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introduction and outline

Discuss recent CMS result:  
http://arxiv.org/pdf/1504.00936v1.pdf 
!
!
Quickly flash analysis inputs and results 
	 inputs, individual results, systematics and combination 
Then go through the discussion questions  
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Inputs to combination
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New results for the paper, supporting documentation!
HIG-13-027: update of H→WW→lvjj to full stats!

HIG-14-007: update of H→ZZ→2l2q with new categories (merged, VBF)!
HIG-14-008: update of H→WW→lvJ (HIG-13-008) to exclusive jet bins

6 5 Data analysis

Table 1: A summary of the analyses included in this paper. The column “H production” indi-
cates the production mechanism targeted by an analysis; it does not imply 100% purity in the
selected sample. The main contribution in the untagged categories is always ggF. The (jj)VBF
refers to a dijet pair consistent with the VBF topology. (jj)W(Z) and (J)W(Z) refer to a dijet pair
and single merged jet from a Lorentz-boosted W (Z) with an invariant mass consistent with a
W (Z) dijet decay, respectively. The superscript “0,1,2 b tags” refers to the three possible cat-
egories of b tag multiplicities. Exclusive final states are selected according to the lepton and
reconstructed jet content of the event. The mass range under investigation and the mass reso-
lution are also listed. Mass ranges differ with the sensitivities of each channel.

H H Exclusive No. of mH range mH
decay mode production final states channels [GeV] resolution
WW ! `n`n untagged ((ee, µµ), eµ) + (0 or 1 jets) 4 145–1000 ab 20%

VBF tag ((ee, µµ), eµ) + (jj)VBF 2 145–1000 ab 20%
WW ! `nqq untagged (en, µn) + (jj)W 2 180–600 5–15%

untagged (en, µn) + (J)W + (0+1-jets) 2 600–1000 b 5–15%
VBF tag (en, µn) + (J)W + (jj)VBF 1 600–1000 b 5–15%

ZZ ! 2`2`0 untagged 4e, 4µ, 2e2µ 3 145–1000 1–2%
VBF tag (4e, 4µ, 2e2µ) + (jj)VBF 3 145–1000 1–2%

untagged (ee, µµ) + (thth, teth, tµth, tetµ) 8 200–1000 10–15%
ZZ ! 2`2n untagged (ee, µµ) + (0 or � 1 jets) 4 200–1000 7%

VBF tag (ee, µµ) + (jj)VBF 2 200–1000 7%
ZZ ! 2`2q untagged (ee, µµ) + (jj)0,1,2 b tags

Z 6 230–1000 c 3%
untagged (ee, µµ) + (J)0,1,2 b tags

Z 6 230–1000 c 3%
VBF tag (ee, µµ) + (jj)0,1,2 b tags

Z + (jj)VBF 6 230–1000 c 3%
VBF tag (ee, µµ) + (J)0,1,2 b tags

Z + (jj)VBF 6 230–1000 c 3%

aEW singlet model interpretation starts at 200 GeV to avoid contamination from h(125).
b600-1000 GeV for

p
s = 8 TeV only.

cFor
p

s = 8 TeV only.

5.1 H ! WW ! `n`n

In the H ! WW ! `n`n channel the Higgs boson decays to two W bosons, both of which decay
leptonically, resulting in a signature with two isolated, oppositely charged, high-pT leptons
(muons or electrons) and large Emiss

T due to the undetected neutrinos. A complete description
of the analysis strategy is given in Ref. [18]. For this analysis, we require triggers with either
one or two high-pT muons or electrons. The single muon or electron triggers are based on
relatively tight lepton identification with pT thresholds from 17 to 25 GeV (17 to 27 GeV) in the
muon (electron) channel. The higher thresholds are used for periods of higher instantaneous
luminosity. The dilepton trigger pT thresholds for the leading and trailing leptons were 17 and
8 GeV, respectively.

Candidate events must contain two reconstructed leptons with opposite charge, pT > 20 GeV
for the leading lepton, and pT > 10 GeV for the subleading one. Only muons (electrons)
with |h| < 2.4 (2.5) are considered in this channel. The analysis is very similar to that in the
Higgs boson discovery [11, 12], but additionally uses an improved Higgs boson mass lineshape
model, and a multivariate shape analysis (MVA) [100] for data taken at

p
s = 8 TeV.

