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Outline
I will present the measurements of the Higgs boson in the H →WW ∗ → `ν`ν
decay, using all pp data collected by ATLAS during the first run of the LHC

Physics motivation

ATLAS experiment

H →WW ∗ → `ν`ν

Backgrounds

Measuring Higgs production

Higgs boson couplings

Prospects

Phys. Lett. B 726 (2013), pp. 88-119; ATLAS-CONF-2013-030; ATLAS-CONF-2014-009

eµ + Emiss
T + 0 jet event
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Physics Motivation
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Standard Model Higgs boson
Standard Model: unified description of fundamental particles and forces

Based on local gauge invariance of the SU(3) × SU(2) × U(1) group

Remarkable agreement between theory and experiment!

But mass terms for gauge bosons are forbidden...

Unless symmetry is spontaneously broken: Higgs mechanism

Gain spin-0 scalar massive particle: the Higgs boson

Higgs boson observed by ATLAS and CMS at the LHC with mH ∼ 125 GeV

Prof. Peter Higgs and Prof. François Englert awarded the Nobel Prize in 2014
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Producing the Higgs at the LHC
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Scalar boson production and decays
Cross-sections, br. ratios, theory uncertainies: arXiV:1101.0593 & arXiv:1201.3084
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Higgs boson decays
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Analysis strategy needs to take into account
Higgs branching ratios, final state signatures,

production x-sections and background processes

Bosonic modes (discovery)

H → WW ∗ → `ν`ν
more ahead!

H → ZZ∗ → ````
low BR but very high S/B
good mass resolution

H → γγ
very low BR
good mass resolution

Fermionic decays

H → bb̄
needs VH

H → ττ
needs VBF
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Why H → WW ∗ → `ν`ν?
Observing H →WW ∗ decay is fundamental test of the theory

Sizable W → eν/µν decays provide clean signature: probe ggF and VBF

Two neutrinos in the final state: no mass sensitivity

But second highest BR for mH = 125 GeV: high event rate

H →WW ∗ → `ν`ν provides powerful measurements of production rates

Important constraints to fermion and vector boson couplings

Can also probe spin and parity properties (but I won’t address that...)
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The ATLAS Experiment
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LHC: Large Hadron Collider
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ATLAS: A Toroidal LHC ApparatuS
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Identifying different objects
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Recording pp collision data
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2011 2012
Center-of-mass energy 7 TeV 8 TeV
Peak luminosity 3.65× 1033 cm−2s−1 7.73× 1033 cm−2s−1

Integrated luminosity 5.25 fb−1 21.7 fb−1

Average interaction rate 9.1/crossing 20.7/crossing
Data taking efficiency 93.5% 93.5 %

Much more data in
2012 w.r.t. 2011.

The challenge:
handling pile-up!

Z → µµ event with 25 reconstructed vertices!
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The H →WW ∗→ `ν`ν
analysis

Joana Machado Miguéns (FCUL, LIP - Lisbon) H → WW∗ → `ν`ν with ATLAS University of Pennsylvania - 16.09.2014 13 / 42



H → WW ∗ → `ν`ν signature
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2 opposite-charge leptons + missing transverse energy final state
No mass peak, signal manifests as broad excess in transverse mass mT

Accurate and precise estimation of different background sources is essential!
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All these are sources of background
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Missing transverse energy
Select events with missing transverse energy: Emiss

T = −∑ pT

Relative-Emiss
T : better measurement in events with mismeasured leptons/jets
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T,rel =

{
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T × sin ∆φnear , if ∆φnear > π/2
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T , otherwise

 [GeV]T,rel
missE

0 50 100 150 200 250

E
ve

nt
s 

/ 5
 G

eV

-210

-110

1

10

210

310

410

510

610

710
 Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets
  H [125 GeV]

ATLAS Preliminary
-1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 0/1 jetsνeνµ/νµνe→
(*)

WW→H

lepton
or jetEmiss

T

Emiss
T,rel

∆φnear

Calorimeter-based measurement

of missing transverse energy

Emiss
T,rel > 25 (45) GeV for eµ (ee + µµ) events
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Event categories
eµ - different flavor leptons
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ee + µµ - same flavor leptons

jetsN

0 2 4 6 8 10

E
ve

nt
s

0

2

4

6

8

10

12

14

16

18

20

22
310×

 Data 2012

 Total sig.+bkg.

