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Top Background in HWW VBF Analysis
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• ggF : 0 and 1 jet
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• HWW has a large BR and a clean di-lepton signature

• Due to missing energy not suitable for mass 
measurements but provides a direct access to coupling 
measurement.

• HWW analysis separated into two categories 
depending on Higgs production modes:

• VBF: 2 jets
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VBF HWW
• VBF  - second largest production mode, purely EW 

process. 

• Two vector bosons radiated from the initial-state 
quarks producing a Higgs boson at the tree level.

• Specific signature: 

• 2 tag jets 

• large invariant mass of the two tag jets mjj 

• high rapidity gap between the two tag jets ΔYjj 

• no hadronic activity between the two tag jets (CJV) jj
 y∆
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VBF HWW analysis
• Apply a set of cuts after requiring two opposite sign leptons 

with pT > 25(15) GeV - more info. on slide 14, backup. 

•  Select  events with ≥ 2 jets (VBF production)  
and split the selection by di-lepton flavours  

• Introduce control regions for background normalisation - 
slide 16, backup. 

• Transverse mass mT is used to extract the signal strength.

May 15, 2014 – 19 : 23 DRAFT 24

5.5 Common Observables679

Common observables used in the whole H→WW(∗)→ ℓνℓν analysis are described in this section. While680

a class of observables is designed to reject reducible backgrounds, a so called “topological” class en-681

hances the Higgs decay topology over the irreducible WW background. Each jet bin uses different682

observables and cut values, hence only the definitions are summarized below. Detailed description of the683

selection will follow in dedicated sections.684

5.5.1 Background rejection685

• |mℓℓ−MZ |>15 GeV (Z-Veto): This cut is imposed at pre-selection level and removes events from686

the Z-peak.687

• ∆φll,Emiss
T

Azimuthal angle between the dilepton system and the E
miss,track,jetCorr
T

. Typically back-688

to-back for signal and most backgrounds. Events in which this angle is close to zero may have a689

mismeasured object and are rejected.690

• ee + µµ : frecoil: The cut on the soft activity recoiling the hard scatter system allows to effectively691

reject Z/DY background and is used in the pacman method which was developed to correct for692

the Z/DYbackground in a data-driven way. For more thorough description, see Section ??.693

• max MW
T : The transverse mass of each lepton is calculated with the E

miss,track,jetCorr
T

as if for a694

leptonic W decay, MW
T
=
√
(2pℓT E

miss
T

(1 − cos(ϕℓ − ϕE
miss
T ))). Processes with at least one real W695

boson typically have a large value of MW
T for at least one of the two leptons, so a lower bound on696

the maximum value of MW
T
rejects Z/γ∗ → ττ and QCD.697

• mττ < 66.19 GeV (Z/H → ττ-Veto): Under the assumptions of the Collinear Approximation698

Method (TBD cite) - the charged leptons seen are the products of the decay of a pair of τ leptons,699

the neutrinos emitted in these decays are collinear with the charged leptons, and these neutrinos700

are the only source of the observed Emiss
T

in the event - the energy fractions of the neutrinos can701

be computed. If they are physical, then the above cut is imposed. The jet corrected track missing702

transverse energy is used in the mττ calculation. This cut is imposed to all lepton flavours to703

suppress also H → ττ decays.704

• Nb-jet=0 (b-Jet Veto): Events containing any b-tagged jets are rejected, same as for 1 jet bin. The705

MV1 operating point was defined at 85% efficiency.706

• pT,ll Transverse momentum of the dilepton system. Related to the topological cuts but especially707

effective at rejecting Drell-Yan.708

5.5.2 Topological cuts to enhance Higgs signal709

• ∆φℓℓ The products of the leptonic H → WW decay tend to be more colimated than decay products710

emerging fromWWbackground decay because of the spin zero initial state in the resonant process.711

• mℓℓ The invariant mass of the two leptons originating from the hard scattering interaction.712

• mT: As done in Ref. [?], mT [53][54] is used to fit for a signal. No cut is applied on this variable;713

instead a fit to its distribution is performed as described in Sec. 12.4.714

The definition is:715

mT =

√

(Eℓℓ
T
+ Emiss

T
)2 − |pℓℓ

T
+ Emiss

T |2,

DF: eμ  - most sensitive SF: μμ / ee - large DY bkg.
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3.3 Final selection427

The final selection is divided into four categories: tt̄ cuts, Z cuts, VBF cuts, and Higgs topological428

cuts. The collection of plots for every variable are given in Figs. 34–41 in Appendix A. The final mT429

distribution at the end of the cutflow for the unblinded MC is shown in Fig. ??.430

431

“tt̄ cuts” to reject top background.432

• Nb-jet=0: Events containing any b-tagged jets are rejected as done in Ref. [1].433

• ptot
T
<45 GeV: The total transverse momentum ptot

T
, the magnitude of pl1

T
+pl2

T+Emiss
T +

∑

p
jets
T

, sup-434

presses events with significant soft gluon radiation that recoils against the ℓℓ + 2 j system with no435

high-pT jets.436

“Z cuts” to reduce Drell-Yan background.437

• eµ+µe: |mττ−MZ |>25 GeV: Under the certain assumptions—the charged leptons seen are the prod-438

ucts of the decay of a pair of τ leptons, the neutrinos emitted in these decays are collinear with439

the charged leptons, and these neutrinos are the only source of the observed Emiss
T

in the event—440

the energy fractions of the neutrinos can be computed. If they are physical, then the above cut is441

imposed.442

• ee+µµ: |mℓℓ−MZ |>15 GeV: This cut is imposed at pre-selection.443

“VBF cuts” to reduce all backgrounds.444

• ∆y j j>2.8: The tag jets are separated in rapidity (∆y j j) for signal processes.445

• m j j>500 GeV: The invariant mass of the tag jets (m j j) is required to be at least 500 GeV.446

• Ncentral-jet=0: Events with central jets are rejected (CJV). Despite the fact that the requirements on447

a third jet bring more uncertainty arising from the JES Uncertainty and theory, the optimizations448

show a gain in sensitivity in applying a CJV. The full study on the 13.0 fb−1 is described in Sec. F;449

results are not expected to change with the reprocessed data set.450

• OLV: The two charged leptons must have rapidities that are between the tag jets’ rapidities, the451

so-called outside-lepton veto (OLV). Figure 39 shows blinded data and MC distributions after the452

previous cut. The charged lepton configurations of the with respect to the rapidity volume of the453

jets are shown.454

“Higgs topological cuts” to select spin-0 decays.455

• ∆φℓℓ<1.8: Identical to Ref. [1].456

• mℓℓ<60 GeV: Identical to Ref. [1].457

• mT: As done in Ref. [1], mT [10][11] is used to fit for a signal. No cut is applied on this variable;458

instead a fit to its distribution is performed as described in Sec. ??.459

The definition is:

mT =

√

(Eℓℓ
T
+ Emiss

T
)2 − |pℓℓ

T
+ Emiss

T |2,

where Eℓℓ
T
=

√

|pℓℓ
T
|2 + m2

ℓℓ
.460

Table 5 summarizes the changes with respect to the ones used in ICHEP for eµ+µe.461
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Event yields at the end of event selection:
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(c) mT for Njet = 1, eµ+ µe
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(d) mT for Njet = 1, ee+ µµ
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(e) mT for Njet ≥ 2, eµ+ µe
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Figure 4: Distribution of the transverse mass, mT, for 8 TeV data. The plots are shown for the eµ+ µe