Events are classified into three mutually exclusive categories, according to the number of re-
constructed jets with pT > 30 GeV. The categories are characterized by different signal yields
and signal-to-background ratios. In the following, these are referred to as 0-jet, 1-jet, and 2-jet
multiplicity categories. Events with more than two jets are considered only if they are con-
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model interpretations

1 SM-like high mass Higgs 
Same cross-section, lineshape, interference effects as SM Higgs 
Treat the h125 as background 
!
2 heavy Higgs partner in generic EWK singlet interpretation 
(more on next slide)
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Electroweak singlet interpretation

BSM interpretation, generic electroweak scalar mixing with the h125 phenomenologically 
constrained by unitarization: 

C2 + C’2 = 1 
where C (C’) are coupling scale factors related to the SM (heavy Higgs) 
!
The heavy Higgs signal strength and width are given by: 
!
!
where Bnew is branching ratio of heavy Higgs to non-SM decays (e.g. H→hh) 

More discussion of signal parameterization in Stefano’s slides

5

µ0 = C02 · (1 � Bnew) G0 = GSM · C02

1 � Bnew

N.B. require Γ’ ≤ ΓSM

Scanned points:  
C’2 = 0.01, 0.03, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7 
Bnew = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5



05/04/15!

SM Higgs-like results
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20 6 Statistical interpretation

 [GeV]Hm
200 400 600 800 1000

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

2−10

1−10

1

10

210

310 CMS  (8 TeV)-1 (7 TeV) + up to 19.7 fb-1up to 5.1 fb

Combined

ν 2  2→ WW →H 

ν 2  2→ ZZ →H 

τ 2  2→ ZZ →H 

 2  2q→ ZZ →H 

)σ 2±Combined (exp. 

 qqν   → WW →H 

 4   → ZZ →H 

200 400 600 800 1000

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

1−10

1

10
Observed
Expected

 WW→H 

 [GeV]Hm
200 400 600 800 1000

1−10

1

10

 ZZ→H 

ȟ ȟ

ȟ ȟ

ȟ

ȟ

Figure 7: Upper limits at the 95% CL for each of the contributing final states and their combi-
nation. The theoretical cross section, sSM, is computed in Ref. [66]. The observed and expected
limits of the six individual channels are compared with each other and with the combined re-
sults (right), for H ! WW channels (top right panel) and H ! ZZ channels (bottom right
panel) separately.

rations. At the top of Fig. 9 are the limits we obtain when we combine the ZZ (top left) and
WW (top right) channels separately. Since the ZZ channels are more sensitive in the search for
a Higgs boson with SM-like couplings, they better constrain the BSM case as well. The bottom
of Fig. 9 shows the combined 95% CL for all final states but only the ggF or VBF production
mechanism for the heavy Higgs boson. In the heavy Higgs boson with SM-like couplings sce-
nario, we assume the ratio of the cross sections for various production mechanisms to be the
same as in the SM case.
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Electroweak singlet interpretation
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6.2 EW singlet Higgs boson search 21
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Figure 8: Upper limits at the 95% CL on the EW singlet extension. Upper limits are displayed
as a function of the heavy Higgs boson mass and the model parameter C02 for different values
of Bnew. The upper dash-dotted line indicates where, for Bnew = 0.5, the variable width of the
heavy Higgs boson reaches the width of a SM-like Higgs boson. The lower dash-dotted line
displays the indirect limit at 95% CL on C02 from the measurement of h(125).
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‘pseudo’ model-independent limits

8

EWK scalar exclusions (Bnew=0.0 and 0.1) are mapped to !
mass/width plane
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discussion points

9
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discussion

- How to do the parameterisation vs width and mass.!
We should be careful with these results because, as Mario put in his Moriond talk — these 
scans are “pseudo” model-independent.  We take the widths at BRnew = 0.0 and 0.1 and 
project them onto the width/mass phase space!
!
- How to account for the dependence on the signal cross-section not just the width and 
mass!
This is the case for when the signal cross-section is defined with BRnew = 0.  Then we can 
scan in C’2, for example, to get a scan in mass for a given mass point.  For every scanned 
phase space point, the interference is adjusted with the cross-section.!
!
- Does the parameterisation allow for arbitrary width (and interference) as needed in the 
2HDM (or use e.g. 0.1 steps which is OK for EWS)?!
It’s just the spacing for the EWS !
!
- Do we go up to the SM width or beyond as well (again needed for 2HDM)?!
We make a choice to stop the parameterization when the width becomes larger than the 
SM case!

