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Outline

• Analysis
Signatures of production & decay

Event selection & backgrounds

• Results
Yields & systematics

Coupling strengths

• Extra material
I will not cover some related topics (p30-32): spin (see 
T. Doyle, S. Luyckx); high MH (see J. Wang); WH, ZH.

More slides (p19-39), tables (p40-50), plots (p51-104)
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HWW results part of [1] in July 2013. μhat at 20 - 30%. (p56-62)
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Fig. 6 [1] Signal strength (μ)



σ (fb) [8]
MH=125

# of H
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Higgs decay & production
H→WW*→ℓνℓν is clean with large rate, but no mass sensitivity. (p35)

WW*  2
1%

gg  9%
ττ  6%
cc  3%ZZ*  3%rest  1%

57
%  b

b  (γγ  0.2%)

MH = 125 [8]

H→WW*&→eμ νeνμ& is most sensitive;
& & focus of this talk.

& →ee νeνe& Large DY, so 10-15%
& →μμ νμνμ& gain in μhat wrt eμ.



DataMode # exp. after cuts
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831
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NJet distribution can separate the production mechanism. (p67-68)
Define jet from clusters:
• PT > 25 &in tracking vol.

• PT > 30& if forward
2.4 < |η| < 4.5

Jet-vertex association to 
suppress pile-up (p103-104)
fJVF > 0.5 for PT  < 50 GeV

Breakdown after all cuts:
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eμ all jets
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Diagram in 
rest frame of 
decay vertex
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Δφℓℓ after Mℓℓ<60, Fig. 36c [1]
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Conserving helicity (spin 0 + weak decay) gives collinear ℓℓ. (p70-75)

eμ + 0 jet eμ + 2 j

νμ μ–

W+

W–
H

νe e+ • Low Mℓℓ & (bottom left plot)
• Small Δφℓℓ & (bottom right plot)
• Large MET &(p10)

Higgs peaks to the left. 
Backgrounds sculpted by cuts.
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WW or ZZ collision has two recoiling well-separated jets. (p89-94)
tag jet

tag jet

p

pW,Z
W,Z H

e+
νe

νμ
μ–

• W or Z exchange, so low QCD 
activity between tag jets

• Large ΔYJJ & MJJ (bottom plots)
• No b-jets at 85% eff. operating pt.
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MJJ (TeV) after ΔYJJ > 2.8
Fig. 33c [1]
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MET

MuonElectron

Jet

Jet

PT = 42 GeV

PT = 68 GeV

PT = 15 GeVPT = 51 GeV

Hongeμ + two forward jets
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Run 214680, Event 271333760
Nov. 17, 2012, 07:42:05 CET [1]

30 GeV

ΔYJJ = 6.6
MJJ = 1.5 TeV
Meμ = 21 GeV
MT = 95 GeV

Electron

Muon

Jet

Jet
MET

VBF-like in JJ & Higgs-like in decay (more displays in p21-23)
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Use data control regions to normalize backgrounds. (p44-47)
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MET selection
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Use a data C.R. to normalize & MC to extrapolate to S.R. (p45-47)

Norm =&1.16 ± 0.04 (stat.) 0j
& 1.03 ± 0.06 (stat.) 1j

��
ET,�� +MET

�2−
���PT,�� + �MET

��2

• Define C.R. as 50 < Mℓℓ < 100 
• Define S.R. as Mℓℓ < 50 GeV
• Normalize S.R. from C.R. & fit MT =

eμ + 0 j
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Nobs =
�

Npass+pass ID

�

S.R.

Hong

12

NW+j =
�

Npass+fail ID

�

S.R.

·
�

Npass ID

Nfail ID

�

di-jet

Extrapolate 
w/ di-jet data

Pass + 
Pass / Fail

W+jet in NJet = 0, 1, 2, ...
Use a data C.R. to normalize & di-jet data to extrapolate to S.R.

• Extrapolation assumes 
OK to use di-jet for W+j.

• Syst. at 40% on the est. 
by comparing MC (see 
back-up p24-25).

• Check shape & norm. 
of the estimate with 
MC in the same-sign 
validation region (left).
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• 0-jet estimate uses
Norm 0j & = 1.07 ± 0.03 ± 0.12

• 1-jet & VBF use Nb-tag = 1
Norm 1j& = 1.04 ± 0.02
Norm VBF&= 0.59 ± 0.07 ± 0.09
(see back-up p29)

stat syst

stat syst

HongTop in NJet = 0, 1, 2, ...
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HongFit MT after all cuts (p36, 42 cuts; 48-50 cutflow)
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Table 9: For the H→WW∗→ !ν!ν 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∗→ !ν!ν 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.

14

After MT cut in 
range shown in plot.
Sum of eμ+ee+μμ.
Table 9 [1] 

Data – Bkg. shows normalization & shape consistent with MH=125.
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Fit MT on the prev. pg. to extract μhat.  (p56-62)
HongSignal strength
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)!Signal strength (
  -1  0 +1

Combined

 4l (*) ZZH 

 H 

l l (*) WWH 

 H 

 bbW,Z H 

-1Ldt = 4.6 - 4.8 fb = 7 TeV:  s
-1Ldt = 13 fb = 8 TeV:  s

-1Ldt = 4.6 fb = 7 TeV:  s
-1Ldt = 13 fb = 8 TeV:  s

-1Ldt = 4.8 fb = 7 TeV:  s
-1Ldt = 13 fb = 8 TeV:  s

-1Ldt = 13 fb = 8 TeV:  s

-1Ldt = 4.6 fb = 7 TeV:  s
-1Ldt = 13 fb = 8 TeV:  s

-1Ldt = 4.7 fb = 7 TeV:  s
-1Ldt = 13 fb = 8 TeV:  s

 = 125 GeVHm

 0.24" = 1.35 !

ATLAS Preliminary

1 20

μexp = 1

Signal significance for HWW is 3.8σ  (3.8σ)
observed expected

μhat stat expt syst theo syst

Total 0.99 ± 0.21 ± 0.17 ± 0.12

NJet ≤ 1 0.82 ± 0.22 ± 0.25± 0.25

NJet ≥ 2 1.4 ± 0.5 ± 0.4± 0.4
Caveat emptor: The table is using 7 & 8 TeV data at MH 

= 125.5 GeV combining all the production modes.

SM
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Sources of uncertainties

% of μhat Source Category Key words

30 Total

21 Statistics √ Nexp

21 Systematic sources All

+12 –9 Signal yield (σ • ΒR) Theory QCD scale, PDF

12 WW normalization Theory Modeling

9 Objects & DY estimation Experimental JES, JER, b-tag

8 Signal acceptance Theory Jet binning

7 MC statistics Experimental -

5 W+jet fake factor Experimental Di-jet v. W+jet

5 Backgrounds, excluding WW Theory -

4 Integrated luminosity Luminosity -

Discussed

Discussed

Same 
size

Largest sources for μhat (ggF & VBF combined).  (p43)
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See p14 See p17
• Results

• Outlook (p38)
Expect improved μhat (ggF driven) with more data & 
reduced syst. with better understanding (e.g., W+jet)

Expect better μVBF since stat. limited & small theory err.

Expect more production modes: WH, ZH at 1-2σ
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Extra slides
• p20 - References
• p21 - Event displays
• p25 - Backgrounds (W+jet & DY)
• p30 - Related analyses (spin; high MH; WH, ZH)
• p34 - ATLAS data & detector
• p35 - Higgs cross sections
• p36 - Analysis objects & cuts
• p38 - Outlook
• p39 - Acknowledgements
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[1] ATLAS Higgs coupling → PLB, July 2013 https://cern.ch/Atlas/GROUPS/PHYSICS/

PAPERS/HIGG-2013–02/

[2] ATLAS HWW note, March 2013 https://cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-CONF-2013–030/

[3] ATLAS Higgs combination note, Dec. 2012 https://cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-CONF-2012–170/

[4] ATLAS HWW note, Aug. 2011 https://cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-CONF-2011–134/

[5] ATLAS SM WW note, March 2011 https://cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-CONF-2011–015/

[6] ATLAS SM summary webpage, 2013 https://cern.ch/twiki/bin/view/AtlasPublic/
CombinedSummaryPlots

[7] ATLAS luminosity webpage https://cern.ch/twiki/bin/view/AtlasPublic/
LuminosityPublicResults

[8] LHC cross section webpage https://cern.ch/twiki/bin/view/LHCPhysics/
CrossSections

[9] ATLAS event display webpage https://cern.ch/twiki/bin/view/AtlasPublic/
EventDisplayStandAlone

[10] ATLAS HWW 7 TeV paper, June 2012 https://cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HIGG-2012–04

[11] ATLAS HWW 5.8 fb–1 8 TeV note, July 2012 https://cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-CONF-2012–098/

[12] ATLAS Higgs spin paper → PLB, July 2013 https://cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HIGG-2013–01/

[13] ATLAS HWW spin note, March 2013 https://cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-CONF-2013–031/

[14] ATLAS HWW high mass note, July 2013 https://cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-CONF-2013–067/

[15] ATLAS HWW WH, ZH note, July 2013 https://cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-CONF-2013–075/

[16] ATLAS High lumi. study , Oct. 2012 https://cern.ch/Atlas/GROUPS/PHYSICS/
PUBNOTES/ATL-PHYS-PUB-2012–004/

- ATLAS HWW animation, floating scale https://cern.ch/twiki/pub/AtlasPublic/
HiggsPublicResults//WW-FloatingScale.gif

- ATLAS HWW animation, fixed scale https://cern.ch/twiki/pub/AtlasPublic/
HiggsPublicResults//WW-FixedScale.gif
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Run 167576, Event 120642801
Oct. 24, 2010, 13:06:00 EDT [5]
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Hongeμ + 0 jet in 2011 passing all cuts [10]
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Hongeμ + 0 jet in 2012 passing all cuts [11]
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HongW+jets event (not related to HWW)
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Here is a W→μν + 3 jets (one jet contains a μ) [9]
MT = 61 GeV
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W+jet about 103 higher production than SM-WW.  Rare, but deadly.

