective Lagrangian approach for the description of BSM interactions – 
Higgs Characterisation Model. (JHEP 1311 (2013) 043 ) 

https://link.springer.com/article/10.1007/JHEP11(2013)043


Hugues BRUN / 33

Anomalous couplings: (ATLAS)

H→VV decays and Higgs Measurements 19

• Results : 

 CP-even coupling to 
vector bosons 

 CP-odd coupling to 
vector bosons 

 CP-odd coupling to 
gluons 

Agreement with SM 1.8σ 
for κAgg

Agreement with SM 2.3σ 
for κHvv

Agreement with SM 1.4σ 
for κAvv

No deviation from SM observed 
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Mass measurement: 

H→VV decays and Higgs Measurements 20

• CMS: based on a 3D fit: 
- m4l, Dmass, D

kin
bgk 

• ATLAS: fit on m4l on a per event basis (kinematic discriminant used for event 
selection)

 (GeV)Hm
124.5 125 125.5 126

 ln
L

∆
-2

 

0

1

2

3

4

5

6

7

8
4lm'

massD', 4lm'

bkg
kinD, massD', 4lm'

 (stat. only)bkg
kinD, massD', 4lm'

 (13 TeV)-135.9 fbCMS Preliminary

mH = 125.26 ± 0.20(stat)  
± 0.08(syst) 

In ATLAS, combination with H→γγ :

In CMS, direct constrain on the 
width:  

ΓH < 1.1 GeV @ 95% CL (mH floated) 

Main syst. : muon momentum scale, 
electron energy scale  
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H→WW→2l2ν 
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H→WW→eνµν (CMS)

H→VV decays and Higgs Measurements 22

• Signal:  
- 2 leptons + MET  

- only the eνµν final state used (best 
s/b ratio)  

- analysis in jet categories (0, 1, VBF)  

• Backgrounds: 
- irreducible = WW  

- reducible = W+jets, top, DY  

• Signal extraction strategy 
depending of the category 
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Analysis strategy: (CMS)

H→VV decays and Higgs Measurements 23

signal regions 
control regions 
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Analysis strategy: (CMS)

H→VV decays and Higgs Measurements 24

signal regions 
control regions 

2D unrolled 
mll, mTH

2D unrolled 
mll, mTH

2D unrolled 
mll, mTH

Cut based Cut based Cut based Cut based Cut based

Cut based

mll mll

ΔRll
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Result: (CMS)

H→VV decays and Higgs Measurements 25

Signal strength: Combined with 
2015 data (for mH=125GeV) : 
µ=1.05±0.26  
  = 1.05±0.25(stat.)±0.03(th.)±0.07(syst.)

13

H ! WW ! e⌫µ⌫
Significance and Signal Strength

‣Signal Strength: Combined with 2015 
results for a Higgs boson mass of 125 GeV 

1.05± 0.26(0.25± 0.03(theory)± 0.07(systematic))
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ATLAS H→WW @ 13 TeV 

H→VV decays and Higgs Measurements 26

• Analysis done for the VBF and WH productions 
- VBF: e/µ pair + 2 jet, VBF categorisation with a BDT (+'central jet veto' + 

'outside-lepton veto') 

- WH: Three leptons (Σq = ± 1) + MET, 2 signal region to cope with different 
background composition ‘Z-dominated' and ‘Z-depleted’

S. Zambito, Harvard University- Higgs Couplings 2016

VBF/WH, H➙WW*: Total X-Sections
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Table 9: MC and Data yields for the CRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may slightly di↵er from the total value due to rounding. In the determination of the uncertainties on the total
background correlations have been taken into account.