10
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discussion

- Which generators to use to parameterise the interference? Is this for ggF as well as 
VBF?!
   - Which final states?  Only ZZ -> 4l; other ZZ; WW?!
   - Which masses, widths, …?!
For ggF the interference is considered using either gg2VV (ZZ) or MCFM (WW).  Scans 
are made in width and mass — mass every 100 and width every 0.1xSM width IIRC!
For VBF the interference is considered using Phantom for both WW and ZZ and the same 
procedure is followed.!
!
   - What about bbH for the future?!
There are dedicated analyses for the bbH those we do not consider them here.!
!
- Is this generator-level only and or reco-level checks are needed as well?!
- Does width affects the kinematics/acceptance?!
Because the kinematics of the process is set by the off-shell mass of the heavy Higgs, we 
are using only generator-level reweighting.  We do of course look at the reconstruction 
level distributions of the mass distributions and find them to be reasonable.  

11
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discussion

- What type of interference is covered?!
   - Only heavy H + VV continuum?!
   - h+VV continuum  (should just be a special case of above I guess)?!
We consider H+VV continuum — this is by far the dominant effect.  For h+VV is small due 
to the width of h(125) — we consider for ZZ4L (ggH + ggVV) as a background and it turns 
out to be a ~few% effect..  !
!
- h+ H interference, which becomes important when H is wide!
Some references on h+H interference came out as we were finalizing the review so they 
are not included but we did find some conflicting references on the issue thus it would be 
nice to come to a commonality on treating this issue for the future within the LHCXSWG.!
http://arxiv.org/pdf/1410.5440v1.pdf!
http://arxiv.org/pdf/1501.02139v2.pdf!!
- How do you account for the large contribution of off-shell h->ZZ to!
the ZZ background spectrum at low tan(B) in 2HDM type 1/2 and high!
tan(B) in type 2?!
We refer to the theorists in this scenario since we did not consider it.!
!

12
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discussion

- How to apply the interference!
   - Only to S or S+B?!
We apply it to S.!
!
- Does CMS plan to update/change this strategy for 13 TeV!
- On what time scale?!
We have not finalized the strategy for 13 TeV but some updates would be nice.  2HDM 
treatment and a common plan for h+H interference would be a good start.  The timescale 
is also not finalized though individual analysis are likely targeting the 2015 dataset.

13
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backup
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H→WW→lνlν

Extended in the range from 600-1000 GeV with respect to the individual 
channel paper 
Binning and selection re-optimized for high mass scenario

15

8 5 Data analysis
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Figure 1: Distributions of m`` (left) and mT (right) for the 0-jet DF category of the H ! WW !
`n`n search. The uncertainty in the background histograms includes the systematic uncertain-
ties on all background estimates. The W + jets distributions include the contributions from
QCD multijet processes as well. The red open histogram shows five times the expectation for a
mH = 400 GeV SM-like Higgs boson. The selection has been optimized to suppress the h(125)
contribution as explained in the text.

For the VBF production mode [101–104], the cross section is roughly ten times smaller than for
ggF at lower mH hypotheses and is roughly three times smaller at the highest mH hypothesis.
We optimize the selection in the 2-jet category to tag these VBF-type events by requiring the
mass of the dijet system to fulfill mjj > 500 GeV, and the angular separation of the two jets to
pass |Dhjj| > 3.5. Given the small event yield in this category, the signal extraction in the DF
category is performed using a one-dimensional fit in m`` where an mH dependent requirement
on the transverse mass is imposed. A counting analysis is performed in the SF category and is
used as a cross-check in the DF category.

The normalization of the background contributions relies on observed events rather than simu-
lation whenever possible, and exploits a combination of techniques [11, 12]. The tt background
is estimated by extrapolation from the observed number of events with the b-tagging require-
ment inverted. The DY background measurement is based on extrapolation from the observed
number of µ+µ� and e+e� events with the Z boson veto requirement inverted. The background
of W + jets and Quantum Chromodynamics (QCD) multijet events is estimated by measuring
the number of events with one loosely isolated lepton. The probability for such loosely isolated
nongenuine leptons to pass the tight isolation criteria is measured in observed data using mul-
tijet events. In the 0-jet and 1-jet bins, the nonresonant WW contribution is estimated from a fit
to the data while in the 2-jet bin it is estimated from simulation. Other backgrounds, such as
V+Z/g⇤ and triple boson production (VVV) are estimated from simulation and are small.