• Check W+jets & di-jet in MC difference 
in extrapolation is within 40% → syst.

• Nfail ID means e fails medium++, but 
passes loose iso & IP cut; μ passes 
StacoCombined, loose iso & IP cut.Electron [9]Jet [9]

• Cuts sculpt the phase 
space such that HWW 
& W+jet magnitudes & 
shapes are identical.
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Look at soft hadronic recoil opposite ℓℓ (add jet to system for Njet=1)
• Compare events with MET like 

WW → ℓνℓν v. without MET 
(Z→ℓℓ).  See cartoon on right.

•  If it passes our MET selection, 
then it is due to soft hadronic 
recoil that did not form a jet.

• Use jets PT>10 in ±45° opposite 
ℓℓ to define

• Cut on fRecoil & estimate NDY 
(see next slide)

WW → ℓνℓν
or any non-DY

ℓ ℓ

νν

Z → ℓℓ with soft 
hadronic recoil

ℓ ℓ



• C.R.s are used to determine the 
non-DY & DY efficiencies in data.

• Reject DY by a cut on fRecoil 
(vertical line; see top right).

• Use algebra to find NDY (see right).

• Largest syst. from εDY (~30%) from 
low-MET data & low-Mℓℓ DY MC.

• NDY uncertainty &~60% for 0-jet
& ~80% for 1-jet

HongDY algebra

27

–
•

– •( )
=NDY

For NJet ≤ 1, NDY is fully data-driven using C.R.s.

–
•

– •( )
=

Ndata, 
after cut

Ndata, 
no cut

εnonDY

εnonDYεDY

εDY

frecoil

SR Reject

DY

non-DY

Cartoon of the 
fRecoil distribution 

εDY & = In Z→ℓℓ peak with
& = nonDY subtraction
εnonDY& = In SR eμ w/ Mℓℓ < 50 GeV



HongDY estimation in VBF

28

Use Mℓℓ v. MET plane in data to extrapolate into S.R.

Normalization found by using 
Z peak (w/o VBF cuts)
• NDY = NA = NB • NC / ND

• Shown for 1j to illustrate the 
method; not used for 1j but 
for VBF channel

• Apply Mℓℓ-MET small 
correlation in MC (3 ± 10)%

VBF modeling evaluated 
separately with low MET data
• Uncertainty is 15% on yield
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Hongttbar background in VBF
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If extrapolation is dependable, then normalization doesnʼt matter

C.R. requires Nb-tag = 1
• S.R. with ≥ 1 forward jet (ΔYJJ > 2.8)
• Cannot b-tag outside tracking vol.
• Limited modeling for ISR / FSR

ttbar using MC@NLO
• Difficult to model high MJJ; check 

that the syst. covers extrapolation
• Good modeling for ℓℓ etc., so MT fine
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applying the corresponding cut in the C.R. The assumption implicit in this approach is that any mis-

modeling of the VBF criteria is independent of events’ tagging status. The correction can be expressed

mathematically by Eqn. 1.

NSR, est.
top = NSR, MC

top ·
NCR

data
− NCR

other

NCR, MC
top

︸!!!!!!!!!!!︷︷!!!!!!!!!!!︸

NFtop

=
NSR, MC

top

NCR, MC
top
︸!!!!︷︷!!!!︸

CR to SR extrap’n

·
(

NCR
data − NCR

other

)

(1)

Due to poor statistics after the OLV, the normalization factor computed at the OLV stage is used for540

the Higgs topological cuts, which is 0.585 ± 0.066 (stat.). This procedure corrects for mismodeling of541

the MC. For example, Fig. 9 shows the m j j distribution after ∆y j j>2.8. We observe a deficit in the data542

with respect to the MC in the region above 500 GeV where the VBF signal lies.543

motivation for the Nb-jet=1 requirement544

The justification of the Nb-jet=1 requirement begins with the analysis of the jet composition of the tt̄545

sample for the eµ+µe channels without the b-tagging requirement. For simulated events with exactly546

two selected jets, Table 7 shows the distribution of the number of jets labeled as b jets using truth infor-547

mation (Nb-jet, truth). Although events with Nb-jet, truth=2 dominate at the beginning of the cutflow, events548

with Nb-jet, truth=1 quickly dominate as the VBF cuts are applied. This implies that the top background549

estimation is sensitive to the modeling of additional jets.550

To investigate this in more detail, studies have been carried out comparing the predictions by the551

MC@NLO generator with those of the multi-leg LO Sherpa generator. After the discovery that the b552

quarks generated by Sherpa in this process are massless, and that this leads to issues with the b quarks’553

fragmentation, Sherpa has been abandoned as an alternative generator. The conclusions of the earlier554

studies are still believed to hold, however.555

The m j j distribution is expected to be modeled better in Sherpa, given its multi-leg nature. Fig-556

ure 10 shows that the m j j distributions after ∆y j j>2.8 for events with Nb-jet, truth=2 are consistent be-557

tween Sherpa and MC@NLO. However, for Nb-jet, truth=1 and Nb-jet, truth=0, signficant disagreements are558

observed. Moreover, the trends observed in these latter cases are similar. For these reasons, the top559

control region is defined by selecting events with exactly one b-tagged jet, rather than selecting events560

with at least one b-tagged jet (as was done in previous analyses). As can be seen in Fig. 11, the shape561

differences between generators in the top C.R. indeed track those in the S.R. quite well.562

generator comparisons563

A priori it is to be expected that MC@NLO, an NLO generator, models inclusive variables better than564

Sherpa, a leading order generator. Figs. 12 and 13 show the leading and subleading lepton pT distri-565

butions after the ∆y j j > 2.8 requirement, respectively, compared for these generators as well as for the566

Alpgen and Powheg generators. It can be seen that although the comparison MC@NLO in fact yields567

lower KS probabilities than most other comparisons, all generators provide adequate descriptions of the568

shapes of the distributions. Given the relatively low statistics available for other generators, and the fact569

that they have not all been fully validated, MC@NLO is retained as the baseline generator; the possibility570

of switching to a different generator will be explored in more detail in future versions of this analysis.571

For the m j j mismodeling a systematic uncertainty is quantified, but no shape correction is made.572

The systematic uncertainty measures the extrapolation from the top C.R. to the corresponding S.R. at a573

given cut in the cutflow. A comparison is made between the MC@NLO, Sherpa, Powheg, and Alpgen574

generators, with MC@NLO providing the central value. In computing the estimated top background575

in the signal region (NSR, est.
top ), the MC prediction (NSR, MC

top ) is scaled down by NFtop, the data-derived576

= 15% systematic v. multi-leg generators= 0.59 ± 0.07 (stat)

Ylead  after NJet, Fig. 32a [2]
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HongHiggs spin

30

For details, see “Higgs spin & couplings in ATLAS,” T. Doyle

• Follow HWW cuts for eμ 0j w/ loosened 
cuts on METRel, MT, PT,ℓℓ, Mℓℓ, Δφℓℓ

• Train separate BDT on the latter 4 
variables for J=0+, 1+, 1–, 2+ bosons

• Study test statistic of J=0+ v. others
Δφℓℓ (rad), Fig. 16b [13][rad]
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HongHigh MH searches

31

For high MH, see “LHC high mass WW & ZZ,” J. Wang
Analysis
• HWW cuts w/ mods for 260< MH <1000

Higgs decay width
• MH < 400 GeV & Breit-Wigner lineshape
• MH ≥ 400 GeV & Complex pole scheme
• Also Narrow Width Approx. Γ = 1 GeV

Limits
• SM & excludes 260 < MH < 642 GeV
• NWA excludes 300 < MH < 1000 GeV
• 95% CL upper limit set on σ • ΒR (fb)

MH (GeV) σggF (fb) σVBF (fb)
300 262 32
600 31 6

95% CL UL on σ • BR (fb)

900700
1

500300
ΜΗ (GeV), Fig. 7b [14]
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HongWH, ZH production in 3ℓ & 4ℓ
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New preliminary result in July 2013 [15]
Analysis has leptons with MET
• Divide into # of same-flavor opposite-

sign (SFOS) lepton combinations
• C.R. normalization of backgrounds

Yields for            3ℓ        &         4ℓ

Signal significance

Composition of C.R. for 3ℓ

180160
1

140120
ΜΗ (GeV), Fig. 14 [15]
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HongATLAS data
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22 fb–1 of data at ~7•1033 peak luminosity with higher pile-up.
Pile-up [7]
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|η| < 3.2 Pb-LAr accordion

HongATLAS detector
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|η| < 2.5