Category CRa CRb CRc CRc CRd CRe
e-fake µ-fake

WH 1.0± 0.4 0.3± 0.0 0.4± 0.1 0.5± 0.0 0.2± 0.1 0.1± 0.1
Other Higgs 0.8± 0.0 0.0± 0.0 0.4± 0.0 0.4± 0.0 0.1± 0.0 0.0± 0.0

VV 207 ± 15 163 ± 53 156 ± 13 163 ± 14 4.4± 0.8 1.0± 0.5
VVV 0.9± 0.2 0.0± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.1 0.2± 0.0
Top quark 3.7± 0.6 0.4± 0.2 7.3± 0.9 9.1± 1.2 234 ± 19 194 ± 19
Z+jets 2.5± 1.2 0.0± 0.0 230 ± 83 212 ± 73 2 ± 0.7 0.1± 0.1

Total background 215 ± 14 162 ± 42 394 ± 73 385 ± 64 240 ± 19 195 ± 19
Observed 217 163 393 387 241 195

using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case523

of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.524

The fit results for the signal strength for the VBF and WH production modes are respectively:525

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-526

gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A527

scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,528

i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is529

well below the precision of the given measurement.530

The measured signal strength, µVBF (µWH ), can be used to evaluate the product�VBF(WH ) ·BH!WW ⇤ for531

the VBF (associated WH) production mode, respectively. The central value is the product of µ and the532

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical533

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since534

these uncertainties are small compared to leading uncertainties in both signal strength measurements, the535

cross sections are calculated to be:536

�VBF · BH!WW ⇤ = 1.4+0.8
�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
�0.9(stat)+0.7

�0.8(sys) pb

The predicted cross section times branching fraction values are 0.808±0.021 pb and 0.293±0.007 pb for537

VBF and WH , respectively. Since the observed significances of the cross section results are below 3�,538

upper limits at 95% confidence level are obtained for the cross section times branching fraction results.539

They are 3.0 pb for VBF and 3.3 pb for associated WH production.540
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Table 9: MC and Data yields for the CRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may slightly di↵er from the total value due to rounding. In the determination of the uncertainties on the total
background correlations have been taken into account.

Category CRa CRb CRc CRc CRd CRe
e-fake µ-fake

WH 1.0± 0.4 0.3± 0.0 0.4± 0.1 0.5± 0.0 0.2± 0.1 0.1± 0.1
Other Higgs 0.8± 0.0 0.0± 0.0 0.4± 0.0 0.4± 0.0 0.1± 0.0 0.0± 0.0

VV 207 ± 15 163 ± 53 156 ± 13 163 ± 14 4.4± 0.8 1.0± 0.5
VVV 0.9± 0.2 0.0± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.1 0.2± 0.0
Top quark 3.7± 0.6 0.4± 0.2 7.3± 0.9 9.1± 1.2 234 ± 19 194 ± 19
Z+jets 2.5± 1.2 0.0± 0.0 230 ± 83 212 ± 73 2 ± 0.7 0.1± 0.1

Total background 215 ± 14 162 ± 42 394 ± 73 385 ± 64 240 ± 19 195 ± 19
Observed 217 163 393 387 241 195

using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case523

of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.524

The fit results for the signal strength for the VBF and WH production modes are respectively:525

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-526

gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A527

scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,528

i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is529

well below the precision of the given measurement.530

The measured signal strength, µVBF (µWH ), can be used to evaluate the product�VBF(WH ) ·BH!WW ⇤ for531

the VBF (associated WH) production mode, respectively. The central value is the product of µ and the532

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical533

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since534

these uncertainties are small compared to leading uncertainties in both signal strength measurements, the535

cross sections are calculated to be:536

�VBF · BH!WW ⇤ = 1.4+0.8
�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
�0.9(stat)+0.7

�0.8(sys) pb

The predicted cross section times branching fraction values are 0.808±0.021 pb and 0.293±0.007 pb for537

VBF and WH , respectively. Since the observed significances of the cross section results are below 3�,538

upper limits at 95% confidence level are obtained for the cross section times branching fraction results.539

They are 3.0 pb for VBF and 3.3 pb for associated WH production.540
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Table 9: MC and Data yields for the CRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may slightly di↵er from the total value due to rounding. In the determination of the uncertainties on the total
background correlations have been taken into account.