Experimental effects, theoretical predictions, and the choice of event generators (POWHEG,
GG2WW, MADGRAPH, PHANTOM) are considered as sources of systematic uncertainty, and
their impact on the signal efficiency is assessed. The overall signal normalization uncertainty
is estimated to be about 20%, and is dominated by the theoretical uncertainty associated with
missing higher-order QCD corrections and PDF uncertainties, estimated following the PDF4LHC
recommendations [74, 105–108]. The total uncertainty in the background estimation in the
H ! WW signal region is about 15% and is dominated by the statistical uncertainty in the
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H→WW→lνqq

HIG-13-027 
resolved jet analysis (lνjj), high stats, large backgrounds, inclusive jet bins 
HIG-14-008 
merged jet analysis from 600-1000 GeV, exclusive additional jet bins added 
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10 5 Data analysis

bution of the W+jets contribution is parameterized with a polynomial functional form deter-
mined through simulation. The parameters of the function are determined from the observed
data spectrum in the binned likelihood fit, which is also used to determine the exclusion lim-
its. The other background shape distributions are parameterized using simulation, and their
normalizations and uncertainties are included as nuisance parameters. Figure 2 depicts the
mWW distribution for the muon category for two different Higgs boson mass hypotheses. The
observed data are compared to background and signal expectations.
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Figure 2: The WW invariant mass distribution with the fit projections in the signal region
66 < mjj < 98 GeV, for the muon channel of the unmerged-jet category. The blue curve on the
left (right) shows 50 (5) times the expectation for a mH = 200 (500) GeV SM-like Higgs boson.

Experimental effects, theoretical predictions, and uncertainties due to the choice of fit functions
are considered as sources of systematic uncertainty. Because of the large background, the dom-
inant source of systematic uncertainty is the shape uncertainty of the W+jets mWW distribution,
followed by the normalization uncertainty that is extracted from the mjj fit. The main uncer-
tainty in the signal normalization stems from the uncertainty in the efficiency of the likelihood
discriminant selection.

5.2.2 Merged-jet category

In the highest mass range of this search, from 600 to 1000 GeV, the pT of the decaying W bosons
is typically greater than 200 GeV. At this pT, the daughter quarks of the hadronically decay-
ing W are often merged into a single jet to the point where traditional dijet searches cannot
be performed. For a signal mass of 600 GeV (1 TeV), and signal events falling in the detector
acceptance, approximately 65% (82%) of the hadronic W decay products are contained in a
cone of DR < 0.8; alternatively, approximately 10% (42%) of the hadronic W decay products
are separated by a distance of DR < 0.5 and would not be reconstructed by the standard CMS
AK5 jet finding algorithm. The larger cone CA8 jet affords more signal acceptance in the single
jet signature while not losing events when the decay products are separated by DR < 0.5. In
this case, we use jet substructure techniques for identifying jets that have originated from a
hadronically decaying W boson with high Lorentz boost.

As in the unmerged case, we use data collected with the single electron or muon trigger. The
dominant background is W+jets with a smaller background contribution from tt. Remaining
backgrounds arise from WW, WZ, ZZ, and single top quark production.
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H→WW→lνqq

HIG-13-027 
resolved jet analysis (lνjj), high stats, large backgrounds, inclusive jet bins 
HIG-14-008 
merged jet analysis from 600-1000 GeV, exclusive additional jet bins added 
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12 5 Data analysis
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Figure 3: The final WW invariant mass distribution is shown for the 0+1-jet bin category for the
muon channel only (left) and for the 2-jet bin category (right). Points represent the observed
data, shaded graphs represent the background and dashed graphs represent five times the
expectation for a mH = 800 GeV SM-like Higgs boson from ggF and VBF production, separately.

muons or taus (Z ! 2`‘, with `‘ = e, µ or t) [11, 19, 110]. This channel has extremely low back-
ground, and the presence of four leptons in the final state allows reconstruction and isolation
requirements to be very loose, leading to a high selection efficiency. This channel is one of the
most sensitive channels across the entire mass range.