σ = 10%√E ⊕ 0.7%
E

σ = 0.05% PT (GeV) ⊕ 1%
PT

|η| < 2.7

= 10% at 1 TeV
σ = 2% at 50 GeV
PT

Air-core toroids + 
Gas-based chambers

|η| < 1.7 Fe/scintillator
1.3 < |η| < 4.9 Cu/W-LAr

σ = 50% ⊕ 3%
Ejet √E

2 Tesla field
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Motivation NJet = 0 NJet = 1 NJet ≥ 2

Remove top NBjet = 0NBjet = 0NBjet = 0

No potential 
pathological evts ∆φℓℓ,MET > π / 2∆φℓℓ,MET > π / 2 -

Remove DY PT,ℓℓ > 30 GeV Z → ττ veto Z → ττ veto

Higgs decay

J=0, W→lν 

Mℓℓ < 50 GeVMℓℓ < 50 GeV Mℓℓ < 60 GeV

Higgs decay

J=0, W→lν 
∆φℓℓ < 1.8 ∆φℓℓ < 1.8 ∆φℓℓ < 1.8 

Higgs decay

J=0, W→lν 

bin in MTbin in MT
bin in MT

METTrk,Rel,Cl > 45 GeV

fRecoil < 0.05 fRecoil < 0.2

MJJ > 500 GeV

ΔYJJ > 2.8

No central jets

No lep outside 
fwd jetsʼ η-vol

Split Mℓℓ at 30 for eμ

VBF topology

ee+μμ cuts

After MET cuts; see Back-up Tables



Leptons
• Single lepton trig. & PT > 24 GeV
• Leading lepton & PT > 25 GeV
• Sub-leading lepton &PT > 15 GeV
• Electrons& |η| < 2.47 (excl. barrel-endcap gap)
• Muons& |η| < 2.5
• Tracks & Isolation & impact parameter cuts

Jets
• Jets & Anti-KT R = 0.4 (see p5)
• Central jets in VBF&Same as jets, but with PT > 20
• B-jet tagging & Neural Network at 85% eff. operating point

MET
• MET = ETmiss  & Calorimeter-based
• METSTVF & Calo; weight the unassociated clusters by fJVF 
• METTrk = PTmiss  & Track-based

HongObject selection
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Fig. 3a [16]

• ggF HWW measurement starting 
to be dominated by systematics.  
Improve bkg. syst., e.g., W+jet.  
Expect improvements with more 
data and better understanding.

• VBF HWW precision at 50%; is 
limited by statistics.  Theory is 3% 
for VBF v. 10% ggF.  Tree-level 
relation to κW.  Expect large 
improvements with more data.

• Rarer productions still to be seen.   
WH, ZH at 1-2σ now (see p36).

HongOutlook
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More tables from [1, 2]
• p41 - 50
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Table 1: Monte Carlo generators used to model the signal and background processes in which all of

the W and Z decay channels are included in the corresponding product of the cross section (σ) and

branching fraction (B) at
√
s= 8TeV. Masses are given in units of GeV. Details are given in the text.

Signal MC generator σ · B (pb)

ggF P [30]+P8 [31] 0.44

VBF P+P8 0.035

VH P8 0.13

Background MC generator σ · B (pb)

qq̄, gq→WW P+P6 [32] 5.7

qq̄, gq→WW+2 j Sherpa [33] with no O(αs) terms 0.039

gg→WW GG2WW 3.1.2 [34, 35]+H [36] 0.16

tt̄ MC@NLO [37]+H 240

Single top: tW, tb MC@NLO+H 28

Single top: tqb AcerMC [38]+P6 88

Z/γ∗, inclusive A+H 16000

Z(∗)→ $$+ 2 j Sherpa processes up to O(αs) 1.2

Z(∗)Z(∗)→ 4$ P+P8 0.73

WZ/Wγ∗,mZ/γ∗>7 P+P8 0.83

Wγ∗,mγ∗ ≤ 7 MadGraph [39–41]+P6 11

Wγ A+H 370

QCD and EW corrections [24–26]. The cross sections of the associated VH production processes are

calculated up to NNLO QCD corrections [27, 28] and NLO EW corrections [29].

The Monte Carlo (MC) generators used to model signal and background processes are listed in

Table 1. The number quoted for the inclusive Drell-Yan process (DY), Z/γ∗, is for a range of the

invariant mass of the two lepton system that excludes the low-mass region, m$$ < 10GeV. Kinematic

criteria are also applied in the event generation of Wγ, where W→ $ν, and Wγ∗, where W→ $ν and
γ∗→ $$. For Wγ events, the photon must have pT > 8GeV and be separated from the charged lepton
by ∆R= ((∆η)2 + (∆φ)2)1/2 > 0.25. For Wγ∗, at least two leptons must have pT > 5GeV and | η |< 3
for ee+ µµ, and | η |< 5 for ττ. (The pT denotes the transverse momentum with respect to the beam
line.) Additionally, m$$ > 2me is required. (This note follows the convention that the invariant mass

of the dilepton system is denoted as m$$ for the dilepton system and similarly for composite systems;

the masses of elementary particles are denoted as me for electron, mZ for Z boson, etc.) Interference

between the Z(∗) and the γ∗ is included forWZ(∗) andWγ∗, and the boundary between the samples is at

m$$ = 7GeV. ForWZ
(∗) a filter requiring at least two charged leptons with pT > 5GeV and | η |< 2.8 is

also applied. The Z(∗)Z(∗)→4$ processes are generated with a m$$ > 4GeV selection. Leptonic decays
of W or Z are assumed with the exception of the VH processes, which include all W and Z decays.

The quoted cross sections include the branching ratios and are summed over lepton flavours except

for the top quark production for which the inclusive cross section is quoted.

For most processes, separate programs are used to generate the hard scattering process and to

model the parton showering (PS), hadronisation, and the underlying event (UE). P8 [31] or

P6 [32] are used for the latter three steps for the signal and some of the background processes.

When H [36] is used for the hadronisation and PS, the UE is modelled using J [42]. The

W+jets, Z/γ∗+jets and Wγ processes are described using the A+H generator with the

MLM matching scheme described in Ref. [43]. In addition, Sherpa [33] is used for both the hard-

scattering process and the parton shower modelling for VBF processes with no O(αs) terms, such as
qq→Zqq and non-resonant qq→W+W−qq.
The cross sections for the Wγ and Wγ∗ processes are normalised to the MCFM [44] NLO pre-

dictions. These normalisation factors (K-factors) are calculated to be 1.15 for Wγ and 2.01 for Wγ∗.

The K-factor for Wγ∗ is calculated for the phase space criteria 0.5<m$$ < 7GeV, p
lead
T
> 25GeV,

2
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List of cuts [2]
Table 2: Selection listing for 8 TeV data. The criteria specific to eµ+ µe and ee+ µµ are noted as such;

otherwise, they apply to both. Pre-selection applies to all Njet modes. The rapidity gap is the y range

spanned by the two leading jets. The m!! split is at 30GeV. The modifications for the 7 TeV analysis

are given in Section 6 and are not listed here. Energies, masses, and momenta are in units of GeV.

Category Njet = 0 Njet = 1 Njet ≥ 2

Pre-selection

Two isolated leptons (!= e, µ) with opposite charge
Leptons with pleadT > 25 and p

sublead
T > 15

eµ+ µe: m!! > 10
ee+ µµ: m!! > 12, |m!! − mZ |> 15

Missing transverse
momentum and
hadronic recoil

eµ+ µe: Emiss
T,rel
> 25 eµ+ µe: Emiss

T,rel
> 25 eµ+ µe: EmissT > 20

ee+ µµ: Emiss
T,rel
> 45 ee+ µµ: Emiss

T,rel
> 45 ee+ µµ: EmissT > 45

ee+ µµ: pmiss
T,rel
> 45 ee+ µµ: pmiss

T,rel
> 45 ee+ µµ: EmissT,STVF > 35

ee+ µµ: frecoil < 0.05 ee+ µµ: frecoil < 0.2 -

General selection
- Nb-jet = 0 Nb-jet = 0
|∆φ!!,MET |> π/2 - ptotT < 45
p!!T > 30 eµ+ µe: Z/γ∗ →ττ veto eµ+ µe: Z/γ∗→ ττ veto

VBF topology

- - mj j > 500
- - |∆y j j |> 2.8
- - No jets (pT > 20) in rapidity gap
- - Require both ! in rapidity gap

H→WW (∗)→ !ν!ν
topology

m!! < 50 m!! < 50 m!! < 60
|∆φ!! |< 1.8 |∆φ!! |< 1.8 |∆φ!! |< 1.8
eµ+ µe: split m!! eµ+ µe: split m!! -
Fit mT Fit mT Fit mT

to the selection on the variable of interest is discussed below.

The m!! distribution for Njet ≤ 1 is shown in Fig. 3. The signal-to-background (S/B) ratio in
this distribution is varying, so the sample is further subdivided for signal extraction (Section 7.2) at

m!! = 30GeV for Njet ≤ 1 in the eµ+ µe channels. The split is not made for the corresponding ee+ µµ
channels.

The transverse mass mT distribution is used to measure the signal strength. It is defined as

mT = ((E
!!
T
+ Emiss

T
)2 − |p!!

T
+Emiss

T
|2)1/2 with E!!

T
= (|p!!

T
|2 +m2

!!
)1/2. The statistical treatment is de-

scribed later in Section 7. Figure 4 shows the expected signal and the composition of the expected

background for the different Njet analyses and decay channels. The details of the normalisation of the

background events are discussed in the next section. The highest S/B is in a region of mT around

mH: 0.75mH <mT <mH for Njet ≤ 1 and mT < 1.2mH for Njet ≥ 2. To illustrate the relative size of the
signal, the expected S/B in the above-mentioned mT range is 0.14, 0.15, and 0.31 for Njet = 0, = 1, and

≥ 2, respectively, for the combined eµ+ µe+ ee+ µµ channels.