(left) and ee+ µµ (right) channels in Njet = 0 (top), Njet = 1 (middle), and Njet ≥ 2 modes (bottom). The
distributions are shown prior to splitting the samples into two mℓℓ regions for the eµ+ µe channel in

the Njet = 0 and = 1 modes, as described in Table 2. The visible signal is stacked at the top of the

background. For the Njet ≥ 2 mode, the signal is plotted separately for the ggF and VBF production
processes. The shaded area represents the uncertainty on the signal and background yields from

statistical, experimental, and theoretical sources.
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ATLAS-CONF-2013-030 

eμ

ee/μμ
mT in SRmT in SR

eμ μμ + ee 
WW 3.5 ± 0.4 2.8 ± 0.3

top 4.4 ± 0.7 4.0±0.6

Z/γ 1.9 ± 0.5 25±2

W+jets 0.6 ± 0.3 0.1 ± 0.2

VV 0.6 ± 0.2 1.6 ± 1.1

ggF 1.3 ± 0.1 0.7 ± 0.1

Total bkg. 12±1 34±2

VBF signal 5.1 ± 0.1 3.7 ± 0.1

Observed 23 42
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Figure 2: Jet multiplicity for events in 8 TeV data. The plots are shown for the (a) eµ+ µe and (b)

ee+ µµ channels after pre-selection and Emiss
T,rel
> 25GeV and > 45GeV, respectively. The signal is too

small to be seen. The shaded area represents the uncertainty on the signal and background yields from

statistical, experimental, and theoretical sources.

vectorial sum pT of the low-pT jets in the φ quadrant opposite p
ℓℓ
T
for Njet = 0 and p

ℓℓ j
T
for Njet = 1.

Low-pT jets are defined as those with pT > 10GeV and below the previously mentioned nominal

thresholds. Each low-pT jet is weighted by its JVF value. The frecoil distribution of DY events is

distinct from that of non-DY processes, because of the different topology of DY and other events in

the dilepton sample. The dilepton system in DY events is balanced by soft hadronic activity, resulting

in large values of frecoil, whereas the dilepton system in WW, top, signal, and similar processes is

balanced by a combination of recoiling neutrinos and soft hadronic activity, which results in small

values of frecoil. Figure 1d shows the frecoil distributions for DY, non-DY and signal processes in

simulated events.

3.4 Analyses categorised in Njet

The signal selection strategy depends on the jet multiplicity (Njet) as do the rate and the composition

of the backgrounds. For Njet ≤ 1 the signal originates almost entirely from the ggF process and WW
events dominate the background composition. For Njet ≥ 2 the signal is mostly from the VBF process
and tt̄ events dominate the background. Figures 2a and 2b show the multiplicity distribution of jets in

the eµ+ µe and ee+ µµ channels for all events satisfying pre-selection described and the requirement

on Emiss
T,rel
(see Table 2). Table 2 summarises the selection described in this section.

For all jet multiplicities, a set of topological selections takes advantage of the configuration of

the two leptons. The leptons emerge in the same direction due to the spin correlations of H→WW(∗)

decay and the V − A structure of the W decay. The leptons’ invariant mass is required to be small,
mℓℓ < 50GeV for Njet ≤ 1 and mℓℓ < 60GeV for Njet ≥ 2, and their azimuthal gap is also required to be
small, |∆φℓℓ |< 1.8 radians. The distributions of mℓℓ and mT are used to extract the signal strength;
these variables are introduced later in Section 3.5.

The analysis is divided into Njet = 0, = 1, and ≥ 2. In the Njet = 0 analysis, the following criteria
improve the rejection of the DY background and multi-jet background. The missing transverse mo-

mentum is required to be large. For eµ+ µe, the selection is Emiss
T,rel
> 25GeV. For ee+ µµ, the selection

is tighter, Emiss
T,rel
> 45GeV and pmiss

T,rel
> 45GeV, because of the large DY background from Z/γ∗→ ℓℓ.

6

DF

SR, after preselection

Njets

VBF signal



Top background
• The most dominant background, especially for DF final states. 

• Define a top-enriched region (CR), requiring exactly one b-tagged jet since VBF 
phase space cuts prefer ttbar events with 1 true b-jet and one additional (ISR/FSR?) 
jet as leading jets. 

• Normalise top background using data in order to scale MC predictions in SR.
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as originating from the b quark shows, that the Nb-jet = 1 selection results in best proximity of the top1614

control region to the signal region in the phase space. The study was performed with the most up to date1615

object definition and confirms the previous conclusions, for more details see Appendix C1616

The basic selection of the VBF top control region is defined as1617

• exactly two opposite sign leptons1618

• pT,LeadLept > 22 GeV, pT,S ubLeadLept > 15 GeV1619

• njet ≥ 21620

• exactly one b−Jet.1621

The data-derived cut-by-cut normalization factors to scale the MC predictions are computed by tak-1622

ing the ratio of data and top backgrounds, where the non-top contributions are subtracted from the data.1623

The assumption implicit in this approach is that any mismodeling of the VBF criteria is independent of1624

lepton flavour,therefore the normalization factors are derived from a combined eµ + µe and ee + µµ top1625

control region. The correction can be expressed mathematically by1626

NSR, est.top = NSR, MCtop ·
NCRdata − N

CR
other

NCR, MCtop
︸!!!!!!!!!!!︷︷!!!!!!!!!!!︸

NFtop

=
NSR, MCtop

NCR, MCtop
︸!!!!︷︷!!!!︸

CR to SR extrap’n

·
(

NCRdata − N
CR
other

)

(62)

In VBF cutbased analysis, the normalization factors are applied through the cutflow and are summa-1627

rized in table 109 which is located at the end of the section describing the Z −DY background treatment.1628

The final NF which is after Zττ veto cut, amounts to be 0.96 ± 0.09. As for VBF BDT analysis, there1629

are three BDT bins in the final signal region, two NFs are derived separately for the first bin and the last1630

two bins combined. Due to the lack of statistics in the last two bins, they are merged together to get the1631

a single NF. The NF is calculated to be 1.54 ± 0.14 for the first bin, and 0.92 ± 0.30 for the last two bins.1632