For this analysis, we require triggers with two high-pT muons or electrons. The dilepton trig-
ger pT thresholds for the leading and trailing leptons were 17 and 8 GeV, respectively. Events
included in the analysis contain Z boson candidates formed from a pair of leptons of the same
flavor and opposite charge. Decay muons or electrons are required to be isolated, and to orig-
inate from the primary vertex. Muons (electrons) are required to have pT > 5(7)GeV and
|h| < 2.1(2.5), while taus are required to have a visible transverse momentum pT > 20 GeV
and |h| < 2.3. We reconstruct the Z ! tt in the following decay modes: Z ! thth, Z ! teth,
Z ! tµth, and Z ! tetµ. Overlap with the 2`2` channel is avoided by excluding events with
both taus decaying to electrons or muons.

For the 2`2` final state, the lepton pair with invariant mass closest to the nominal Z boson
mass, denoted Z1, is identified and retained if 40 < mZ1 < 120 GeV. The second Z boson,
denoted Z2, is then constructed from the remaining leptons in the event, and is required to
satisfy 12 < mZ2 < 120 GeV. If more than one Z2 candidate remains, the ambiguity is resolved
by choosing the leptons of highest pT. Amongst the four candidate decay leptons, at least one
should have pT > 20 GeV, and another should have pT > 10 GeV. This requirement ensures
that selected events correspond to the high-efficiency plateau of the trigger.

For the 2`2t final state, events are required to have one Z1 ! 2` candidate, with one lepton
having pT > 20 GeV and the other pT > 10 GeV. The leptons from leptonic decays of the tau
are required to have pT > 10 GeV. The invariant mass of the reconstructed Z1 candidate is
required to satisfy 60 < m`` < 120 GeV. The Z2 candidate mass reconstructed from the visible
tau decay products (visible mass), mtt, must satisfy 30 < mtt < 90 GeV for events with at
least one hadronically decaying tau, and 20 < mtt < 90 GeV for events with two leptonically
decaying taus. Events with both taus decaying to muons or electrons are excluded in order to
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H→ZZ→2l2l’

Few changes w.r.t. individual channel paper except for  
detailed study of the interference effect in ggH and VBF and signal 
shape parametrization (see talk from Stefano)
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14 5 Data analysis
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Figure 4: Distribution of the four-lepton reconstructed mass for the sum of the 4µ, 2µ2e, and
4e channels (left), and for the sum over all 2`2t channels (right). Points represent the observed
data, shaded histograms represent the background, and the red open histogram shows the
expectation for a mH = 350 GeV SM-like Higgs boson.

using the correlation of the aforementioned VBF discriminant with the four-lepton mass. In the
untagged 0/1-jet category the transverse momentum of the four lepton system is used in place
of the VBF discriminant. For the 2`2t final state, limits are set using the m2`2t distribution.

5.4 H ! ZZ ! 2`2n

This analysis seeks to identify Higgs boson decays to a pair of Z bosons, with one Z boson
decaying to neutrinos and the other decaying to leptons. The analysis strategy is based on
selection requirements in the (Emiss

T , mT) phase space, with selections adjusted for different mH
hypotheses [112]. Here, the transverse mass is determined between the transverse dilepton
system, ~p``T , and the ~Emiss

T .

As in the previous Section, we use data collected with the trigger requiring two high-pT elec-
trons or muons. Events are required to have a pair of well-identified, isolated leptons of same
flavor (µ+µ� or e+e�), each lepton with pT > 20 GeV, with an invariant mass within a 30 GeV
window centered on the Z boson mass. The pT of the dilepton system is required to be greater
than 55 GeV. The presence of large Emiss

T (70 GeV or more, depending on mH) in the event is
also required.

To suppress the Z+jets background, events are rejected if the angle in the transverse plane
between the ~Emiss

T and the closest jet with pT > 30 GeV is smaller than 0.5 radians. Events where
the lepton is mismeasured are rejected if Emiss

T > 60 GeV and Df(`,~Emiss
T ) < 0.2. The top quark

background is suppressed by applying a veto on events having a b tagged jet with pT > 30 GeV
and |h| < 2.5. To further suppress this background, a veto is applied on events containing an
additional, soft muon with pT > 3 GeV, typically produced in the leptonic decay of a b quark.
To reduce the WZ background, in which both bosons decay leptonically, any event with a third
lepton (µ or e) with pT > 10 GeV, and passing the identification and isolation requirements, is
rejected.