 SM Higgs boson

 = 125 GeVH     m

*γ Z/

t t

 WW

 Single Top

 Other VV

 W+jets

ATLAS
-1 Ldt = 20.7 fb∫ = 8 TeV  s

νµνµ/νeνe→WW*→H

ggF VBF

Event categories with different background compositions: better sensitivity!

Lepton flavor split:
I ee + µµ suffers from large Z/γ∗ contamination, eµ has better sensitivity

Njets split (anti-kt 0.4, pT > 25 (30) GeV):
I use Njets 6 1 and Njets > 2 to probe ggF and VBF production modes
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VBF H → WW ∗ → `ν`ν signature with forward jets
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The VBF topology
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Selecting Higgs candidates
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Exploit spin-0 of SM Higgs and V-A weak decay of W bosons
Low invariant mass of dilepton system: m`` < 50 GeV
Small azimuthal separation between two leptons: ∆φ`` < 1.8 rad
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Backgrounds
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All these are sources of background

pp
total

80 µb−1
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Standard Model Total Production Cross Section Measurements Status: July 2014

ATLAS Preliminary Run 1
√

s = 7, 8 TeV

Use data to normalize/validate/replace MC result as much as possible!
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W+jets

Mimics signal when jet fakes lepton

Essential to have good lepton
identification and isolation

Very hard to model fakes with MC

Estimated entirely from data

Validated with same charge dilepton

∼ 30% uncertainty  [GeV]Tm
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Fake factor method
1 W + jets control sample with id + anti-id leptons:

NW+jets
id+anti-id

2 Determine fake factor from high statistics dijet data:

ffake(pT, η) = Nid/Nanti-id

3 Extract W + jets contamination in signal region:

NW+jets
id+id = ffake × NW+jets

id+anti-id

Wγ, Wγ∗, WZ taken from MC

and validated with same charge

sample (∼ 20% unc.)
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Backgrounds: W+jets
W+jets becomes lν+jet
misidentified as a lepton

Lepton Identification and
Isolation suppress W+jets
by order 10−5
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H−>WW at m  = 125 GeV  H 

ATLAS pleadT > 25 GeV
psubleadT > 15 GeV

CMS pleadT > 20 GeV
psubleadT > 10 GeV

Remains one of the top two
background systematics

4

Joana Machado Miguéns (FCUL, LIP - Lisbon) H → WW∗ → `ν`ν with ATLAS University of Pennsylvania - 16.09.2014 23 / 42



Drell-Yan in 0- and 1-jet same flavour channels
Large Z/γ∗ → ee/µµ contamination in ee + µµ channels

Pile-up degrades Emiss
T resolution: more fake Emiss

T

Z/γ∗ contamination in 2012 increased by ∼ 5 w.r.t. 2011
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ATLAS Preliminary
-1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 0/1 jetsνµνµ/νeνe→
(*)

WW→H

Independent measurement
of Emiss

T using inner
detector tracks - pmiss

T :

+ Stability with pile-up

– No information on neutrals

Apply tight selections on both calorimeter- and track-based measurements:
I Emiss

T,rel > 45 GeV and pmiss
T,rel > 45 GeV
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Soft hadronic recoil to further suppress Drell-Yan
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Hadronic recoil energy for same flavour
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Joana Machado Miguéns (FCUL, LIP - Lisbon) H ! WW (⇤) ! `⌫`⌫ with the ATLAS detector Research Seminar, FCUL, 20.03.2013 18 / 31

What we are trying to do

Use sub-jet multiplicity opposite to dilepton system to veto Z/DY .

Our sub-jets have: 10 < pT < 25 GeV, |JVF| > 0.75, |⌘| < 4.5.

We have to ensure we can take the e�ciency of the cut from data, not to rely on any MC
calibration, resolution or e�ciency e↵ects.