5.5.1 Control Plots in top CR1633

In this sub-section, relevant plots in the top control region are presented. Since the derivation of the top1634

normalization factor is performed for all lepton flavours integrated scenario, same logic is used in the1635

plot presentation. Plots present - similarly as for the signal region - always the kinematic distribution,1636

which will be cut on in the next step of the cutflow.1637

5.6 Summary of Normalization Factors1638

Normalization factors for the top background, used to scale the expected background yields from top1639

events in plots other than for those made for the top control region itself, are derived from the agree-1640

ment between data and the MC. The 0-jet and 1-jet channels require special treatment, as is described in1641

Sec. 5.2 and Sec. 5.3. The normalization factors do not directly affect the final results in theH→WW (∗)→ ℓνℓν1642

analysis, for that all control regions in 1-jet and 2-jet channels are implemented in a systematic way in1643

the full likelihood. The normalization factors are a first guess at the appropriate background normaliza-1644

tion and are solely used to give a more accurate representation of the final background expectations when1645

making plots. Table. 56 summarizes the observed normalization factors in the 0-, 1- and 2-jet multiplicity1646

bins. They are all found to be consistent with one, and within the theoretical uncertainties on the cross1647

sections in the various jet multiplicity bins. The cross section uncertainty in the table is total tt inclusive1648

uncertainty.1649

NF= 0.59 ± 0.07(stat.)

15% theory uncertainty 
- comparing MC@NLO 
(baseline) and Alpgen.
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Additional jets in top CR
• Top bkg. estimation is sensitive to modelling of 

additional jets. 
• How important is ISR/FSR for VBF HWW? 

Should we include it in our top systematics? 
• Our ISR/FSR strategy: 

• use two samples with increased (morePS) and 
decreased (lessPS) ISR/FSR - tuning I/FSR 
parameters in Pythia - slide 21/22, backup. 

• central value is produced by AcerMC
+Pythia - a leading order generator 

• estimate the I/FSR systematics as:  

• ISR/FSR systematic limited by the systematic 
and statistical uncertainty from the data-driven 
gap fraction analysis.

ATLAS Data, EPJ C72 (2012) 2043

POWHEG+PYTHIA6, P2011C
ACERMC+PYTHIA6, More PS
ACERMC+PYTHIA6, Less PS
MADGRAPH+PYTHIA6, Z2
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• Study the fraction of events which 
do not contain an additional jet in 
different η region with pT > Q0.

• di-lepton    channel with 2 
b-tagged jets: easy to identify 
additional jets!

Kiran.Joshi@cern.ch8 - 10 Jan 2013

Measurements constraining uncertainties

• Study the fraction of ttbar events which do not contain an 
additional jet, in a central rapidity region, with pT > Q0.
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• Use dilepton-channel events with two tagged 
b-jets, to easily identify any additional jet(s).

fgap(Q0) =
ngap(Q0)

Ntt̄

fgap(Qsum) =
ngap(Qsum)

Ntt̄

• Alternatively take the sum of the pT of jets falling 
into each rapidity region and define:

• Four rapidity regions:    |y| < 0.8,    0.8 ≤ |y| < 1.5,    1.5 ≤ |y| < 2.1,    |y| < 2.1

• Measurement corrected for detector effects and presented in a well-defined fiducial region.
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Measurements constraining uncertainties

• Study the fraction of ttbar events which do not contain an 
additional jet, in a central rapidity region, with pT > Q0.
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• Measurement corrected for detector effects and presented in a well-defined fiducial region.

   

 
 

Gap Fraction analysis

tt 

Friday, December 6, 13

0.5* (morePS - lessPS)

Yellow band: total experimental uncertainty  
on data (statistical and systematic)

from ATL-PHYS-PUB-2014-005
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ISR/FSR at NLO

When using an NLO generator (already has 1 parton in ME) the spread 
between morePS(radHi) and lessPS(radLO) variations is smaller!

N.Valencic, Higgs Hunting 2014, Orsay 
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ISR/FSR - a truth level study
• To verify the results, perform a generator 

level study using MC@NLO(v4.10) + 
Herwig(v6.521,fortran) ttbar sample. 

• Control the amount of ISR/FSR by modifying  
parameters in Herwig (private communication 
with prof. Bryan Webber): 

➡ varying the veto on emissions in the 
parton showers with pT > SCALUP. 
 
 
 

• Variations apply only to the events with a real 
emission in the NLO part (produced by an NLO ME). 

• By construction a beyond NLO effect and 
expected to be small.

N.Valencic, Higgs Hunting 2014, Orsay 8
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SCALUP = A ← ISCA = 0 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• Maximal variations of XSCA and ISCA 
have only a small effect on kinematic 
distributions - more on slide 23, backup. 

•  When using an NLO generator the 
effect of ISR/FSR is only at the percent 
level.

Since ISR/FSR systematic is negligible 
compared to other leading sources it is 
not included in top theory systematic.

more on slide  
22 - backup.
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Summary
• A brief overview of HWW analysis was presented, with a greater focus on VBF production 

mode and top background. 

• The top background theory systematic in VBF HWW analysis is estimated by comparing 
extrapolation factors for MC@NLO (baselineNLO) and Alpgen (multi-leg) generators and is 
found to be 15% (39% total uncertainty on the top background). 

• What is the magnitude of ISR/FSR systematic? Should it be included in the top theory 
systematic?  

• Estimating ISR/FSR systematic by a LO generator gives a larger estimation than when using an 
NLO generator (already models one additional jet). 

• Additional checks were performed by privately produced MC@NLO + Herwig (NLO) ttbar 
sample at the truth level with varied ISR/FSR contribution. 

• Maximal variations of the parameters controlling ISR/FSR in Herwig show discrepancies only at 
the percent level. 

• ISR/FSR effects on the ttbar background are found to be small and therefore do not 
constitute as a relevant source of systematic uncertainty on this crucial background in the 
HWW VBF measurement.

N.Valencic, Higgs Hunting 2014, Orsay 9 new results coming soon!



Thank you for your attention!
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Backup
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Cuts in VBF HWW
VBF cutbased 
analysis stage cut value

preselection

lepton pT > 25(15) for leading 
(subleading) lepton

m > 10(12) GeV for DF(SF)

lepton charge opposite

Z/DY rejection

MET > 20(45,[35]) GeV for DF(SF 
[STVF] )

Z/γ-veto (SF only) |mll

Z/γ-ττ veto (DF only) |mττ

top bkg. rejection
b-veto ✓

pT < 45GeV

VBF decay topology

m > 500 GeV

|ΔY >  2.8 

CJV ✓ (< 20 GeV)

OLV ✓

H->WW->lvlv decay 
topology

|Δφ < 1.8

m < 60 GeV

m discriminating variable

N.Valencic, Higgs Hunting 2014, Orsay 14



Object selection

15

• Single lepton trigger     pT >24 GeV 
• Leading lepton             pT >24 GeV 
• Subleading lepton        pT >15 GeV 
• Electrons                      |η|<2.47 
• Muons                          |η|<2.5 
• Tracks                          Isolation and impact parameter cuts

• Jets                              Anti-kT with R=0.4 
• Central Jets in VBF      Anti-kT with R=0.4,  pT >20 GeV 
• B-tagging                     Neural Network at 85% operating point.