4 Background estimation

The processes producing two isolated high-pT leptons with high values of E
miss
T
areWW and top quark

production. In this note, top background refers to the combined tt̄ and single top (tW, tb, and tqb)

processes unless stated otherwise the latter is noted as t in the tables. These backgrounds, as well as

9
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Table 8: For mH = 125 GeV, the leading systematic uncertainties
for the 8 TeV H→WW∗→ !ν!ν 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-m!! 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

13

Table 9: For the H→WW∗→ !ν!ν 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∗→ !ν!ν 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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Table 3: Background treatment listing. The estimation procedures for various background processes

are given in four categories: normalised using a control region (CR); data-derived estimate (Data);

normalised using the MC (MC); and normalised using the MC, but validated in a control region

(MC+VR). The “(eµ+ µe)” terms denote that for the ee+ µµ channel in the same Njet mode, the

eµ+ µe region is used instead, for reasons of purity and/or statistics. The “(merged)” terms indicate

that the fully combined eµ+ µe+ ee+ µµ control region is used for all channels.

Channel WW Top Z/γ∗ → ττ Z/γ∗→ ## W+ jets VV

Njet = 0
eµ+ µe CR CR CR MC Data MC+VR
ee+ µµ CR (eµ+ µe) CR (eµ+ µe) CR (eµ+ µe) Data Data MC+VR

Njet = 1
eµ+ µe CR CR CR MC Data MC+VR
ee+ µµ CR (eµ+ µe) CR (eµ+ µe) CR (eµ+ µe) Data Data MC+VR

Njet ≥ 2
eµ+ µe MC CR (merged) CR MC Data MC
ee+ µµ MC CR (merged) CR (eµ+ µe) Data Data MC

to the signal region from the CR is done as a function of the pT and η of the anti-identified lepton.

The previous estimation did not distinguish the η values.

The W+ jets background in the signal region is obtained by scaling the number of events in the

data CR by a fake factor. The fake factor is defined as the ratio of the number of fully identified lepton

candidates passing all selections to the number that are anti-identified. It is estimated as a function of

the anti-identified lepton pT and η using an inclusive dijet data sample.

The fake factor uncertainty is the main uncertainty on the W+ jets background estimation. It

is dominated by differences in jet composition between dijet and W+ jets samples as observed in

MC simulation. The total fake factor uncertainty is 45% (40%) for mis-identified electrons (muons).

Unlike the previous treatment [49] of this background, this systematic uncertainty is treated as un-

correlated between electrons and muons. This reduces the effective uncertainty on the total W+ jets

background, which yields approximately 30% across different Njet categories.

The processes producing the majority of same-charge dilepton events, namely, W+ jets, Wγ(∗),

WZ(∗), and Z(∗)Z(∗), are all backgrounds to H→WW(∗)→ #ν#ν. The comparison of the predicted
and observed rate and kinematics of these events is used to validate the background predictions. As

an example, the mT and m## distributions of same-charge Njet = 0 events passing pre-selection and

the |∆φ##,MET | and p##T requirements are shown in Fig. 5. The total uncertainty on the background
prediction shown in these figures includes the systematic uncertainties on theW+ jets background and

the other non-WW diboson backgrounds. The uncertainty on the total non-WW diboson background

in the signal region is 16% and 22% for Njet = 0 and = 1, respectively.

The Wγ background arises from the photon converting into an electron-positron pair, while the

W decay provides the second muon or electron and the Emiss
T
signatures. The simulation of the Wγ

background is checked in a modified same-charge validation region in which the electron selection

criteria that remove photon conversions are reversed. In this region, a highWγ purity of approximately

80% is obtained. In the complete 8 TeV data sample, the numbers of observed events are 323 and 365

for the Njet = 0 and = 1 Wγ validation regions, which is to be compared to the expected values of

331± 12 (stat.) and 380± 16 (stat.) events, respectively.

11
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Table 4: Control region yields for 8 TeV data. The observed (Nobs) and expected (Nexp) yields for

the signal (Nsig) and background (Nbkg) processes are given. The composition of Nbkg is given on the

right. For Njet ≥ 2, Nsig,ggF is added to Nbkg. In general, no normalisation factors are applied with the
following exception: the top and Z/γ∗→ττ normalisation factors are applied for the corresponding
estimates in theWW CRs. All uncertainties are statistical.

Estimate Nobs Nbkg Nsig

WW
Njet = 0 2224 1970± 17 31± 0.7
Njet = 1 1897 1893± 17 1.9± 0.3

Z/γ∗ → ττ
Njet = 0 1935 2251± 31 2.5± 0.2
Njet = 1 2884 3226± 34 7.5± 0.3
Njet ≥ 2 212 224± 7 0.6± 0.1

Top
Njet = 1 4926 4781± 26 12± 0.5
Njet ≥ 2 126 201± 5 1.6± 0.1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

1383± 9.3 100± 6.8 152± 4.4 107± 4.3 68± 10 160± 3.6
752± 6.8 88± 5.5 717± 9.5 243± 6.7 37± 7.5 56± 2.5

61± 1.9 8.5± 1.1 4.5± 0.8 2.7± 0.6 2113± 31 61± 3.8
117± 2.7 22± 3.1 570± 8.4 50± 3 2379± 32 88± 4.3
13± 1 4± 1 44± 3 5± 1 148± 6 9± 1

184± 3.7 43± 9.5 3399± 20 1049± 13 72± 3.1 35± 2.2
6.4± 0.4 1.0± 0.3 157± 4 26± 2 9± 1 0.3± 0.4

The distributions in the CRs show satisfactory agreement between the data and the MC given the

systematic uncertainties on the latter, which are dominated by the overall theoretical uncertainties

on the various background contributions. These uncertainties do not propagate to the signal regions

because they are replaced by the statistical uncertainties on the data. The extrapolation uncertainties

are discussed in more detail in the next section.

5 Systematic uncertainties

The systematic uncertainties on the signal yields and cross section can be divided into two categories:

experimental uncertainties such as those on the jet energy scale and the b-jet tagging efficiency, and

theoretical uncertainties such as the estimation of the effect of higher-order terms through variations of

the QCD scale inputs to Monte Carlo calculations. Some of these uncertainties are correlated between

the signal and background predictions, so the impact of each uncertainty is calculated by varying the

parameter in question and coherently recalculating the signal and background event yields. For the

largest backgrounds normalised using control regions (WW for Njet ≤ 1 and top in Njet = 1 and ≥ 2),
the theoretical and experimental uncertainties on the extrapolation are described below and the total

uncertainties on these backgrounds, as quoted in Section 4, are summarised at the end of this section.

5.1 Theoretical uncertainties on the Higgs signal

Theoretical uncertainties on the signal production cross sections include uncertainties on the QCD

renormalisation and factorisation scales, on the PDF model used to evaluate the cross section and

acceptance, and on the underlying event and parton shower model used in the signal model [60, 61].

To evaluate the uncertainties from the QCD factorisation and renormalisation scales, the scales are

independently varied up and down by a factor of two while keeping their ratio between 0.5 and 2.

For the ggF signal contribution in the Njet = 0 and = 1 analyses, the QCD scale uncertainties on

the inclusive cross sections for events with Njet ≥ 0, ≥ 1, and ≥ 2 are assumed to be independent [62].
Those uncertainties are approximately 8%, 20%, and 70%, respectively, and are calculated using the

inclusive ggF process from the HHNLO program [63,64]. They are converted into uncertainties on the
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Table 5: Uncertainties on the extrapolation parameters α for the WW background in the Njet = 0

and = 1 channels. Uncertainties due to the QCD scale, PDF, parton shower (PS), underlying event

(UE), and modelling of the NLO qq, gq→WW processes are given. Each source, represented by a
column, is assumed to be uncorrelated, but for a given source the uncertainties are assumed to be fully

correlated among all signal regions with Njet = 0 and = 1. A relative sign between two entries in a

column indicates anti-correlation between those signal regions for that source of uncertainty.

Channel Range (GeV) QCD scale (%) PS, UE (%) PDF (%) Modelling (%)

Njet = 0
eµ+ µe 10<m"" < 30 0.9 0.2 1.5 −1.2
eµ+ µe 30≤m"" < 50 0.9 0.8 1.1 −1.4
ee+ µµ 12<m"" < 50 1.0 0.3 1.1 1.7

Njet = 1
eµ+ µe 10<m"" < 30 1.6 0.5 2.0 −5.1
eµ+ µe 30≤m"" < 50 1.5 0.5 1.8 −5.0
ee+ µµ 12<m"" < 50 1.4 0.6 1.7 −3.1

Ref. [61]. Four main sources of uncertainty on the normalisation have been considered: QCD renor-

malisation and factorisation scales, dependence on PDF, dependence on the choice of Monte Carlo

generator, and dependence on the UE and PS model. Scale uncertainties have been computed using

the MCFM generator by varying the renormalisation and factorisation scales by a factor of 2 while

keeping their ratio between them between 0.5 and 2. PDF uncertainties are calculated as for the signal,

using the same generator as used for the central value of α.

The signal extraction procedure relies on the precise knowledge of the modelling by simulation.