Explore di↵erent directions:

opposite to dilepton
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B2: Emiss
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C: Emiss
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T > 45 GeV

Z peak
D2: Emiss

T,rel < 30 GeV

p``
T > 45 GeV

Z peak

Use both ee/µµ and eµ

Joana, Michael, Olivier, Patricia (LIP, CERN, Mainz) DY /Z suppression for H ! WW ! `⌫`⌫ + 0jets May 1, 2012 3 / 173

Hadronic recoil energy for same flavour

soft
hadronic

recoil
µ+

µ�

Joana Machado Miguéns (FCUL, LIP - Lisbon) H ! WW (⇤) ! `⌫`⌫ with the ATLAS detector Research Seminar, FCUL, 20.03.2013 18 / 31

Hadronic recoil energy for same flavour

soft
hadronic

recoil
µ+

µ�

Joana Machado Miguéns (FCUL, LIP - Lisbon) H ! WW (⇤) ! `⌫`⌫ with the ATLAS detector Research Seminar, FCUL, 20.03.2013 18 / 31

frecoil = |∑ |JVF|×−→pT|
p``T

Remember: looking at events with low m``, small ∆φ`` and no jets

Z/γ∗ events have two close-by leptons and no neutrinos (fake Emiss
T )

`` must be balanced by very soft jets not passing veto threshold

Define frecoil to measure soft hadronic activity opposite to ``-axis

Clear separation between Z/γ∗ and processes with true Emiss
T including signal

Apply tight frecoil selection: frecoil < 0.05 (0.2) for 0-jet (1-jet)
I εZ/γ

∗ ∼ 25% and εnon-Z/γ∗ ∼ 75%
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Data-driven method to estimate Drell-Yan

Challenging environment for ee + µµ:
I Emiss

T is complex object
I Fake Emiss

T very hard to model
I Soft jets: non-perturbative QCD
I Pile-up just complicates more

Estimate Z/γ∗ from data: Pacman

Z/γ∗ suppressed to reasonable level

60% (80%) uncertainty on 0-jet (1-jet)
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 + 0 jetsνµνµ/νeνe→WW*→H

Pacman method

1 Measure efficiencies of frecoil selection in data: εZ/γ
∗

and εnon-Z/γ∗

2 Use data passing and failing frecoil cut directly in the signal region
I measuring efficiencies so still insensitive to the presence of signal!

3 Invert matrix and solve for N
Z/γ∗
pass to obtain Z/γ∗ estimate in the SR

[
Ndata

pass

Ndata
pass+fail

]
=

[
1 1

1/εZ/γ
∗

1/εnon-Z/γ∗

] [
N

Z/γ∗
pass

N
non-Z/γ∗
pass

]
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Top backgrounds in 1- and 2-jet channels

Top-quark backgrounds produce WW + b-jets

Suppress tt̄ and single top by vetoing on b-jets

Use events with 1 b-jet as control regions

Used to normalize top background directly to data

For 2-jet apply VBF topology selections
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NFtop
1jet = 1.04± 0.02 (stat.)
∼ 30% uncertainty
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NFtop
VBF = 0.59± 0.07 (stat.)
∼ 40% uncertainty
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Continuum WW for 0- and 1-jet channels
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Higgs signal sits at low m``

WW control region at high m``

Normalize WW to data in CR

NFWW
0jet = 1.16± 0.04 (stat.)

NFWW
1jet = 1.03± 0.06 (stat.)

50 < m`` < 100 GeV WW CR
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WW is main background

Uncertainties from MC on
CR-to-SR extrapolation α

Important to keep them small

Reduce by choosing CR close to SR

∼ 2% uncertainty on α

∼ 7% total uncertainty for 0-jet
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Measuring the Higgs
Production
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Not the full mass, but still something
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Further sensitivity by splitting
eµ events in m``

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.

14

Note: yields quoted in mT window
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Significance of the excess

 [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

σ1 ±
σ2 ±

-1Ldt = 20.7 fb∫ = 8 TeV   s

-1Ldt = 4.6 fb∫ = 7 TeV   sATLAS

σ0

σ1
σ2

σ3

σ4

νlνl→WW*→H

Probability for background-only to produce observed excess at 125.5 GeV
I 8× 10−5

Significance of the observed excess at 125.5 GeV:
I 3.8σ

Evidence of Higgs boson in H →WW ∗ decay
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Measuring the total production rate

) µSignal strength (
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30% precision on µ!

Excess compatible with 125.5 GeV
Higgs

µobs = 1.00± 0.21 (stat.) +0.16
−0.08 (theo.) +0.18
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Breakdown of uncertainties on µTable 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.