• MET              Calorimeter based 
• METSTVF         Calo. weight the unassociated clusters by fJVF 
• METtrk           Track based

leptons: 

jets: 

MET: 

N.Valencic, Higgs Hunting 2014, Orsay 



Backgrounds in VBF HWW
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Z/DY - MET
CR: |Δφll|>2.8+b-jet, pTtot,mll

using MET-mll distribution in data to  
extrapolate to SR

Z    ττ (DF): estimated by CR

Z   ll (SF): data-driven estimation

background eμ μμ + ee 

WW 3.5 ± 0.4 2.8 ± 0.3

top 4.4 ± 0.7 4.0±0.6

Z/γ 1.9 ± 0.5 25±2

W+jets 0.6 ± 0.3 0.1 ± 0.2

VV 0.6 ± 0.2 1.6 ± 1.1

ggF 1.3 ± 0.1 0.7 ± 0.1

VBF signal 5.1 ± 0.1 3.7 ± 0.1

Total bkg. 12±1 34±2

Observed 23 42

Number of events at the end of 
the cutflow.

7%

24%

29%
4%

21%

11%3% 10%
12%

9%
66%

DF SF
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Complete Event Yields
Table 10: Selection table for Njet ≥ 2 in 8 TeV data. More details are given in the caption of Table 8.
In this table, the Nsig,ggF is included in Nbkg; the Nsig,VH is included in Nsig,VBF, but the contributions

are negligible after the VBF-related criteria. The y gap is described in Table 2.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig,VBF

Njet ≥ 2 48723 47740± 80 43± 1
Nb-jet = 0 5852 5690± 30 31± 1
ptot
T
< 45 4790 4620± 30 27± 1

Z→ ττ veto 4007 3840± 30 25± 1
|∆y j j |> 2.8 696 680± 10 12± 0.2
mj j > 500 198 170± 4 7.5± 0.1
No jets in y gap 92 77± 2 6.3± 0.1
Both ℓ in y gap 78 59± 2 6.1± 0.1
mℓℓ < 60 31 16± 1 5.5± 0.1
|∆φℓℓ |< 1.8 23 12± 1 5.1± 0.1

Nsig,ggF NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

67± 1 940± 10 300± 20 41800± 70 2370± 20 1800± 30 440± 10
49± 1 690± 10 200± 10 2930± 20 350± 10 1300± 20 171± 5
41± 1 590± 10 160± 10 2320± 20 290± 10 1100± 20 126± 4
38± 1 540± 10 140± 10 2150± 20 260± 10 600± 20 108± 4
9.5± 0.3 100± 2 25± 3 380± 10 55± 3 95± 5 19± 2
2.9± 0.2 34± 1 5.6± 0.6 93± 3 11± 1 19± 2 4.4± 0.7
1.7± 0.2 25± 1 2.8± 0.4 30± 2 5.2± 0.8 9± 1 3.1± 0.6
1.6± 0.1 19± 1 2.1± 0.3 22± 1 4.3± 0.7 7± 1 2.4± 0.5
1.5± 0.1 3.8± 0.4 0.7± 0.2 4.5± 0.7 0.7± 0.3 4.4± 0.8 1.0± 0.4
1.3± 0.1 3.5± 0.4 0.6± 0.2 3.7± 0.7 0.7± 0.3 1.9± 0.5 0.6± 0.3

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig,VBF

Njet ≥ 2 32877 32300± 100 26± 0.7
Nb-jet = 0 65388 6370± 80 19± 0.6
ptot
T
< 45 4903 4830± 70 17± 0.5

|∆y j j |> 2.8 958 930± 30 8.1± 0.2
mj j > 500 298 245± 6 5.5± 0.1
No jets in y gap 147 119± 4 4.7± 0.1
Both ℓ in y gap 108 85± 3 4.5± 0.1
mℓℓ < 60 52 40± 2 4.0± 0.1
|∆φℓℓ |< 1.8 42 34± 2 3.7± 0.1

Nsig,ggF NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

40± 1 540± 6 180± 10 24540± 60 1390± 20 5420± 90 190± 10
30± 1 390± 5 130± 10 1750± 20 200± 10 3810± 80 58± 4
24± 1 340± 4 92± 5 1370± 10 170± 10 2790± 70 43± 3
6.2± 0.3 61± 2 12± 1.3 252± 6 35± 2 560± 30 6± 1
2.1± 0.2 23± 1 4.1± 1.1 62± 3 9± 1 142± 5 1.4± 0.6
1.1± 0.1 17± 1 2.8± 1.1 19± 1 4.1± 0.7 74± 3 0.7± 0.4
0.9± 0.1 12± 1 2.3± 1.1 14± 1 3.1± 0.6 51± 3 0.3± 0.3
0.8± 0.1 3.2± 0.3 1.6± 1.1 3.7± 0.6 0.8± 0.3 30± 2 0.1± 0.2
0.7± 0.1 2.8± 0.3 1.6± 1.1 3.3± 0.5 0.7± 0.3 25± 2 0.1± 0.2

Table 11: Summary selection table for 8 TeV data for events in the mT range noted in Section 3.5. The

uncertainty on Nbkg accounts for the correlations among the sources. More details are given in the

caption of Table 7.

Njet Nobs Nbkg Nsig

= 0 831 739± 39 97± 20
= 1 309 261± 28 40± 13
≥ 2 55 36± 4 10.6± 1.4

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

551± 41 58± 8 23± 3 16± 2 30± 10 61± 21
108± 40 27± 6 68± 18 27± 10 12± 6 20± 5
4.1± 1.5 1.9± 0.4 4.6± 1.7 0.8± 0.4 22± 3 0.7± 0.2

no signal and µ = 1 corresponding to the SM hypothesis. As the parameter of interest it is allowed

to move freely to best fit the data. The expected signal and background yields in the Poisson are

allowed to vary within the allowed range of the relevant systematic uncertainties. Such an uncertainty

is parametrised by the corresponding nuisance parameter θ (its collection is θ) that is constrained by

the Gaussian. The parametrisations are implemented as log-normal distributions in order to restrict

the nuisance parameters from taking unphysical values.

The signal strength µ is found by maximisingL that is defined using the mT distribution for events
after the selections in Tables 8–10. As mentioned in Section 3.5, the samples for the eµ+ µe channel

in Njet ≤ 1 are split at mℓℓ = 30GeV, treating them as separate signal regions. The full mT distribution
is divided into five, three, and four bins for Njet = 0, = 1, and ≥ 2, respectively. For Njet ≤ 1, the bins are

23

Units for m, p in GeV. Only statistical uncertainties.