These uncertainties are evaluated by comparing the α from P+P8 and MCFM. MC@NLO

is not included in this comparison because the calculation excludes singly-resonant processes and does

not treat spin correlations at the matrix element level. The UE and PS uncertainties are evaluated by

comparing the predictions of P interfaced with P8, P6, and H. The α are found

to be positively correlated between Njet = 0 and = 1, as well as for all of subdivisions of the signal

region by lepton flavour and m"". The total quoted uncertainties are about 2% and 4–6% for the

Njet = 0 and = 1 signal regions, respectively. These values are summarised in Table 5. The modelling

and scale uncertainties have been checked using aMC@NLO [70, 71], which gives the same results

within the statistical uncertainties of the comparison.

Because the mT distribution is used in the analysis to estimate the signal yield, an additional

theoretical uncertainty is evaluated on the shape of this distribution for the dominantWW background.

It is computed by comparing the mT shape predicted by the MCFM, S, P+P6, and

MC@NLO+H generators, as well as a comparison among showering algorithms. The resulting

maximal variations in the normalised mT distributions are about 20% and are concentrated in the tails

of the distribution. The envelope of the distributions from the comparison, which is dominated by the

differences between MCFM and MC@NLO+H, is taken as a relative shape uncertainty on the

P mT distribution.

The dominant uncertainties on the top background for the Njet = 0 analysis are the theoretical

uncertainties on the component derived from MC simulation. These total to 10% and include the

effects of QCD scale, initial- and final-state radiation, generator/PS model, the relative normalisation

of tt̄ and single top, and the interference between single top and tt̄, which is neglected when using
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Table 6: Total relative uncertainties on backgrounds that are normalised using control regions (CR).

The statistical component (Stat.) is from the CR yields; the theoretical uncertainties (Theory) are from

the α extrapolation parameter; the experimental (Expt.) uncertainties are given. The approximate

uncertainties on the normalisation of other processes in the CR (Crosstalk) are given. The WW and

top in Njet = 1 are anti-correlated due to the b-jet selection, so that the uncertainties partially cancel.

Estimate Stat. (%) Theory (%) Expt. (%) Crosstalk (%) Total (%)

WW

Njet = 0 2.9 1.6 4.4 5.0 7.4
Njet = 1 6 5 4 36 37

Top
Njet = 1 2 8 22 16 29
Njet ≥ 2 10 15 29 19 39

with charged leptons. These uncertainties are calculated by comparing the properties of pmiss
T
in Z

events in real and simulated data, as a function of the sum of the hard pT objects in the event.

In the fit to the mT distribution to extract the signal yield, the predicted mT shape from simulation

is used for all of the backgrounds except W+ jets. For W+ jets, the shape is taken from the same

data which is used to normalise the background estimate, with the same fake factor applied. For

the other backgrounds, the impact of experimental uncertainties on the mT shapes for the individual

backgrounds and signal are evaluated, and no statistically significant dependence is observed for the

majority of the experimental uncertainties. Those experimental uncertainties which do produce sta-

tistically significant variations of the shape have no appreciable effect on the final results, because

the uncertainty on the mT shape of the total background is dominated by the uncertainties on the

normalisations of the individual backgrounds.

5.4 Uncertainties on backgrounds normalised to control regions

For the backgrounds normalised using CRs (WW for the Njet = 0 and Njet = 1 analyses and top in the

Njet = 1 and ≥ 2 analyses), the sources of uncertainty can be grouped into four categories: the statistical
uncertainty, the theoretical and experimental uncertainties on the simulation-based extrapolation from

the CR to the signal region, and the uncertainty on the other contributing processes in the CR, which

are subtracted from the data yield to get the estimated number of events from the targeted background.

These four sources, and the resulting total uncertainty, are summarised in Table 6. The uncertainties

on α are described above, and the statistical uncertainty is derived from the number of events in the

corresponding CR, which can be found in Table 4. The uncertainties from the normalisation of other

processes in the CR, as represented here, are necessarily approximate because of the correlations

among the backgrounds, but the correlations are fully represented in the fit to the data used to extract

the results.

6 Re-analysis of 7 TeV data

The 7TeV data have re-analysed with respect to Ref. [73] to exploit the improvements developed for

the analysis of the 8 TeV data, thus facilitating the combination of the results from these two data sets.

The object and event selections closely follow Section 3. The largest improvement with respect to
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Table 8: Selection table for Njet = 0 in 8 TeV data. The observed (Nobs) and expected (Nexp) yields for

the signal (Nsig) and background (Nbkg) processes are shown for the (a) eµ+ µe and (b) ee+ µµ chan-

nels. The composition of Nbkg is given on the right. The requirements are imposed sequentially from

top to bottom. Energies, masses, and momenta are in units of GeV. All uncertainties are statistical.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 0 9024 9000± 40 172± 2
|∆φ"",MET |> π2 8100 8120± 40 170± 2
p""
T
> 30 5497 5490± 30 156± 2

m"" < 50 1453 1310± 10 124± 1
|∆φ"" |< 1.8 1399 1240± 10 119± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

4900± 20 370± 10 510± 10 310± 10 2440± 30 470± 10
4840± 20 360± 10 490± 10 310± 10 1690± 30 440± 10
4050± 20 290± 10 450± 10 280± 10 100± 10 320± 5
960± 10 110± 6 69± 3 46± 3 18± 7 100± 2
930± 10 107± 6 67± 3 44± 3 13± 7 88± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 0 16446 15600± 200 104± 1
|∆φ"",MET |> π2 13697 12970± 140 103± 1
p""
T
> 30 5670 5650± 70 99± 1

m"" < 50 2314 2390± 20 84± 1
pmiss
T,rel
> 45 1032 993± 10 63± 1

|∆φ"" |< 1.8 1026 983± 10 63± 1
frecoil < 0.05 671 647± 7 42± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

2440± 10 190± 5 280± 6 175± 6 12300± 160 170± 10
2430± 10 190± 5 280± 6 174± 6 9740± 140 160± 10
2300± 10 170± 5 260± 6 167± 5 2610± 70 134± 4
760± 10 64± 3 53± 3 42± 3 1410± 20 62± 3
650± 10 42± 2 47± 3 39± 3 200± 5 19± 2
640± 10 41± 2 46± 3 39± 3 195± 5 18± 2
520± 10 30± 2 19± 2 22± 2 49± 3 12± 1

Table 9: Selection table for Njet = 1 in 8 TeV data. More details are given in the caption of Table 8.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 1 9527 9460± 40 97± 1
Nb-jet = 0 4320 4240± 30 85± 1
Z→ ττ veto 4138 4020± 30 84± 1
m"" < 50 886 830± 10 63± 1
|∆φ"" |< 1.8 728 650± 10 59± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

1660± 10 270± 10 4980± 30 1600± 20 760± 20 195± 5
1460± 10 220± 10 1270± 10 460± 10 670± 10 160± 4
1420± 10 220± 10 1220± 10 440± 10 580± 10 155± 4
270± 4 69± 5 216± 6 80± 4 149± 5 46± 2
250± 4 60± 4 204± 6 76± 4 28± 3 34± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 1 8354 8120± 90 54± 1
Nb-jet = 0 5192 4800± 80 48± 1
m"" < 50 1773 1540± 20 38± 1
pmiss
T,rel
> 45 440 420± 10 21± 1

|∆φ"" |< 1.8 430 410± 10 20± 1
frecoil < 0.2 346 320± 10 16± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

820± 10 140± 10 2740± 20 890± 10 3470± 80 60± 10
720± 10 120± 10 720± 10 260± 10 2940± 70 40± 10
195± 4 35± 2 166± 5 65± 3 1060± 10 20± 2
148± 3 21± 1 128± 5 52± 3 64± 4 5.1± 0.8
143± 3 20± 1 125± 5 51± 3 63± 4 4.5± 0.7
128± 3 17± 1 97± 4 44± 3 25± 2 3.1± 0.6

7.2 Statistical model and signal extraction

The statistical analysis uses the likelihood function L, the product of Poisson functions for each
signal and control region and Gaussian constraints, where the product is over the decay channels. In

the Poisson term for the signal region µ scales the expected signal yield, with µ = 0 corresponding to
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Table 8: Selection table for Njet = 0 in 8 TeV data. The observed (Nobs) and expected (Nexp) yields for

the signal (Nsig) and background (Nbkg) processes are shown for the (a) eµ+ µe and (b) ee+ µµ chan-

nels. The composition of Nbkg is given on the right. The requirements are imposed sequentially from

top to bottom. Energies, masses, and momenta are in units of GeV. All uncertainties are statistical.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 0 9024 9000± 40 172± 2
|∆φ"",MET |> π2 8100 8120± 40 170± 2
p""
T
> 30 5497 5490± 30 156± 2

m"" < 50 1453 1310± 10 124± 1
|∆φ"" |< 1.8 1399 1240± 10 119± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

4900± 20 370± 10 510± 10 310± 10 2440± 30 470± 10
4840± 20 360± 10 490± 10 310± 10 1690± 30 440± 10
4050± 20 290± 10 450± 10 280± 10 100± 10 320± 5
960± 10 110± 6 69± 3 46± 3 18± 7 100± 2
930± 10 107± 6 67± 3 44± 3 13± 7 88± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 0 16446 15600± 200 104± 1
|∆φ"",MET |> π2 13697 12970± 140 103± 1
p""
T
> 30 5670 5650± 70 99± 1

m"" < 50 2314 2390± 20 84± 1
pmiss
T,rel
> 45 1032 993± 10 63± 1

|∆φ"" |< 1.8 1026 983± 10 63± 1
frecoil < 0.05 671 647± 7 42± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