26

Uncertainties impacting µ: half statistics, half systematics

Half the systematics are from theory

Dominant experimental systematics from jet energy scale, b-tagging and
data-driven background estimates
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Measuring VBF
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ggF vs. VBF
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Higgs Boson Couplings
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Translating rates into SM Higgs couplings

Why?

Higgs couplings are exactly determined in the SM:

gHVV = 2m2
V /vev gYukawa = mf /vev

Essential to measure them as precisely as possible

Any deviations will be a sign of new physics

How?

Scaling factors κ, such that σ ∼ κ2 and Γ ∼ κ2, with κ = 1 for SM

Take common fermion and vector boson scaling factors: κF and κV

I heavy quarks in ggF loop: σggF ∼ κ2
F

I vector bosons in VBF: σVBF ∼ κ2
V

I H →WW decay: ΓWW ∼ κ2
V

I Higgs total width: ΓH ∼ 0.25κ2
V + 0.75κ2

F

Result

σ(gg → H)× BR(H →WW ) = σggF
ΓWW

ΓH
∼ κ2

Fκ
2
V

0.25κ2
V +0.75κ2

F

σ(qq → qqH)× BR(H →WW ) = σVBF
ΓWW

ΓH
∼ κ2

Vκ
2
V

0.25κ2
V +0.75κ2

F
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Fermion vs. vector boson couplings
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What’s next?
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Prospects for the future

Remarkable agreement between SM and data but...
I dark matter and dark energy?
I SM does not explain everything

Found the Higgs but...
I Low mass is unnatural, hierarchy problem arises
I Loop corrections to scalar Higgs mass are divergent
I With a cut-off Λ ∼ 1019 GeV (Plank scale), a striking

cancellation with the bare mass m0 needs to occur!
I Λ can be smaller, but then there should be new physics

at the TeV scale

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = −|λf |2

8π2
Λ2

UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)

Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.
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Prospects for the future

Maybe it’s SUSY?
I Cures hierarchy problem & offers dark matter candidate
I So far no signs of it at the LHC
I But the phase space to cover is large

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = −|λf |2

8π2
Λ2

UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S
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Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.
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fermion and boson contributions to m2
H

have opposite signs and cancel out

More data and energy for Run-II!
I Look directly for new physics
I Or look for deviations to the SM
I Last energy boost we’ll get in a while: the time is now!
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Summary and conclusions
Very rich Higgs physics program for Run-I of the LHC!
H →WW ∗ → `ν`ν provides powerful measurements of Higgs production
and couplings
New and improved H →WW ∗ → `ν`ν results will be out soon
And Run-II is about to begin, bringing a lot more energy and data, and
hopefully some new physics?

Prof. Peter Higgs (as confirmed by the name tag!) cornered when coming out of the bathroom

at the EPS-HEP conference in Stockholm
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MC simulation

DRAFT 5.2 2014/08/13 17:34:12

Chapter 1. Theory Overview 34
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Figure 1.16: (a) Cross-sections for the di↵erent production mechanisms of the SM
Higgs boson at the LHC, as a function of the Higgs mass and at a center-of-mass energy
of

p
s = 8 TeV. (b) Total cross-section for SM Higgs boson production at the LHC, as

a function of the Higgs mass, and at di↵erent center-of-mass energies -
p

s = 7, 8 and
14 TeV. Taken from Ref [42].

Production Symbol Mechanism
Cross-section [pb] Theory Uncertainties [%]

p
s = 8 (7) TeV, mH = 125 GeV QCD scale PDFs + ↵s

Gluon fusion ggF gg ! H 19.27 (15.13) +7.2
�7.8 (+7.1

�7.8)
+7.5
�6.9 (+7.6

�7.1)

Vector boson fusion VBF qq ! qqH 1.58 (1.22) ±0.2 (±0.3) +2.6
�2.8 (+2.5

�2.1)

Higgs-stralung
WH qq ! WH 0.70 (0.58) ±1.0 (±0.9) ±2.3 (±2.6)

ZH qq/gg ! ZH 0.42 (0.34) ±3.1 (±2.9) ±2.4 (±2.7)

Associated w/ top ttH gg ! tt̄H 0.13 (0.09) +3.8
�9.3 (+3.2

�9.3) ±8.1 (±8.4)

Total - pp ! H + X ?? ?? ??