The search is carried out in two mutually exclusive categories. The VBF category contains
events with two or more jets in the forward region, with a |Dhjj| > 4 requirement between
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H→ZZ→2l2ν

Also, few changes w.r.t. individual channel paper except for updated 
signal treatment 
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Figure 5: The final transverse mass (left, center) and missing transverse energy (right) distri-
butions are shown for all three event categories of the H ! ZZ ! 2`2n channel: (left) events
with zero jets, (center) events with at least one jet, but not passing the VBF selection, (right)
VBF events. The expected distributions from the different background processes are stacked
on top of each other. The red open histograms show the expectation for a mH = 400 GeV SM-
like Higgs boson separating the ggF and VBF contributions. In the case of the 0-jet category,
the VBF contribution is multiplied by a factor of 10 to increase visibility.

with pT > 30 GeV, mjj > 500 GeV, and |Dhjj| > 3.5.

Analogously to the H ! WW ! `nqq channel, the analysis is modified for very high Higgs
boson masses (mH > 600 GeV) to account for the fact that the two jets originate from a Lorentz-
boosted Z boson and therefore they may be reconstructed as a single, merged jet (Sections 4
and 5.2.2). Information about the internal structure of this kind of jet [96] is used in order to gain
some insight about the origin of the jet, distinguishing the DY background from jets produced
from boosted Z bosons. To reduce the contamination from nonboosted Z + X backgrounds,
the selection for the merged-jet topology requires the hadronically decaying Z boson to have
pT > 100 GeV and |h| < 2.4, and the leptonically decaying Z boson to have pT > 200 GeV.

In order to exploit the different jet composition of signal and background, events are classified
into three mutually exclusive categories according to the number of selected b tagged jets: 0
b tag, 1 b tag, and 2 b tag. This distinction is not done in the VBF oriented selection where
the main discrimination is given by a multivariate discriminator for VBF topology based on
angular and energy information of the two VBF tag jets.

Background contributions are reduced by requiring 71 < mjj < 111 GeV and 76 < m`` <
106 GeV in the selected events. The presence of Z bosons decaying to leptons and dijets makes
this selection very efficient for signal, whereas the continuous background gets largely reduced.
In case of the merged-jet analysis, the dijet requirement is applied on the merged-jet mass, after
applying the pruning procedure.

An angular likelihood discriminant is used to separate signal-like from background-like events
in each category [64, 113]. In order to suppress the substantial expected tt background in the
2 b tag category, a discriminant is used, defined as the logarithm of the likelihood ratio of the
hypothesis that the Emiss

T is equal to the value measured by the PF algorithm and the null hy-
pothesis Emiss

T = 0 [84]. This discriminant provides a measure of whether the event contains
genuine missing transverse energy. When an event contains multiple Z boson candidates pass-
ing the selection requirements, those with jets in the highest b tag category are retained for
analysis. If multiple candidates are still present, the ones with mjj and m`` values closest to
the Z boson mass are retained. In the case of the merged-jet category all the requirements on
jets with respect to b tagging and the likelihood discriminant are applied to the two subjets
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reconstructed inside the merged jet. In case of events with a merged-jet Z boson candidate in
addition to a dijet one, the candidate from the merged jet gets selected.

The dominant Z+jets background is estimated using simulated events properly corrected to
reproduce the yield of the observed data in the control regions, defined as 60 < mjj < 71 GeV
and 111 < mjj < 130 GeV. Simulated events are weighted to reproduce the pT spectrum of
the ``jj system in these control regions. In case of the merged-jet category both the pT of the
`` and ``J systems have weights applied. The normalization of this distribution is taken from
observed data and used as an additional constraint for this background.

Other backgrounds are estimated using simulated events. These include diboson and top quark
events. In the VBF selection, the background from top quark events is small. In the ggF analysis
it is estimated from observed data using a control sample of eµ events, invoking lepton flavor
symmetry that is satisfied by several background contributions but not in the signal events.
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Figure 6: The mZZ invariant mass distribution after final selection in three categories of the
H ! ZZ ! 2`2q dijet channel: 0 b tag (left), 1 b tag (center), and 2 b tag (right). Points
with error bars show distributions of observed data. Solid histograms are depicting the back-
ground expectation from simulated events for the different components. The red open his-
togram shows the expectation for a mH = 400 GeV SM-like Higgs boson.