Category CRa CRb CRc CRc CRd CRe
e-fake µ-fake

WH 1.0± 0.4 0.3± 0.0 0.4± 0.1 0.5± 0.0 0.2± 0.1 0.1± 0.1
Other Higgs 0.8± 0.0 0.0± 0.0 0.4± 0.0 0.4± 0.0 0.1± 0.0 0.0± 0.0

VV 207 ± 15 163 ± 53 156 ± 13 163 ± 14 4.4± 0.8 1.0± 0.5
VVV 0.9± 0.2 0.0± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.1 0.2± 0.0
Top quark 3.7± 0.6 0.4± 0.2 7.3± 0.9 9.1± 1.2 234 ± 19 194 ± 19
Z+jets 2.5± 1.2 0.0± 0.0 230 ± 83 212 ± 73 2 ± 0.7 0.1± 0.1

Total background 215 ± 14 162 ± 42 394 ± 73 385 ± 64 240 ± 19 195 ± 19
Observed 217 163 393 387 241 195

using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case523

of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.524

The fit results for the signal strength for the VBF and WH production modes are respectively:525

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-526

gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A527

scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,528

i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is529

well below the precision of the given measurement.530

The measured signal strength, µVBF (µWH ), can be used to evaluate the product�VBF(WH ) ·BH!WW ⇤ for531

the VBF (associated WH) production mode, respectively. The central value is the product of µ and the532

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical533

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since534

these uncertainties are small compared to leading uncertainties in both signal strength measurements, the535

cross sections are calculated to be:536

�VBF · BH!WW ⇤ = 1.4+0.8
�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
�0.9(stat)+0.7

�0.8(sys) pb

The predicted cross section times branching fraction values are 0.808±0.021 pb and 0.293±0.007 pb for537

VBF and WH , respectively. Since the observed significances of the cross section results are below 3�,538

upper limits at 95% confidence level are obtained for the cross section times branching fraction results.539

They are 3.0 pb for VBF and 3.3 pb for associated WH production.540
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Table 9: MC and Data yields for the CRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may slightly di↵er from the total value due to rounding. In the determination of the uncertainties on the total
background correlations have been taken into account.

Category CRa CRb CRc CRc CRd CRe
e-fake µ-fake

WH 1.0± 0.4 0.3± 0.0 0.4± 0.1 0.5± 0.0 0.2± 0.1 0.1± 0.1
Other Higgs 0.8± 0.0 0.0± 0.0 0.4± 0.0 0.4± 0.0 0.1± 0.0 0.0± 0.0

VV 207 ± 15 163 ± 53 156 ± 13 163 ± 14 4.4± 0.8 1.0± 0.5
VVV 0.9± 0.2 0.0± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.1 0.2± 0.0
Top quark 3.7± 0.6 0.4± 0.2 7.3± 0.9 9.1± 1.2 234 ± 19 194 ± 19
Z+jets 2.5± 1.2 0.0± 0.0 230 ± 83 212 ± 73 2 ± 0.7 0.1± 0.1

Total background 215 ± 14 162 ± 42 394 ± 73 385 ± 64 240 ± 19 195 ± 19
Observed 217 163 393 387 241 195

using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case523

of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.524

The fit results for the signal strength for the VBF and WH production modes are respectively:525

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-526

gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A527

scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,528

i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is529

well below the precision of the given measurement.530

The measured signal strength, µVBF (µWH ), can be used to evaluate the product�VBF(WH ) ·BH!WW ⇤ for531

the VBF (associated WH) production mode, respectively. The central value is the product of µ and the532

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical533

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since534

these uncertainties are small compared to leading uncertainties in both signal strength measurements, the535

cross sections are calculated to be:536

�VBF · BH!WW ⇤ = 1.4+0.8
�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
�0.9(stat)+0.7

�0.8(sys) pb

The predicted cross section times branching fraction values are 0.808±0.021 pb and 0.293±0.007 pb for537

VBF and WH , respectively. Since the observed significances of the cross section results are below 3�,538

upper limits at 95% confidence level are obtained for the cross section times branching fraction results.539

They are 3.0 pb for VBF and 3.3 pb for associated WH production.540
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ATLAS-CONF-2016-112

brand-new!