For VBF HWW:
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Signal Strength and Systematic 
Uncertainties for VBF HWW
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 W+jets

ATLAS
-1 Ldt = 20.7 fb∫ = 8 TeV  s

 2 j≥ + νµνe→WW*→H

Observed Signal Total Bkg

55 10.9±1.4 36 ± 4

μobs (VBF)=1.7±0.7(stat)± 0.4(syst)

Fitting mT to extract signal strength:

Final event yields:

source relative uncertainty on bkg. [%]
b-tagging efficiency 7.88
QCD scale VV+2jets 7.61
top bkg. theory syst. 5.43

JER 3.9
top normalisation using CR 3.85

QCD scale VV accept 3.62
JES 2012 modelling 2.72
JES FlavComp HWW 2.32

QCD scale, ggF+2jets H Xsec 2.32
QCD scale ggF+3jets H Xsec 2.3

Top 10 leading bkg. relative 
uncertainties on the total bkg. yields 
in the combined eμ+μe VBF channel 

The best-fit measured signal strength 
for mH=125GeV for 7 and 8TeV data:
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Figure 14: Likelihood contours for separate ggF and VBF signal strength parameters (a) and the

likelihood curves for the ratio of the ggF/VBF strength parameters (b). H→WW(∗)→ ℓνℓν analysis

uses the combined 7 and 8 TeV data.

The corresponding expected value in Ref. [49] is 1± 0.32 (stat.)± 0.42 (syst.). For both analyses, the
systematic uncertainty includes a small but non-negligible contribution from the statistical uncer-

tainty on the analysis inputs derived from simulation. The expected precision is improved relative to

Ref. [49] primarily because of the reduced extrapolation uncertainties from the WW control region

in Njet = 0 and the increase in integrated luminosity. The statistical and systematic uncertainties are

comparable in the current analysis.

The observed value of the product of the inclusive cross section σ(pp→H) and branching ratio
B(H→WW) for a signal at mH = 125GeV—after dividing out the predicted SM cross section, assum-
ing the noted mass for the signal acceptance, and removing the associated uncertainties on the signal

yield—is

(σ · B)obs, 8 TeV = 6.0± 1.1 (stat.)± 0.8 (theo. syst.)± 0.7 (expt. syst.)± 0.3 (lumi.) pb
= 6.0± 1.6 pb.

The corresponding expected value is

(σ · B) exp, 8 TeV = 4.8± 0.6 (cross section)± 0.2 (branching ratio) pb
= 4.8± 0.7 pb.

The expected value is slightly smaller than the observed value, but they are consistent within the

uncertainties.

The predicted value of σ · B has been computed as the sum of the values reported in Ref. [61]
(updated in Ref. [79]) for the production modes (ggF, VBF, and VH) used to evaluate the signal

acceptance. The associated theoretical uncertainties are added linearly following the prescription in

Ref. [79].

A cross-check of the results has been done using the yields in the mT ranges described in Sec-

tion 3.5 in lieu of the distribution. Table 11 gives the corresponding event yields and the uncertainties.
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Table 13: Leading uncertainties on the signal strength µ for the combined 7 and 8 TeV analysis.

Category Source Uncertainty, up (%) Uncertainty, down (%)

Statistical Observed data +21 −21
Theoretical Signal yield (σ · B) +12 −9
Theoretical WW normalisation +12 −12
Experimental Objects and DY estimation +9 −8
Theoretical Signal acceptance +9 −7
Experimental MC statistics +7 −7
Experimental W+ jets fake factor +5 −5
Theoretical Backgrounds, excludingWW +5 −4
Luminosity Integrated luminosity +4 −4

Total +32 −29

7.3.1 VBF results and measurement of couplings

Statistical tests of a VBF signal are performed on the 7 and 8 TeV data by considering the ggF signal

as part of the background. The test defines µVBF, the signal strength parameter associated with the

VBF process, as the parameter of interest. The ggF signal strength µggF is profiled, and is constrained

mainly by the Njet ≤ 1 signal regions.
The expected VBF signal significance at mH = 125GeV is 1.6 s.d. (p0 = 0.05). The corresponding

observed significance is 2.5 s.d. (p0 = 0.007), but the highest value of 2.5 s.d. (p0 = 0.006) occurs

at mass mH = 115GeV. Figure 12a compares the observed p0 with the expected distribution in the

presence of a signal. The 95% CL exclusion on σ/σSM is shown in Fig. 12b. In the absence of a VBF

signal, the expected exclusion is mH > 130GeV. However, the observed exclusion is mH > 147GeV.

Figure 13 shows µ vs. mH . The best-fit measured signal strength at mH = 125GeV is

µobs, VBF = 1.66± 0.67 (stat.)± 0.42 (syst.)
= 1.66± 0.79.

Similarly, µggF has been measured on the 7 and 8 TeV data by considering the VBF signal as part

of the background. In this test, µVBF is constrained mainly by the Njet ≥ 2 signal region. The best-fit
signal strength at mH = 125GeV is

µobs, ggF = 0.82± 0.24 (stat.)± 0.28 (syst.)
= 0.82± 0.36.

A two-dimensional likelihood scan of the signal strength for the ggF and VBF production modes

is shown in Fig. 14a. Since the signal strengths in the VBF,WH, and ZH production modes scale with

the VH coupling, the three strengths are grouped together. The results are consistent with the expected

SM values of unity. Figure 14b shows the likelihood curves for the ratio µVBF+VH/µggF+tt̄H from the

H→γγ, H→ZZ(∗)→4ℓ, H→ττ, and H→WW(∗)→ ℓνℓν analyses. The branching ratio dependence

of the individual channels cancels in the ratio so that the compatibility of the measurements in the

various channels can be compared. The H→WW(∗)→ ℓνℓν channel has a larger best-fit ratio than the

other channels, but is consistent with the H→γγ and H→ZZ(∗)→4ℓ results at 68% CL.
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H→γγ, H→ZZ(∗)→4ℓ, H→ττ, and H→WW(∗)→ ℓνℓν analyses. The branching ratio dependence

of the individual channels cancels in the ratio so that the compatibility of the measurements in the

various channels can be compared. The H→WW(∗)→ ℓνℓν channel has a larger best-fit ratio than the

other channels, but is consistent with the H→γγ and H→ZZ(∗)→4ℓ results at 68% CL.
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contributes relatively little to the sensitivity.

The modified frequentist method known as CLs [75, 76] is used to compute 95% confidence level

(CL) exclusions and the p0 value. The method uses a test statistic qµ, a function of µ that depends on

the profiled values θ̂µ, θ̂, and µ̂: qµ =−2 ln
(

L(µ; θ̂µ)/L(µ̂; θ̂)
)

. The denominator does not depend on µ.

The quantities µ̂ and θ̂ are the values of µ and θ, respectively, that unconditionally maximise L. The
numerator depends on the values θ̂µ that maximise L for a given value of µ. For the limit calculation
the range of µ̂ is restricted, 0≤ µ̂≤ µ, so that the results are physical.
The p0 value, the probability to obtain a value of q0 larger than the observed value under the

background-only hypothesis, is computed with qµ evaluated at µ= 0. The µ̂ is allowed to be negative,

and the correponding q0 also becomes negative, to be able to quantify downward fluctuations.