2440± 10 190± 5 280± 6 175± 6 12300± 160 170± 10
2430± 10 190± 5 280± 6 174± 6 9740± 140 160± 10
2300± 10 170± 5 260± 6 167± 5 2610± 70 134± 4
760± 10 64± 3 53± 3 42± 3 1410± 20 62± 3
650± 10 42± 2 47± 3 39± 3 200± 5 19± 2
640± 10 41± 2 46± 3 39± 3 195± 5 18± 2
520± 10 30± 2 19± 2 22± 2 49± 3 12± 1

Table 9: Selection table for Njet = 1 in 8 TeV data. More details are given in the caption of Table 8.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 1 9527 9460± 40 97± 1
Nb-jet = 0 4320 4240± 30 85± 1
Z→ ττ veto 4138 4020± 30 84± 1
m"" < 50 886 830± 10 63± 1
|∆φ"" |< 1.8 728 650± 10 59± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

1660± 10 270± 10 4980± 30 1600± 20 760± 20 195± 5
1460± 10 220± 10 1270± 10 460± 10 670± 10 160± 4
1420± 10 220± 10 1220± 10 440± 10 580± 10 155± 4
270± 4 69± 5 216± 6 80± 4 149± 5 46± 2
250± 4 60± 4 204± 6 76± 4 28± 3 34± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 1 8354 8120± 90 54± 1
Nb-jet = 0 5192 4800± 80 48± 1
m"" < 50 1773 1540± 20 38± 1
pmiss
T,rel
> 45 440 420± 10 21± 1

|∆φ"" |< 1.8 430 410± 10 20± 1
frecoil < 0.2 346 320± 10 16± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

820± 10 140± 10 2740± 20 890± 10 3470± 80 60± 10
720± 10 120± 10 720± 10 260± 10 2940± 70 40± 10
195± 4 35± 2 166± 5 65± 3 1060± 10 20± 2
148± 3 21± 1 128± 5 52± 3 64± 4 5.1± 0.8
143± 3 20± 1 125± 5 51± 3 63± 4 4.5± 0.7
128± 3 17± 1 97± 4 44± 3 25± 2 3.1± 0.6

7.2 Statistical model and signal extraction

The statistical analysis uses the likelihood function L, the product of Poisson functions for each
signal and control region and Gaussian constraints, where the product is over the decay channels. In

the Poisson term for the signal region µ scales the expected signal yield, with µ = 0 corresponding to
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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 " in y gap 78 59± 2 6.1± 0.1
m"" < 60 31 16± 1 5.5± 0.1
|∆φ"" |< 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 " in y gap 108 85± 3 4.5± 0.1
m"" < 60 52 40± 2 4.0± 0.1
|∆φ"" |< 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 m"" = 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
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More plots from [1, 2]
• p52 - 104
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Source Fig. Plot Channel Njet Comment
[1] 4 mll eμ 0 SR w/o Δφll
[1] 5a mT eμ 0+1 SR
[1] 5b mT eμ VBF SR
[1] 6 μ Breakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWW
[1] 7 μggF v. μVBF Breakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWW
[1] 8 μVBF / μggF Breakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWW
[1] 10 kV v. kF Breakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWW
[2] 12a p0 all VBF -
[2] 12c μ all VBF -
[2] 14a μggF v. μVBF all VBF -
[1] 26a ETmiss eμ 0+1 dilepton
[1] 26b pTmiss ee+μμ 0+1 dilepton
[1] 26c ETmiss,STVF ee+μμ VBF dilepton
[1] 26d frecoil ee+μμ 0 simulation mll
[1] 27a Njet eμ all Etmiss
[1] 27b Njet ee+μμ all Etmiss
[1] 28 mT eμ 0 same-sign after pTll
[1] 29a mT eμ 0 before mll split
[1] 29b mT ee+μμ 0 before mll split
[1] 29c mT eμ 1 before mll split
[1] 29d mT ee+μμ 1 before mll split
[1] 29e mT eμ VBF before mll split
[1] 29f mT ee+μμ VBF before mll split
[1] 30a mT eμ 1 top CR
[1] 30b mT ee+μμ VBF top CR
[2] 34a Δφll eμ VBF Nbtag=1 after pttot
[2] 34b mT eμ VBF Nbtag=1 after pttot
[2] 34c mll eμ vBF Nbtag=1 after pttot
[1] 31a mT eμ 0 WW CR
[1] 31b mT ee+μμ 1 WW CR
[1] 32a mT eμ 0 7 TeV SR
[1] 32b mT ee+μμ 0 7 TeV SR
[1] 32c mT eμ 1 7 TeV SR
[1] 32d mT ee+μμ 1 7 TeV SR
[1] 33 p0 all all -
[1] 34 Event display eμ VBF -
[2] 32a y lead eμ VBF after Njet
[2] 32b y sublead eμ VBF after Njet
[1] 35a dy jj eμ VBF after pttot
[1] 35b dy jj ee+μμ VBF after pttot
[1] 35c mjj eμ VBF after dy jj
[1] 35d mjj ee+μμ VBF after dy jj
[1] 36a mll eμ VBF after olv
[1] 36b mll ee+μμ VBF after olv
[1] 36c Δφll eμ VBF after mll
[1] 36d Δφll ee+μμ VBF after mll
[1] 37 μ Breakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWW
[1] 41a μ v. mH Breakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWW
[1] 41b μ v. mH Breakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWW
[1] 42 μVBF / μggF Breakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWWBreakdown for Hγγ, ΗZZ, HWW
[2] 16a Zμμ fraction Shows pile-up dependence as a fn. of NvtxShows pile-up dependence as a fn. of NvtxShows pile-up dependence as a fn. of Nvtx
[2] 16b Zμμ fraction Shows pile-up dependence as a fn. of NvtxShows pile-up dependence as a fn. of NvtxShows pile-up dependence as a fn. of Nvtx
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Caption
The mll distribution of eμ events with Njet 
= 0 for the 8 TeV H→WW∗→lνlν 
analysis.The events with mll <50 GeV 
correspond to the signal region except 
that the ∆φll < 1.8 requirement is not ap- 
plied here, and the events with 50 GeV < 
mll < 100 GeV correspond to the Njet =0 
WW control region. The signal is stacked 
on top of the background. The hatched 
area represents the total uncertainty on 
the sum of the signal and background 
yields from statistical, experimental, and 
theoretical sources. The lower part of the 
figure shows the ratio of the data to the 
predicted background. For comparison, 
the expected ratio of the signal plus 
background to the background alone is 
also shown. 
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Caption
The transverse mass distributions for 
events passing the full selection of the 
H→WW∗→lνlν analysis summed over all 
lep- ton flavours for final states with Njet ≤ 
1. The signal is stacked on top of the 
background. The hatched area represents 
the total uncertainty on the sum of the 
signal and background yields from 
statistical, experimental, and theoretical 
sources. 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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Caption
The transverse mass distributions for 
events passing the full selection of the 
H→WW∗→lνlν analysis for different-
flavour final states with Njet ≥ 2. The 
signal is shown separately for the ggF and 
VBF production processes. The hatched 
area represents the total uncertainty on 
the sum of the signal and background 
yields from statistical, experimental, and 
theoretical sources. 
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Caption
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 uncertainty by 
the superimposed horizontal error bars. The numbers 
in the second column specify the contributions of the 
(symmetrised) statistical uncertainty (top), the total 
(experimental and theoretical) systematic 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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Caption
Likelihood contours for the H→γγ, 
H→ZZ∗→4l and H→WW∗→lνlν channels 
in the (μggF+ttH × B/BSM, μVBF+VH × B/
BSM) plane for a Higgs boson mass mH = 
125.5 GeV. The branching-ratio scale 
factors B/BSM can a priori be different 
for the different final states. The sharp 
lower edge of the H→ ZZ∗→ 4l contours 
is due to the small number of events in 
this channel and the requirement of a 
positive pdf. The best fits to the data (×) 
and the 68% (full) and 95% (dashed) CL 
contours are indicated, as well as the SM 
expectation (+).
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Caption
Measurements of the μVBF+VH/μggF+ttH ratios for 
diboson final states and their combination, for a Higgs 
boson mass mH =125.5 GeV. The best-fit values are 
represented by the solid vertical lines, with the total 
±1σ and ±2σ uncertainties indicated by the dark- and 
light-shaded band, respectively, and the statistical 
uncertainties by the superimposed horizontal error 
bars. The numbers in the second column specify the 
contributions of the statistical uncertainty (top), the 
total (experimental and theoretical) systematic 
uncertainty (middle), and the theoretical uncertainty 
(bottom) on the signal cross section (from QCD scale, 
PDF, and branching ratios) alone. For a more complete 
illustration, the distributions of the likelihood ratios from 
which the total uncertainties are extracted are overlaid. 
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Caption
Likelihood contours (68% CL) of the 
coupling scale factors κF and κV for 
fermions and bosons (benchmark model 
1 in Table 10), as obtained from fits to the 
three individual channels and their 
combination (for the latter, the 95% CL 
contour is also shown). The best-fit result 
(×) and the SM expectation (+) are also 
indicated. 
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Caption
VBF results for p0 using 8 TeV data 
considering VBF as signal and ggF as part 
of the background. Details are given in the 
caption of Fig. 10.
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Caption
VBF signal strength parameter μ. The 
observed (solid black line with shaded 
cyan band) and the expected result (solid 
red line with dashed band) are shown.
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Caption
Likelihood contours for separate ggF and 
VBF signal strength parameters. HWW
(*) →lνlν analysis uses the combined 7 
and 8 TeV data.
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Caption
Missing transverse momentum 
distributions for events after the dilepton 
selection of the H→ WW∗→ lνlν analysis 
for Etmiss for Njet ≤ 1. The background 
expectation from the MC simulation is also 
shown. The hatched area (too small to be 
visible in these figures) represents the 
uncertainty on the signal and background 
yields from statistical, experimental, and 
theoretical sources. The signal is overlaid 
as a red curve in the top plots 
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Caption
Missing transverse momentum 
distributions for events after the dilepton 
selection of the H→ WW∗→ lνlν analysis 
for pmiss for Njet ≤ 1. The plot is made 
after the requirement on ET,relmiss. The 
background expectation from the MC 
simulation is also shown. The hatched 
area (too small to be visible in these 
figures) represents the uncertainty on the 
signal and background yields from 
statistical, experimental, and theoretical 
sources. 
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Caption
Missing transverse momentum 
distributions for events after the dilepton 
selection of the H→ WW∗→ lνlν analysis 
for Emiss,STVF for Njet ≥ 2. The plot is 
made after the requirement on ETmiss. 
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Caption
The frecoil distribution for ee/μμ events 
passing the Njet = 0 selection after the 
requirement mll < 50 GeV for simulated 
DY, non-DY and signal processes. 
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Caption
Jet multiplicity for eμ events from the 8 
TeV data after the dilepton selection of 
the H→ WW∗→ lνlν analysis and Emiss 
>25GeV and >45GeV requirements, 
respectively.  The background expectation 
from the MC simulation is also shown.The 
hatched area represents the uncertainty 
on the signal and background yields from 
statistical, experimental, and theoretical 
sources. 