VBF analysis WH analysis 
Selects e/μ pair + ≥2 jets Three leptons (qTOT=±1)+ ET

BDT to isolate VBF production!
+ “central-jet veto”  

+ “outside-lepton-veto”

two signal regions (SR) to cope with 
different background composition: 

“Z-dominated” and “Z-depleted”

S. Zambito, Harvard University- Higgs Couplings 2016
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Table 9: MC and Data yields for the CRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may slightly di↵er from the total value due to rounding. In the determination of the uncertainties on the total
background correlations have been taken into account.

Category CRa CRb CRc CRc CRd CRe
e-fake µ-fake

WH 1.0± 0.4 0.3± 0.0 0.4± 0.1 0.5± 0.0 0.2± 0.1 0.1± 0.1
Other Higgs 0.8± 0.0 0.0± 0.0 0.4± 0.0 0.4± 0.0 0.1± 0.0 0.0± 0.0

VV 207 ± 15 163 ± 53 156 ± 13 163 ± 14 4.4± 0.8 1.0± 0.5
VVV 0.9± 0.2 0.0± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.1 0.2± 0.0
Top quark 3.7± 0.6 0.4± 0.2 7.3± 0.9 9.1± 1.2 234 ± 19 194 ± 19
Z+jets 2.5± 1.2 0.0± 0.0 230 ± 83 212 ± 73 2 ± 0.7 0.1± 0.1

Total background 215 ± 14 162 ± 42 394 ± 73 385 ± 64 240 ± 19 195 ± 19
Observed 217 163 393 387 241 195

using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case523

of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.524

The fit results for the signal strength for the VBF and WH production modes are respectively:525

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-526

gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A527

scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,528

i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is529

well below the precision of the given measurement.530

The measured signal strength, µVBF (µWH ), can be used to evaluate the product�VBF(WH ) ·BH!WW ⇤ for531

the VBF (associated WH) production mode, respectively. The central value is the product of µ and the532

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical533

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since534

these uncertainties are small compared to leading uncertainties in both signal strength measurements, the535

cross sections are calculated to be:536

�VBF · BH!WW ⇤ = 1.4+0.8
�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
�0.9(stat)+0.7

�0.8(sys) pb

The predicted cross section times branching fraction values are 0.808±0.021 pb and 0.293±0.007 pb for537

VBF and WH , respectively. Since the observed significances of the cross section results are below 3�,538

upper limits at 95% confidence level are obtained for the cross section times branching fraction results.539

They are 3.0 pb for VBF and 3.3 pb for associated WH production.540
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Table 9: MC and Data yields for the CRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may slightly di↵er from the total value due to rounding. In the determination of the uncertainties on the total
background correlations have been taken into account.

Category CRa CRb CRc CRc CRd CRe
e-fake µ-fake

WH 1.0± 0.4 0.3± 0.0 0.4± 0.1 0.5± 0.0 0.2± 0.1 0.1± 0.1
Other Higgs 0.8± 0.0 0.0± 0.0 0.4± 0.0 0.4± 0.0 0.1± 0.0 0.0± 0.0

VV 207 ± 15 163 ± 53 156 ± 13 163 ± 14 4.4± 0.8 1.0± 0.5
VVV 0.9± 0.2 0.0± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.1 0.2± 0.0
Top quark 3.7± 0.6 0.4± 0.2 7.3± 0.9 9.1± 1.2 234 ± 19 194 ± 19
Z+jets 2.5± 1.2 0.0± 0.0 230 ± 83 212 ± 73 2 ± 0.7 0.1± 0.1

Total background 215 ± 14 162 ± 42 394 ± 73 385 ± 64 240 ± 19 195 ± 19
Observed 217 163 393 387 241 195

using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case523

of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.524

The fit results for the signal strength for the VBF and WH production modes are respectively:525