The combined results for the 7 and 8 TeV data account for the correlations between the analyses

due to common systematic uncertainties. The correlation of all respective nuisance parameters is

assumed to be 100% except for those that are statistical in origin or have a different source for the two

datasets. Uncorrelated systematics include the statistical component of the jet energy scale calibration

and the luminosity uncertainty. The W+ jets systematic uncertainty, and all theoretical uncertainties,

are treated as correlated.

In the following sections, the results are reported with the signal significance in units of standard

deviation (s.d.) and the corresponding p0 value, the 95% CL exclusion curves, the signal strength

parameter µ, and a two-dimensional plot of µ vs. mH .

7.3 Combined 7 and 8 TeV results

The expected and observed results are given for 7 and 8 TeV data combining the jet multiplicities. The

expected signficance of the signal with mH = 125GeV is 3.7 s.d. (p0 = 1× 10−4). The corresponding
observed signficance is 3.8 s.d. (p0 = 8× 10−5), but the highest value of 4.1 s.d. (p0 = 2× 10−5) occurs
at mH = 140GeV. Figure 10a shows that the p0 curve is flat around mH = 125GeV due to limited mass

resolution. Figure 10b shows that a Standard Model Higgs boson is expected to be excluded at 95%

CL down to a mass of mH = 119GeV. The observed exclusion is for mH > 133GeV.

The excess of events is quantified for a signal at mH = 125GeV by

µobs = 1.01± 0.21 (stat.)± 0.19 (theo. syst.)± 0.12 (expt. syst.)± 0.04 (lumi.)
= 1.01± 0.31.

Table 13 lists the sources of the uncertainties on µ. The dominant systematic uncertainty is the

theoretical uncertainty on the WW background normalisation. Another important contribution is the

experimental systematic uncertainty, which is dominated by contributions from the b-tagging effi-

ciency and the jet energy scale and resolution (See Table 12). A significant contribution comes from

the normalisation of the signal yield including the uncertainty on the cross section and the branching

ratio. This uncertainty has an asymmetric effect on µ, even though the uncertainty on σSM is close

to symmetric, because σSM appears in the denominator of µ. This uncertainty is reduced compared

to the yield uncertainties as shown in Table 12 on the Njet = 0, = 1, and ≥ 2 modes because the anti-
correlated components mostly cancel. Figure 11a shows that the observed µ vs. mH is consistent with

the expected distribution in the presence of a signal; the µ increases at lower values of mH due to the

decreasing expected σ · B for the signal. Figure 11b shows a scan of the likelihood in the µ-mH plane;
the H→WW(∗)→ ℓνℓν result is compared to that of H→ZZ(∗)→4ℓ [77] and H→γγ [78].
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Table 9: For the H→WW∗→ ℓνℓν analysis of the 8 TeV data, the
numbers of events observed in the data and expected from signal
(mH = 125.5 GeV) and backgrounds inside the transverse mass re-
gions 0.75mH <mT <mH for Njet ≤ 1 and mT < 1.2mH for Njet ≥ 2.
All lepton flavours are combined. The total background as well as its
main components are shown. The quoted uncertainties include the sta-
tistical and systematic contributions, and account for anticorrelations
between the background predictions.

Njet = 0 Njet = 1 Njet ≥ 2

Observed 831 309 55
Signal 100±21 41± 14 10.9±1.4
Total background 739±39 261±28 36±4

WW 551±41 108±40 4.1±1.5
Other VV 58±8 27± 6 1.9±0.4
Top-quark 39±5 95± 28 5.4±2.1
Z+jets 30±10 12± 6 22±3
W+jets 61±21 20± 5 0.7±0.2

those used to normalise the backgrounds, illustrates the
quality of the background estimates. The expected num-
bers of signal and background events at 8 TeV are pre-
sented in Table 9. The VBF process contributes 2%,
12% and 81% of the predicted signal in the Njet = 0, = 1,
and ≥ 2 final states, respectively. The total number of
observed events in the same mT windows as in Table 9
is 218 in the 7 TeV data and 1195 in the 8 TeV data.
An excess of events relative to the background-only

expectation is observed in the data, with the maxi-
mum deviation (4.1σ) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8σ is observed,
compared with an expected value of 3.8σ for a SM
Higgs boson.
Additional interpretation of these results is presented

in Section 7.

7. Higgs boson property measurements

The results from the individual channels described in
the previous sections are combined here to extract infor-
mation about the Higgs boson mass, production proper-
ties and couplings.

7.1. Statistical method
The statistical treatment of the data is described in

Refs. [111–115]. Hypothesis testing and confidence in-
tervals are based on the profile likelihood ratio [116]
Λ(α). The latter depends on one or more parameters of
interest α, such as the Higgs boson production strength
µ normalised to the SM expectation (so that µ = 1 cor-
responds to the SM Higgs boson hypothesis and µ = 0
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Figure 5: The transverse mass distributions for events passing the full
selection of the H→WW∗→ ℓνℓν analysis: (a) summed over all lep-
ton flavours for final states with Njet ≤ 1; (b) different-flavour final
states with Njet ≥ 2. The signal is stacked on top of the background,
and in (b) is shown separately for the ggF and VBF production pro-
cesses. The hatched area represents the total uncertainty on the sum
of the signal and background yields from statistical, experimental, and
theoretical sources. In the lower part of (a), the residuals of the data
with respect to the estimated background are shown, compared to the
expected mT distribution of a SM Higgs boson.
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Full Systematic Uncertainties 
and Event Yields

Table 8: For mH = 125 GeV, the leading systematic uncertainties
for the 8 TeV H→WW∗→ ℓνℓν analysis. All numbers are summed
over lepton flavours. Sources contributing less than 4% are omitted,
and individual entries below 1% are indicated with a ’-’. Relative
signs indicate correlation and anticorrelation (migration) between the
Njet categories represented by adjacent columns, and a ± indicates an
uncorrelated uncertainty. The exception is the jet energy scale and
resolution, which includes multiple sources of uncertainty treated as
correlated across categories but uncorrelated with each other. All rows
are uncorrelated.