Table 1.5: Overview of the dominant SM Higgs boson production mechanisms at
the LHC. The cross-sections are shown at a center-of-mass energy of

p
s = 8 TeV,

and for a Higgs boson mass of mH = 125 GeV. Theoretical uncertainties on the cross-
sections are also included. The numbers for

p
s = 7 TeV (both cross-sections and

theory uncertainties) are shown in parenthesis. Taken from Ref. [42].

higher-order corrections is fundamental. NLO corrections increase the LO cross-section1037

by about 80�100%. These were computed in the limit where the mass of the top quark1038

is assumed to be infinite, as well as maintaining the full dependence on the masses of1039

the top and bottom quarks, with di↵erences of only a few percent. The NNLO cor-1040

rections have been computed only in the large mt limit, (an approximation that works1041

better than 1%, for mH . 300 GeV), increasing the cross-section by an additional 25%.1042

Improvement of the NNLO calculation is obtained by including NNLL resummations,1043

causing yet another increase of 7 � 9% in the cross-section. Two-loop EW e↵ects are1044

known and their impact on the cross-section depends strongly on the Higgs mass.1045

The second largest contribution to the Higgs boson production comes from the vector1046

boson fusion mechanism. VBF possesses a very distinct signature, with two hard jets1047
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H → WW ∗ → `ν`ν event selection

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 mℓℓ 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 (ℓ= e, µ) with opposite charge
Leptons with pleadT > 25 and p

sublead
T > 15

eµ+ µe: mℓℓ > 10
ee+ µµ: mℓℓ > 12, |mℓℓ − 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
|∆φℓℓ,MET |>π/2 - ptotT < 45
pℓℓT > 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 ℓ in rapidity gap

H→WW (∗)→ ℓνℓν
topology

mℓℓ < 50 mℓℓ < 50 mℓℓ < 60
|∆φℓℓ |< 1.8 |∆φℓℓ |< 1.8 |∆φℓℓ |< 1.8
eµ+ µe: split mℓℓ eµ+ µe: split mℓℓ -
Fit mT Fit mT Fit mT

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

The mℓℓ 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

mℓℓ = 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
ℓℓ
T
+ Emiss

T
)2 − |pℓℓ

T
+Emiss

T
|2)1/2 with Eℓℓ

T
= (|pℓℓ

T
|2 +m2ℓℓ)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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Jets, jet vertex fraction and pile-up
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Figure 16: 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: No JVF requirement (left); with the | JVF |> 0.5 require-
ment (right). Uncertainties are statistical.
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Figure 17: Distributions for the same-charge validation region: leading lepton pT (top left) and sub-

leading lepton pT (top right) after the zero-jet p
ℓℓ
T
cut and leading lepton pT (bottom left) and sub-

leading lepton pT (bottom right) after the one-jet b-veto requirement. The eµ+ µe channels are com-

bined. The shaded area represents the uncertainty on the signal and background yields from statistical,

experimental, and theoretical sources.

37

Fraction of Z → µµ+ 1 jet to all Z → µµ candidates versus number of
primary vertices, before and after JVF requirement

Jet vertex fraction (JVF) defined at
∑

pT of associated tracks that can be
matched to the primary vertex

In H →WW ∗ → `ν`ν we require |JVF| > 0.5 for jets with pT < 50 GeV
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Figure 17: Emiss
x and Emiss

y resolution as a function of the total transverse energy in the event calculated
by summing the pT of muons and the total transverse energy in the calorimeter in data. Results are
shown for Z ! µµ (a) and Z ! ee (b) events before and after pile-up suppression with different
methods. Resolution in data and MC simulation are compared in Z ! µµ (c) and Z ! µµ and
Z ! ee events (d).
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Chapter 2. The ATLAS Experiment 96

previous sections, thereby improving the measurement of the missing transverse mo-2555

mentum. Energy deposits not associated with any object, generally with low pT, are2556

included in the so-called “soft term”. Finally, the momentum of muons reconstructed in2557

the ATLAS MS is also used in the reconstruction of this flavour of Emiss
T , ensuring that2558

all interacting particles produced in the collisions are, therefore, probed.2559

The calculation of Emiss,calo
T is done as follows:2560

Emiss,calo
T =

r⇣
Emiss,calo

x

⌘2
+
⇣
Emiss,calo

y

⌘2
, (2.14)

with:2561

Emiss,calo
x(y) = Emiss,e

x(y) + Emiss,�
x(y) + Emiss,⌧

x(y) + Emiss,jets
x(y) + Emiss,SoftTerm

x(y) + Emiss,µ
x(y) . (2.15)