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-526

gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A527

scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,528

i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is529

well below the precision of the given measurement.530

The measured signal strength, µVBF (µWH ), can be used to evaluate the product�VBF(WH ) ·BH!WW ⇤ for531

the VBF (associated WH) production mode, respectively. The central value is the product of µ and the532

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical533

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since534

these uncertainties are small compared to leading uncertainties in both signal strength measurements, the535

cross sections are calculated to be:536

�VBF · BH!WW ⇤ = 1.4+0.8
�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
�0.9(stat)+0.7

�0.8(sys) pb

The predicted cross section times branching fraction values are 0.808±0.021 pb and 0.293±0.007 pb for537

VBF and WH , respectively. Since the observed significances of the cross section results are below 3�,538

upper limits at 95% confidence level are obtained for the cross section times branching fraction results.539

They are 3.0 pb for VBF and 3.3 pb for associated WH production.540
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Table 9: MC and Data yields for the CRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
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background correlations have been taken into account.
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VBF analysis WH analysis 
Selects e/μ pair + ≥2 jets Three leptons (qTOT=±1)+ ET

BDT to isolate VBF production!
+ “central-jet veto”  

+ “outside-lepton-veto”

two signal regions (SR) to cope with 
different background composition: 

“Z-dominated” and “Z-depleted”
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From off-shell measurement to Higgs width

H→VV decays and Higgs Measurements 28

• 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.
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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 
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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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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.

– 2 –

6'

Ro
be

rt
o'
Di
'N
ar
do

'–
'IN

FN
'L
ab
or
at
or
i'n
az
io
na
li'
di
'F
ra
sc
a6

''

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).
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• Off shell region:  
- H→ZZ→4l: m4l>220 GeV  

- H→ZZ→2l2υ: ATLAS : 350GeV<mT<1TeV,  CMS : 180GeV<mT<1TeV 

- H→WW→eυµυ: use of mT and mll  

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

discriminant (+ m4l for CMS) 

- 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 (CMS) or maximum-likelihood fit is using the event 
yields in the signal region and in control regions (ATLAS)
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• Scanning off-shell cross-section with signal strength:  
- H→ZZ→4l: binned maximum-likelihood using kinematic discriminant (+ 

m4l for CMS) 

• Systematics from theory are the dominants: 
- 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

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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RB
H⇤ =

K(gg ! V V )

K(gg ! H⇤ ! V V )
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Figure 8: Scan of the negative log-likelihood as a function of off-shell SM Higgs boson signal
strength for GF µoff-shell

GF (left) and for VBF µoff-shell
VBF (right) from the combined fit of H ! WW

and H ! ZZ channels for 7 and 8 TeV. In the likelihood scan of µoff-shell
GF and µoff-shell

VBF , this
analysis assumes the SU(2) custodial symmetry: µZZ

GF/µWW
GF = µZZ

VBF/µWW
VBF = 1.
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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)
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• 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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Figure 12: (a) Scan of Rgg = 2g,o↵-shell/
2
g,on-shell when profiling the coupling scale factor V associated with the on-

and o↵-shell VBF production and the H(⇤) ! VV decay. The ratio �H/�SM
H is set to 1.0. 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 Rgg 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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(yellow) bands represent the 68% (95%) confidence intervals for the CLs expected limit.
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Figure 12: (a) Scan of Rgg = 2g,o↵-shell/
2
g,on-shell when profiling the coupling scale factor V associated with the on-

and o↵-shell VBF production and the H(⇤) ! VV decay. The ratio �H/�SM
H is set to 1.0. 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 Rgg 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 

H→VV decays and Higgs Measurements 33

• In H*→ZZ→4l channel: 
- Constraint on the width from the 

first 12.9 fb-1 of 2016 data 
analysed 

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

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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Conclusion:

H→VV decays and Higgs Measurements 34

• Already interesting results on H→VV available with run 2 
data for both ATLAS and CMS 

- precision already comparable compared to run 1 results. 

• At present, measurements an properties compatible with 
the SM Higgs Boson  

• Results are still statistically limited 
- by the end of the Run 2, more that ~100fb-1 expected  
⇒ precision of the measurement still expected to improve  
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