Source Njet = 0 Njet = 1 Njet ≥ 2

Theoretical uncertainties on total signal yield (%)
QCD scale for ggF, Njet ≥ 0 +13 - -
QCD scale for ggF, Njet ≥ 1 +10 −27 -
QCD scale for ggF, Njet ≥ 2 - −15 +4
QCD scale for ggF, Njet ≥ 3 - - +4
Parton shower and underlying event +3 −10 ±5
QCD scale (acceptance) +4 +4 ±3

Experimental uncertainties on total signal yield (%)
Jet energy scale and resolution 5 2 6

Uncertainties on total background yield (%)
WW transfer factors (theory) ±1 ±2 ±4
Jet energy scale and resolution 2 3 7
b-tagging efficiency - +7 +2
frecoil efficiency ±4 ±2 -

6.4. Systematic uncertainties

The main sources of systematic uncertainty affecting
this analysis are reported in Table 8 and described in
detail in Ref. [107].
Theoretical uncertainties on the inclusive signal pro-

duction cross sections are given in Section 2. Addi-
tional, larger uncertainties from the QCD renormalisa-
tion and factorisation scales affect the predicted distri-
bution of the ggF signal among the exclusive jet bins
and can produce migration between categories. These
uncertainties are estimated using the HNNLO pro-
gram [108, 109] and the method reported in Ref. [110].
Their impact on the signal yield is summarised in Ta-
ble 8, in addition to other non-negligible contributions
(parton shower and underlying event modelling, as well
as acceptance uncertainties due to QCD scale varia-
tions).
The experimental uncertainties affecting the expected

signal and background yields are associated primarily
with the reconstruction and identification efficiency, and
with the energy and momentum scale and resolution, of
the final-state objects (leptons, jets, and EmissT ), as de-
scribed in Section 2. The largest impact on the signal
expectation comes from the knowledge of the jet energy
scale and resolution (up to 6% in the Njet ≥ 2 channel).
For the backgrounds normalised using control re-

gions, uncertainties come from the numbers of events

in the CR and the contributions of other processes, as
well as the transfer factors to the signal region.
For the WW background in the Njet ≤ 1 final states,

the theoretical uncertainties on the transfer factors (eval-
uated according to the prescription of Ref. [15]) in-
clude the impact of missing higher-order QCD correc-
tions, PDF variations, and MC modelling choices. They
amount to ±2% and ±4–6% relative to the predicted
WW background in the Njet = 0 and Njet = 1 final states,
respectively. For the WW yield in the Njet ≥ 2 chan-
nel, which is obtained from simulation, the total uncer-
tainty is 42% for QCD production with gluon emission,
and 11% for the smaller but non-negligible contribution
from purely electroweak processes; the latter includes
the size of possible interference with Higgs boson pro-
duction through VBF.
The leading uncertainties on the top-quark back-

ground are experimental. The b-tagging efficiency is the
most important of these, and it appears in Table 8 pri-
marily through its effect on this background. Theoret-
ical uncertainties have the greatest relative importance
for Njet ≥ 2, giving ±2% on the total background yield
in this final state.
The W+jets transfer factor uncertainty (±(40–45)%)

is dominated by differences in the jet composition be-
tween dijet and W+jets samples as observed in the MC
simulation. The uncertainties on the muon and electron
transfer factors are treated as correlated among the Njet
categories but uncorrelated with each other. Their im-
pact on the total background uncertainty is smaller than
±2.5%. The main uncertainty on the DY contribution
in the Njet ≤ 1 channels comes from the use of the frecoil
efficiency evaluated at the peak of the Z-boson mass dis-
tribution for the estimation of the DY contamination in
the low-mℓℓ region.
The uncertainty on the mT shape for the total back-

ground, which is used in the fit to extract the signal
yield, is dominated by the uncertainties on the normali-
sations of the individual components. The only explicit
mT shape uncertainty is applied to theWW background,
and is determined by comparing several generators and
showering algorithms.
The estimated background contributions with their

uncertainties are listed in Table 9.

6.5. Results

Figure 5 shows the transverse mass distributions af-
ter the full selection for Njet ≤ 1 and Njet ≥ 2 final states.
The regions with mT > 150 GeV are depleted of signal
contribution; the level of agreement of the data with the
expectation in these regions, which are different from
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Table 9: For the H→WW∗→ ℓνℓν analysis of the 8 TeV data, the
numbers of events observed in the data and expected from signal
(mH = 125.5 GeV) and backgrounds inside the transverse mass re-
gions 0.75mH <mT <mH for Njet ≤ 1 and mT < 1.2mH for Njet ≥ 2.
All lepton flavours are combined. The total background as well as its
main components are shown. The quoted uncertainties include the sta-
tistical and systematic contributions, and account for anticorrelations
between the background predictions.

Njet = 0 Njet = 1 Njet ≥ 2

Observed 831 309 55
Signal 100±21 41± 14 10.9±1.4
Total background 739±39 261±28 36±4

WW 551±41 108±40 4.1±1.5
Other VV 58±8 27± 6 1.9±0.4
Top-quark 39±5 95± 28 5.4±2.1
Z+jets 30±10 12± 6 22±3
W+jets 61±21 20± 5 0.7±0.2

those used to normalise the backgrounds, illustrates the
quality of the background estimates. The expected num-
bers of signal and background events at 8 TeV are pre-
sented in Table 9. The VBF process contributes 2%,
12% and 81% of the predicted signal in the Njet = 0, = 1,
and ≥ 2 final states, respectively. The total number of
observed events in the same mT windows as in Table 9
is 218 in the 7 TeV data and 1195 in the 8 TeV data.
An excess of events relative to the background-only

expectation is observed in the data, with the maxi-
mum deviation (4.1σ) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8σ is observed,
compared with an expected value of 3.8σ for a SM
Higgs boson.
Additional interpretation of these results is presented

in Section 7.

7. Higgs boson property measurements

The results from the individual channels described in
the previous sections are combined here to extract infor-
mation about the Higgs boson mass, production proper-
ties and couplings.

7.1. Statistical method
The statistical treatment of the data is described in

Refs. [111–115]. Hypothesis testing and confidence in-
tervals are based on the profile likelihood ratio [116]
Λ(α). The latter depends on one or more parameters of
interest α, such as the Higgs boson production strength
µ normalised to the SM expectation (so that µ = 1 cor-
responds to the SM Higgs boson hypothesis and µ = 0
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Figure 5: The transverse mass distributions for events passing the full
selection of the H→WW∗→ ℓνℓν analysis: (a) summed over all lep-
ton flavours for final states with Njet ≤ 1; (b) different-flavour final
states with Njet ≥ 2. The signal is stacked on top of the background,
and in (b) is shown separately for the ggF and VBF production pro-
cesses. The hatched area represents the total uncertainty on the sum
of the signal and background yields from statistical, experimental, and
theoretical sources. In the lower part of (a), the residuals of the data
with respect to the estimated background are shown, compared to the
expected mT distribution of a SM Higgs boson.
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Multi-leg vs. NLO vs. LO
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Figure 5: The POWHEG + PYTHIA6, P12 sample predictions with simultaneous renormalisation and fac-

torisation scale variations in presence of damping and PYTHIA6 tune variations are compared for the gap

fraction observables [1] in tt̄ dilepton channel events. (a,c) f (Q0) and (b,d) f (Qsum) are shown in rapidity

intervals of |y| <0.8 (top) and |y| <2.1 (bottom). POWHEG + HERWIG and MC@NLO + HERWIG predictions

are shown as well. The data and theory predictions are represented in the same way as in Fig. 3.
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Powheg+Pythia6 radLO and 
radHi Perugia 2012 tune. 
Simultaneously varied 
• renomalisation and 

factorisation scales in the 
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Pythia parameters 
controlling ISR and FSR

Meaning of the parameters used for the variations

- PARP(67): controls high-pt ISR branchings phase-space;

ISR branchings with pTevol > m_dip/2 * PARP(67) are

power suppressed by a factor (m_dip/(2pTevol))**2

- PARP(64): multiplicative factor of the mom. scale^2 in running

alpha_s used in ISR

- PARP(72): multiplicative factor of the lam_QCD in

running alpha_s used in FSR central param. setting is

motivated by ATLAS FSR QCD jet shapes,

variations correspond to *1/2 and *1.5 central value

- PARJ(82): FSR low-pt cutoff

3 / 11
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ISR/FSR - a truth level study
• For this study MC@NLO(v4.10 link) + Herwig (v6.521, Fortran link) were used. 