The distributions of mZZ in the signal region are shown in Fig. 6 for the three b tag multiplicities
of the dijet category comparing observed data with background expectations. Good agreement
is observed within the uncertainties. For the merged and VBF categories good agreement is
also observed. The dominant systematic uncertainties are due to the b-tagging performance
and the JES [90]. Further systematic effects are due to the uncertainty in the predicted signal
and background shapes used in the analysis. The distributions of mZZ in the signal region are
used to extract the final signal and background yields.

5.6 Systematic uncertainties

Systematic uncertainties for the various final states come from common treatment of the signal
model assumptions, reconstructed objects used in the analysis and a few common experimental
effects.

Uncertainties on the cross section for the production of heavy Higgs bosons arise from un-
certainties in the combined choice of the PDFs and as, as well as in the renormalization and
factorization scales [66], which are typically 6–7% and 7–12%, respectively, for the ggF produc-
tion mechanism, and 1–2% and 2–5%, respectively, for production via VBF. Additionally, we
add an uncertainty in the background coming from off-shell h(125) production, which we esti-
mate with GG2ZZ (PHANTOM) for the ggF (VBF) case. We find that at the largest mH values, the
size of the effect is approximately 3% of the total background. Uncertainties on the signal line-
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shape reweighting with interference varies for the ggF and VBF modes. For ggF, we follow the
prescription in Ref. [66], which considers the NNLO contribution to the signal interfering with
the gg ! ZZ background process. For VBF, without a full prescription, we assign systematic
uncertainties coming from renormalization and factorization scale variations in the PHANTOM
generator.

Other common systematic effects come from the luminosity uncertainty, which is 2.2% (2.6%)
for the 7 (8) TeV data. Uncertainties on the muon and electron reconstruction efficiencies, and
JES and jet energy resolution (JER) are correlated among the various final states, where all these
effects are subdominant. The lepton fake rate is largest for the H ! ZZ ! 2`2`0 channel, in
which we consider fake leptons at relatively lower pT than in the other channels. A summary
of the systematic uncertainties per channel is given in Table 2.

Table 2: Sources of systematic uncertainties considered in each of the channels included in this
analysis. Uncertainties are given in percent. Most uncertainties are affecting the normalisation
of the observed data or simulated events, but some are uncertainties on the shape of kinematic
distributions. Wherever ranges of uncertainties are given, they are either ranges in mH, jet
multiplicity categories, or dependent on the production mode.

Source of uncertainty H ! WW H ! WW H ! WW H ! ZZ H ! ZZ H ! ZZ
! `n`n ! `njj ! `nJ ! 2`2`0 ! 2`2n ! 2`2q

Experimental sources
Luminosity, 7 (8) TeV 2.2 (2.6) 2.2 (2.6) 2.2 (2.6) 2.2 (2.6) 2.2 (2.6) 2.2 (2.6)
` trigger, reco, id, iso 1–4 1–2 1–2 0.5–7 2–3 1.8–2
` mom./energy scale 2–4 0.5–30 1–2 0.1–0.4
` misid. rate 30
JES, JER, Emiss

T 2–35 <1 2 5–30 1 1–13
Pileup <1 1–3 1
b-tag/mistag 2.5 1–3 1–6
W-tag/Z-tag 7.5 0–9.3
Signal selection eff. 10 2
Monte Carlo statistics 1–20 1–2 0–6
Background estimates
tt, tW 20 7 6–30 25 0–15
Z+jets 40–100 20–42 100 16
ZZ 3 13–14 12
W+jets 40 0.6 8 25
WW 8–30 10 30 25
WZ, Wg⇤ 3–50 30 5.8–8.5
Theoretical sources
s(gg ! H) 10–13 10–11 11–13 10–13 10–13 10–13
s(qq ! H) 2.6–5.8 2.6–3.6 3.6–5.8 2.6–5.8 2.6–5.8 2.6–5.8
H lineshape 5 2–8 0–7
H–WW (ZZ) interference 1–27 10–50 10–50
Jet binning 7–35 7–35 30

6 Statistical interpretation
The combination of the measurements in the different channels presented in this paper requires
the simultaneous analysis of the data selected by all individual analyses, accounting for all sta-
tistical and systematic uncertainties, as well as their correlations. The statistical methodology
used in this combination was developed by the ATLAS and CMS Collaborations in the context
of the LHC Higgs Combination Group [12, 114, 115]. Upper limits on the model parameters