HongAuxiliary Fig. 27b [1]

68

jetsN
0 2 4 6 8 10

Ev
en

ts

0
2
4
6
8

10
12
14
16
18
20
22

310×

 Data 2012
 Total sig.+bkg.
 SM Higgs boson

 = 125 GeVH     m
* Z/

t t
 WW
 Single Top
 Other VV
 W+jets

ATLAS
-1 Ldt = 20.7 fb = 8 TeV  s

µµ/eeWW*H

Caption
Jet multiplicity for ee/μμ events from the 8 
TeV data after the dilepton selection of 
the H→ WW∗→ lνlν analysis and Emiss 
>25GeV and >45GeV requirements, 
respectively.  The background expectation 
from the MC simulation is also shown.The 
hatched area represents the uncertainty 
on the signal and background yields from 
statistical, experimental, and theoretical 
sources. 
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Caption
Distribution of mT in the Njet = 0 same-
charge validation region of the H→ 
WW∗→ lνlν analysis for the 8 TeV data, 
after the pTll selection. The W+jets 
prediction is from the data-driven 
estimate. The hatched area represents the 
uncertainty on the signal and background 
yields from statistical, experimental, and 
theoretical sources. The contributions 
from WW, ZZ, tt, and single top are 
negligible and omitted from the legend. 
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Caption
Distribution of the transverse mass, mT, 
for events in the H→WW∗→lνlν signal 
regions in the 8 TeV data. The plot is 
shown for the eμ channel in Njet = 0 final 
states. The distributions are shown prior 
to splitting the samples into two mll 
regions for the eμ channel in the Njet = 0 
and = 1 cases. The WW, top-quark, and Z/
γ∗ → ll backgrounds predicted by MC 
simulation are scaled using the 
normalisation from the corresponding 
control regions described in the text, and 
the W+jets prediction is from the data-
driven estimate. The signal is stacked on 
top of the background.  The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distribution of the transverse mass, mT, 
for events in the H→WW∗→lνlν signal 
regions in the 8 TeV data. The plot is 
shown for the ee/μμ channel in Njet = 0 
final state. The distributions are shown 
prior to splitting the samples into two 
mll regions for the eμ channel in the Njet 
= 0 and = 1 cases. The WW, top-quark, 
and Z/γ∗ → ll backgrounds predicted by 
MC simulation are scaled using the 
normalisation from the corresponding 
control regions described in the text, and 
the W+jets prediction is from the data-
driven estimate. The signal is stacked on 
top of the background.  The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distribution of the transverse mass, mT, 
for events in the H→WW∗→lνlν signal 
regions in the 8 TeV data. The plot is 
shown for the eμ channel in Njet = 1 final 
state. The distributions are shown prior 
to splitting the samples into two mll 
regions for the eμ channel in the Njet = 0 
and = 1 cases. The WW, top-quark, and Z/
γ∗ → ll backgrounds predicted by MC 
simulation are scaled using the 
normalisation from the corresponding 
control regions described in the text, and 
the W+jets prediction is from the data-
driven estimate. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources.
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Caption
Distribution of the transverse mass, mT, 
for events in the H→WW∗→lνlν signal 
regions in the 8 TeV data. The plot is 
shown for the ee/μμ channels in Njet = 1 
final state. The distributions are shown 
prior to splitting the samples into two 
mll regions for the eμ channel in the Njet 
= 0 and = 1 cases. The WW, top-quark, 
and Z/γ∗ → ll backgrounds predicted by 
MC simulation are scaled using the 
normalisation from the corresponding 
control regions described in the text, and 
the W+jets prediction is from the data-
driven estimate. The signal is stacked on 
top of the background. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distribution of the transverse mass, mT, 
for events in the H→WW∗→lνlν signal 
regions in the 8 TeV data. The plot is 
shown for the eμ channel in Njet ≥ 2 final 
state. The distributions are shown prior 
to splitting the samples into two mll 
regions for the eμ channel in the Njet = 0 
and = 1 cases. The WW, top-quark, and Z/
γ∗ → ll backgrounds predicted by MC 
simulation are scaled using the 
normalisation from the corresponding 
control regions described in the text, and 
the W+jets prediction is from the data-
driven estimate. The signal is stacked on 
top of the background. For the Njet ≥ 2 
final state, the signal is plotted separately 
for the ggF and VBF production 
processes. The hatched area represents 
the uncertainty on the signal and 
background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distribution of the transverse mass, mT, 
for events in the H→WW∗→lνlν signal 
regions in the 8 TeV data. The plot is 
shown for the ee/μμ channel in Njet ≥ 2 
final state. The distributions are shown 
prior to splitting the samples into two 
mll regions for the eμ channel in the Njet 
= 0 and = 1 cases. The WW, top-quark, 
and Z/γ∗ → ll backgrounds predicted by 
MC simulation are scaled using the 
normalisation from the corresponding 
control regions described in the text, and 
the W+jets prediction is from the data-
driven estimate. The signal is stacked on 
top of the background. For the Njet ≥ 2 
final state, the signal is plotted separately 
for the ggF and VBF production 
processes. The hatched area represents 
the uncertainty on the signal and 
background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distributions of mT in the Njet = 1 top-
quark background control region for the 
H→ WW∗→ lνlν analysis of the 8 TeV 
data. The MC expectation is normalised to 
the data.  The hatched area represents 
the uncertainty on the signal and 
background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distributions of mT in the Njet ≥ 2 top-
quark background control region for the 
H→ WW∗→ lνlν analysis of the 8 TeV 
data. The MC expectation is normalised to 
the data. The right-most bin in the Njet ≥ 2 
distribution contains events that would lie 
beyond the right edge of the figure. The 
hatched area represents the uncertainty 
on the signal and background yields from 
statistical, experimental, and theoretical 
sources. 
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Caption
The |Δφll| distribution after the pTtot < 
45 GeV cut in the top CR, defined by the 
requirement of one and only one b tagged 
jet. pTtot 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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Caption
The mT distribution after the pTtot < 45 
GeV cut in the top CR, defined by the 
requirement of one and only one b tagged 
jet. pTtot 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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Caption
The mll distribution after the pTtot < 45 
GeV cut in the top CR, defined by the 
requirement of one and only one b tagged 
jet. pTtot 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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Caption
Distributions of mT in the Njet = 0 WW 
control region in the H→ WW∗→ lνlν 
analysis for the 8 TeV data. The MC 
expectation is normalised to the data. The 
top-quark and Z → ττ backgrounds are 
scaled using the normalisation derived 
from the corresponding control regions 
described in the text. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources.
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Caption
Distributions of mT in the Njet = 1 WW 
control region in the H→ WW∗→ lνlν 
analysis for the 8 TeV data. The MC 
expectation is normalised to the data. The 
top-quark and Z → ττ backgrounds are 
scaled using the normalisation derived 
from the corresponding control regions 
described in the text. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources.
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Caption
Distribution of transverse mass, mT, for 
the signal regions of the H→ WW∗→ lνlν 
analysis of the 7 TeV data with Njet = 0. 
The plot is shown for the eμ channel.  The 
WW, top-quark, and Z/γ∗ → ll 
backgrounds predicted by MC simulation 
are scaled using the normalisation from 
the corresponding control regions 
described in the text, and the W+jets 
prediction is from the data-driven 
estimate. The signal is stacked on top of 
the background. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distribution of transverse mass, mT, for 
the signal regions of the H→ WW∗→ lνlν 
analysis of the 7 TeV data with Njet = 0 . 
The plot is shown for the ee/μμ channel. 
The WW, top-quark, and Z/γ∗ → ll 
backgrounds predicted by MC simulation 
are scaled using the normalisation from 
the corresponding control regions 
described in the text, and the W+jets 
prediction is from the data-driven 
estimate. The signal is stacked on top of 
the background. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distribution of transverse mass, mT, for 
the signal regions of the H→ WW∗→ lνlν 
analysis of the 7 TeV data with Njet = 1. 
The plot is shown for the eμ channel.  
Data with Njet ≥ 2 are included in the 
analysis but are not shown here due to 
the small number of events passing all 
selection. The WW, top-quark, and Z/γ∗ 
→ ll backgrounds predicted by MC 
simulation are scaled using the 
normalisation from the corresponding 
control regions described in the text, and 
the W+jets prediction is from the data-
driven estimate. The signal is stacked on 
top of the background. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources. 
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Caption
Distribution of transverse mass, mT, for 
the signal regions of the H→ WW∗→ lνlν 
analysis of the 7 TeV data with Njet = 1. 
The plots are shown for the ee/μμ 
channels. Data with Njet ≥ 2 are 
included in the analysis but are not 
shown here due to the small number of 
events passing all selection. The WW, 
top-quark, and Z/γ∗ → ll backgrounds 
predicted by MC simulation are scaled 
using the normalisation from the 
corresponding control regions described in 
the text, and the W+jets prediction is from 
the data-driven estimate. The signal is 
stacked on top of the background. The 
hatched area represents the uncertainty 
on the signal and background yields from 
statistical, experimental, and theoretical 
sources. 