• Amount of ISR/FSR in Herwig is varied by changing the veto on emissions in the 
parton showers with pT > SCALUP. 

• SCALUP - a parameter used by Herwig in its showering stage affecting both ISR 
and FSR. It is varied by changing 2 additional parameters in Herwig: 

➡  XSCA ∈ [0.3, 3.0] → SCALUP = SCALUP * XSCA 	


➡  ISCA = 0 → SCALUP = ECM - 2PTR,         
 ISCA = 1 → SCALUP = ECM         
             
ECM - subprocess center of mass energy       
PTR - pT of hard emission in the collider frame	


• Variations on SCALUP parameter only possible for Herwig Fortran v6.521 and 
ttbar pair production.
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Figure 2: Jet multiplicity for events in 8 TeV data. The plots are shown for the (a) eµ+ µe and (b)

ee+ µµ channels after pre-selection and Emiss
T,rel
> 25GeV and > 45GeV, respectively. The signal is too

small to be seen. The shaded area represents the uncertainty on the signal and background yields from

statistical, experimental, and theoretical sources.

vectorial sum pT of the low-pT jets in the φ quadrant opposite p
ℓℓ
T
for Njet = 0 and p

ℓℓ j
T
for Njet = 1.

Low-pT jets are defined as those with pT > 10GeV and below the previously mentioned nominal

thresholds. Each low-pT jet is weighted by its JVF value. The frecoil distribution of DY events is

distinct from that of non-DY processes, because of the different topology of DY and other events in

the dilepton sample. The dilepton system in DY events is balanced by soft hadronic activity, resulting

in large values of frecoil, whereas the dilepton system in WW, top, signal, and similar processes is

balanced by a combination of recoiling neutrinos and soft hadronic activity, which results in small

values of frecoil. Figure 1d shows the frecoil distributions for DY, non-DY and signal processes in

simulated events.

3.4 Analyses categorised in Njet

The signal selection strategy depends on the jet multiplicity (Njet) as do the rate and the composition

of the backgrounds. For Njet ≤ 1 the signal originates almost entirely from the ggF process and WW
events dominate the background composition. For Njet ≥ 2 the signal is mostly from the VBF process
and tt̄ events dominate the background. Figures 2a and 2b show the multiplicity distribution of jets in

the eµ+ µe and ee+ µµ channels for all events satisfying pre-selection described and the requirement

on Emiss
T,rel
(see Table 2). Table 2 summarises the selection described in this section.

For all jet multiplicities, a set of topological selections takes advantage of the configuration of

the two leptons. The leptons emerge in the same direction due to the spin correlations of H→WW(∗)

decay and the V − A structure of the W decay. The leptons’ invariant mass is required to be small,
mℓℓ < 50GeV for Njet ≤ 1 and mℓℓ < 60GeV for Njet ≥ 2, and their azimuthal gap is also required to be
small, |∆φℓℓ |< 1.8 radians. The distributions of mℓℓ and mT are used to extract the signal strength;
these variables are introduced later in Section 3.5.

The analysis is divided into Njet = 0, = 1, and ≥ 2. In the Njet = 0 analysis, the following criteria
improve the rejection of the DY background and multi-jet background. The missing transverse mo-

mentum is required to be large. For eµ+ µe, the selection is Emiss
T,rel
> 25GeV. For ee+ µµ, the selection

is tighter, Emiss
T,rel
> 45GeV and pmiss

T,rel
> 45GeV, because of the large DY background from Z/γ∗→ ℓℓ.

6
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Figure 34: The |∆φℓℓ |, mT and mℓℓ distributions after the ptotT < 45 GeV cut in the top CR, defined by
the requirement of one and only one b tagged jet . ptot

T
is defined as the total transverse momentum of

all leptons, jets and missing ET passing the selection. The shaded area represents the uncertainty on

the signal and background yields from statistical, experimental, and theoretical sources.
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Figure 34: The |∆φℓℓ |, mT and mℓℓ distributions after the ptotT < 45 GeV cut in the top CR, defined by
the requirement of one and only one b tagged jet . ptot

T
is defined as the total transverse momentum of

all leptons, jets and missing ET passing the selection. The shaded area represents the uncertainty on

the signal and background yields from statistical, experimental, and theoretical sources.
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The | ∆φll |, mT and mll distributions after the ptot < 45 
GeV cut in the top CR, defined by the requirement of one 
and only one b tagged jet . ptot is defined as the total 
transverse momentum of all leptons, jets and missing ET 
passing the selection. The shaded area represents the 
uncertainty on the signal and background yields from 
statistical, experimental, and theoretical sources
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Figure 32: Rapidity distributions of the leading and sub-leading tagging jets. The distribution is

shown at the 2 jets requirement, the signal is magnified by a factor 2000 to show the peculiar forward

distribution of jets from the VBF process. The shaded area represents the uncertainty on the signal

and background yields from statistical, experimental, and theoretical sources.
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Figure 33: The |∆y j j | and mj j distributions after the ptotT < 45 GeV cut. p
tot
T
is defined as the total

transverse momentum of all leptons, jets and missing ET passing the selection. The mj j distribution

is shown after the |∆y j j |> 2.8 cut. The shaded area represents the uncertainty on the signal and
background yields from statistical, experimental, and theoretical sources.
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → bb̄ [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.
The data are fitted separating vector-boson-mediated

processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.
To test the sensitivity to VBF production alone, the

data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4−0.3 (stat)
+0.6
−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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Figure 6: The measured production strengths for a 
Higgs boson of mass mH =125.5 GeV, normalised to the 
SM expectations, for diboson final states and their 
combination. Results are also given for the main 
categories of each analysis (described in Sections 4.2, 
5.2 and 6.2). The best-fit values are shown by the solid 
vertical lines, with the total ±1σ uncertainty indicated 
by the shaded band, and the statistical un- certainty by 
the superimposed horizontal error bars. The numbers in 
the second column specify the contributions of the 
(symmetrised) sta- tistical uncertainty (top), the total 
(experimental and theoretical) sys- tematic uncertainty 
(middle), and the theory uncertainty (bottom) on the 
signal cross section (from QCD scale, PDF, and 
branching ratios) alone; for the individual categories 
only the statistical uncertainty is given.	
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