Each term is calculated as the negative sum of the corresponding calibrated hard objects,2562

projected onto the x and y directions. For electrons, the medium++ energy cluster is2563

calibrated as described in Section 2.6.3. The photon clusters are included at the EM-2564

scale and ⌧ -leptons are reconstructed from LCW topoclusters and include a specific2565

calibration of the energy scale. Jets with pT > 20 GeV are reconstructed from topo-2566

clusters using the anti-kt algorithm, with R = 0.4, at the LCW+JES scale, as described2567

in Section 2.6.4. Finally, the muon term is obtained simply from the negative sum2568

of the momentum of segment-tagged muons (see Section 2.6.2). As for the soft term,2569

it is calculated from topo-clusters and tracks, not associated to any of the high pT2570

objects. Topo-clusters are calibrated at the LCW-scale, and any overlap with the tracks2571

is removed, to avoid double-counting.2572

The SoftTerm can be a significant contribution to the global Emiss,calo
T quantity.2573

However, this term su↵ers from significant fluctuations due to pile-up, which intro-2574

duces additional soft di↵use radiation in the detector. The e↵ects from pile-up can be2575

suppressed by using the soft term vertex fraction (STVF) [116] which, similar to JVF2576

described in Section 2.6.4.2, is calculated as the fraction of
P

pT of tracks matched to2577

the soft term (i.e. not associated to reconstructed physics objects) that can be associated2578

to the hard-scattering PV. The Emiss,SoftTerm
T term in Equation 2.15 can be weighted by2579

STVF, and the resulting computation of missing transverse energy is names Emiss,STVF
T .2580

Z ! `` decays have been used to study the performance of Emiss
T [116]. No true2581

missing transverse momentum is expected for these events. Therefore, the width of the2582

Emiss
x(y) distributions provides a direct measurement of the resolution of Emiss

T . This is2583

shown in Figure 2.35, where the resolution of the two Emiss
T components are shown for2584

Z ! µµ and Z ! ee events in data and simulation, for Emiss,calo
T and Emiss,STVF

T , as a2585

function of
P

ET.
P

ET is the total transverse energy in the event, computed as the2586

For STVF the soft term is weighted by
∑

pT of associated tracks that can be
matched to the primary vertex
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Schematics of backgrounds estimates
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Summary of backgrounds estimates

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∗→ ℓℓ 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(∗)→ ℓνℓν. 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 mℓℓ distributions of same-charge Njet = 0 events passing pre-selection and

the |∆φℓℓ,MET | and pℓℓT 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

Generally use eµ CRs, with higher stats and higher purity
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Cutflow in control regionsTable 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

15
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Jet Veto Survival Probability for top in 0-jet
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0jet = 1.07± 0.03 (stat.), ∼ 13% on estimated yield

Joana Machado Miguéns (FCUL, LIP - Lisbon) H → WW∗ → `ν`ν with ATLAS University of Pennsylvania - 16.09.2014 51 / 42



WW control regions
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WW CR α extrapolation uncertainties

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<mℓℓ < 30 0.9 0.2 1.5 −1.2
eµ+ µe 30≤mℓℓ < 50 0.9 0.8 1.1 −1.4
ee+ µµ 12<mℓℓ < 50 1.0 0.3 1.1 1.7

Njet = 1
eµ+ µe 10<mℓℓ < 30 1.6 0.5 2.0 −5.1
eµ+ µe 30≤mℓℓ < 50 1.5 0.5 1.8 −5.0
ee+ µµ 12<mℓℓ < 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 POWHEG+PYTHIA8 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 POWHEG interfaced with PYTHIA8, PYTHIA6, and HERWIG. 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 mℓℓ. 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, SHERPA, POWHEG+PYTHIA6, and

MC@NLO+HERWIG 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+HERWIG, is taken as a relative shape uncertainty on the

POWHEG 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

17
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Same sign validation regions
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W γ validation region
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Figure 18: Distributions for the same-charge validation region: leading lepton pT (top left) and sub-

leading lepton pT (top right) after the zero jet p
ℓℓ
T
cut and leading lepton pT (bottom left) and sub-

leading lepton pT (bottom right) after the one jet b-veto requirement. The ee and µµ channels are

combined. The shaded area represents the uncertainty on the signal and background yields from

statistical, experimental, and theoretical sources.
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Figure 19: mT distributions for the same-chargeWγ validation region: in the zero-jet (left) and one-jet

(right) selection. The eµ and µe channels are combined. The shaded area represents the uncertainty

on the signal and background yields from statistical, experimental, and theoretical sources.