HongAuxiliary Fig. 33 [1]

87

 [GeV]Hm
110 120 130 140 150 160 170 180 190 200

0
Lo

ca
l p

-610

-510

-410

-310

-210

-110

1

10

210

310

Obs. 
 = 125.5 GeV

H
Exp.  m

1 ±
2 ±

-1Ldt = 20.7 fb = 8 TeV   s

-1Ldt = 4.6 fb = 7 TeV   sATLAS

0
1
2

3

4

llWW*H

Caption
The expected and observed local p0 
values as a function of mH for the H→ 
WW∗→ lνlν analysis of the combined 7 
TeV and 8 TeV data. The green (yellow) 
band indicates the ±1σ (±2σ) uncertainty 
on the expected p0 curve. 
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Caption
A candidate event for H→WW∗→eνμν
+2 jets produced via VBF. The event 
variables are: mjj =1.5 TeV, |∆yjj |=6.6, mll 
=21 GeV, and mT = 95 GeV. For the figure 
on the left (starting from the top left going 
clockwise): the pT of the electron (thick 
green line) is 51 GeV, the pT of the muon 
(orange line) is 15 GeV, the pT of the jet 
(right cyan cone) is 68 GeV, the Emiss 
(thin dotted red line on the left) is 33 GeV, 
and the pT of the jet (left cyan cone) is 42 
GeV. A view transverse to the beam 
direction is given on the right; here the 
Emiss is represented as a thick dotted 
line. 
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Caption
Rapidity distributions of the leading jet. 
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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Caption
Rapidity distributions of the subleading 
jet. 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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Caption
The |∆yjj| distribution for the 
H→WW∗→lνlν analysis for eμ with Njet 
≥2, after the b-jet veto and |ptot|<45 
GeV requirements. The top-quark 
background is normalised using the 
corresponding control region, and Z+jets 
is normalised to the data-driven estimate. 
The expected VBF signal magnified by a 
factor of 50 is also shown. The hatched 
area represents the uncertainty on the 
signal and background yields from 
statistical, experimental, and theoretical 
sources. 
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Caption
The |∆yjj| distribution for the 
H→WW∗→lνlν analysis for ee/μμ with 
Njet ≥2, after the b-jet veto and |ptot|
<45 GeV requirements. The top-quark 
background is normalised using the 
corresponding control region, and Z+jets 
is normalised to the data-driven estimate. 
The expected VBF signal magnified by a 
factor of 50 is also shown. The hatched 
area represents the uncertainty on the 
signal and background yields from 
statistical, experimental, and theoretical 
sources. 
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Caption
The mjj distribution for the H→WW∗→lνlν 
analysis for eμ with Njet ≥2, after the b-
jet veto and |ptot|<45 GeV 
requirements. The mjj distribution is 
shown after the additional selection |∆y 
jj| > 2.8. The top-quark background is 
normalised using the corresponding 
control region, and Z+jets is normalised to  
the data-driven estimate. The expected 
VBF signal magnified by a factor of 50 
is also shown. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources. 
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Caption
The mjj distributions for the 
H→WW∗→lνlν analysis for ee/μμ with 
Njet ≥2, after the b-jet veto and |ptot|
<45 GeV requirements. The mjj 
distribution is shown after the 
additional selection | ∆y jj | > 2.8. The 
top-quark background is normalised using 
the corresponding control region, and Z
+jets is normalised to the data-driven 
estimate. The expected VBF signal 
magnified by a factor of 50 is also 
shown. The hatched area represents the 
uncertainty on the signal and background 
yields from statistical, experimental, and 
theoretical sources. 
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Caption
The mll distributions for the H→ WW∗→ 
lνlν analysis for eμ with Njet ≥ 2, after the 
outside lepton veto requirement, which 
accepts only events with both leptons 
between the two tagging jets. The top-
quark background is normalised using the 
corresponding control region, and Z+jets 
is normalised to the data-driven estimate. 
The hatched area represents the 
uncertainty on the signal and background 
yields from statistical, experimental, and 
theoretical sources. 
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Caption
The mll distributions for the H→ WW∗→ 
lνlν analysis for ee/μμ with Njet ≥ 2, after 
the outside lepton veto requirement, 
which accepts only events with both 
leptons between the two tagging jets. 
The top-quark background is normalised 
using the corresponding control region, 
and Z+jets is normalised to the data-
driven estimate. The hatched area 
represents the uncertainty on the signal 
and background yields from statistical, 
experimental, and theoretical sources. 
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Caption
The ∆φll distributions for the H→ WW∗→ 
lνlν analysis for eμ with Njet ≥ 2, after the 
outside lepton veto requirement, which 
accepts only events with both leptons 
between the two tagging jets. For the 
∆φll distribution, the mll < 60 GeV 
selection is also made. The top-quark 
background is normalised using the 
corresponding control region, and Z+jets 
is normalised to the data-driven estimate. 
The hatched area represents the 
uncertainty on the signal and background 
yields from statistical, experimental, and 
theoretical sources. 
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Caption
The ∆φll distributions for the H→ WW∗→ 
lνlν analysis for ee/μμ with Njet ≥ 2, after 
the outside lepton veto requirement, 
which accepts only events with both 
leptons between the two tagging jets. 
For the ∆φll distribution, the mll < 60 
GeV selection is also made. The top-
quark background is normalised using the 
corresponding control region, and Z+jets 
is normalised to the data-driven estimate. 
The hatched area represents the 
uncertainty on the signal and background 
yields from statistical, experimental, and 
theoretical sources. 
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Auxiliary Fig. 37 [1]
Caption
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. The best-fit values are shown by the solid 
vertical lines. The total ±1σ uncertainty is indicated by 
the shaded band, with the individual contributions from 
the statistical uncertainty (top), the total (experimental 
and theoretical) stematic un- certainty (middle), and 
the theory uncertainty (bottom) on the signal cross 
section (from QCD scale, PDF, and branching ratios) 
shown as superimposed error bars. 
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Auxiliary Fig. 41a [1]
Caption
Zoomed-in likelihood contours in the 
(μ, mH ) plane for the H → γγ, H→ ZZ∗→ 
4l and H→ WW∗→ lνlν channels. The 
markers indicate the best-fit estimates in 
each case. Mass scale systematic 
uncertainties are treated as uncorrelated 
between the H → γγ, H→ ZZ∗→ 4l and 
H→ WW∗→ lνlν channels for the 
individual contours. 
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Auxiliary Fig. 41b [1]
Caption
Zoomed-out likelihood contours in the 
(μ, mH ) plane for the H → γγ, H→ ZZ∗→ 
4l and H→ WW∗→ lνlν channels. The 
markers indicate the best-fit estimates in 
each case. Mass scale systematic 
uncertainties are treated as uncorrelated 
between the H → γγ, H→ ZZ∗→ 4l and 
H→ WW∗→ lνlν channels for the 
individual contours. 
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Caption
Likelihood curves for the ratio μVBF
+VH/μggF+ttH for the H → γγ, 
H→ZZ∗→4l and H→WW∗→lνlν channels 
and their combination for a Higgs boson 
mass mH =125.5 GeV.The branching 
ratios (including possible non-SM 
contributions) cancel in the ratio μVBF
+VH/μggF+ttH, hence the measurements 
from the four channels can be combined. 
The branching ratio dependence is 
contained in the signal strength factors 
μggF+ttH · BXX/BXX (with XX=γγ, ZZ and 
SM WW), which are profiled 
independently for the three final states. 
The dashed curve shows the SM 
expectation for the combination. The 
horizontal dashed lines indicate the 68% 
and 95% confidence levels. 
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Caption
The ratio of Z→μμ + 1-jet events to all 
Z→μμ candidates as a function of the 
number of reconstructed primary 
vertices in the event with no JVF 
requirement. Uncertainties are statistical. 
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Caption
The ratio of Z→μμ + 1-jet events to all 
Z→μμ candidates as a function of the 
number of reconstructed primary 
vertices in the event with the | JVF | > 0.5 
requirement. Uncertainties are statistical. 
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Thatʼs all!