38

The simulation of the W γ is validated with modified same-sign dilepton
events, in which the electron selection criteria that remove photon
conversions are reversed.
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Uncertainties on background yields estimated from CRs

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

19

NSR
bkg,est =

NCR
data − NCR

other

NCR
bkg,MC︸ ︷︷ ︸

× NSR
bkg,MC = (NCR

data − NCR
other)×

NSR
bkg,MC

NCR
bkg,MC︸ ︷︷ ︸

NFbkg αbkg
SR
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0-jet cutflow
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
|∆φℓℓ,MET |>π2 8100 8120± 40 170± 2
pℓℓ
T
> 30 5497 5490± 30 156± 2

mℓℓ < 50 1453 1310± 10 124± 1
|∆φℓℓ |< 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
|∆φℓℓ,MET |>π2 13697 12970± 140 103± 1
pℓℓ
T
> 30 5670 5650± 70 99± 1

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

|∆φℓℓ |< 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
mℓℓ < 50 886 830± 10 63± 1
|∆φℓℓ |< 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
mℓℓ < 50 1773 1540± 20 38± 1
pmiss
T,rel
> 45 440 420± 10 21± 1

|∆φℓℓ |< 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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1-jet cutflow

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
|∆φℓℓ,MET |>π2 8100 8120± 40 170± 2
pℓℓ
T
> 30 5497 5490± 30 156± 2

mℓℓ < 50 1453 1310± 10 124± 1
|∆φℓℓ |< 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
|∆φℓℓ,MET |>π2 13697 12970± 140 103± 1
pℓℓ
T
> 30 5670 5650± 70 99± 1

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

|∆φℓℓ |< 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
mℓℓ < 50 886 830± 10 63± 1
|∆φℓℓ |< 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
mℓℓ < 50 1773 1540± 20 38± 1
pmiss
T,rel
> 45 440 420± 10 21± 1

|∆φℓℓ |< 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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VBF cutflow
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
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0-jet eµ kinematics
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Figure 20: Kinematic distributions in the Njet = 0 channel: p
ℓℓ
T
(top left) and |∆φℓℓ | (top right) after

the zero jet veto and mℓℓ (bottom left) and |∆φℓℓ | (bottom right) after the cut on pℓℓT . The signal is
added on top of the background. The WW and top backgrounds are scaled to use the normalisation

derived from the corresponding control regions described in the text. The shaded area represents the

uncertainty on the signal and background yields from statistical, experimental, and theoretical sources.
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1-jet eµ kinematics
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Figure 25: Kinematic distributions in the Njet = 1 channel: mℓℓ after the Z→ττ veto (left) and |∆φℓℓ |
after the cut on mℓℓ (right), The signal is added on top of the background. The WW and top back-

grounds are scaled to use the normalisation derived from the corresponding control regions described

in the text. The shaded area represents the uncertainty on the signal and background yields from

statistical, experimental, and theoretical sources.
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Figure 26: Kinematic distributions in the Njet = 1 channel after the full selection: p
ℓℓ
T
(top left), |∆φℓℓ |

(top right), mℓℓ (bottom left), andmT (bottom right). The eµ and µe channels are combined. The signal

is added on top of the background. TheWW and top backgrounds are scaled to use the normalisation

derived from the corresponding control regions described in the text. The shaded area represents the

uncertainty on the signal and background yields from statistical, experimental, and theoretical sources.
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VBF kinematics
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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. ptotT 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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0-jet DF signal region
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0-jet SF signal region
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1-jet DF signal region
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Figure 25: Kinematic distributions in the Njet = 1 channel: mℓℓ after the Z→ττ veto (left) and |∆φℓℓ |
after the cut on mℓℓ (right), The signal is added on top of the background. The WW and top back-

grounds are scaled to use the normalisation derived from the corresponding control regions described

in the text. The shaded area represents the uncertainty on the signal and background yields from

statistical, experimental, and theoretical sources.
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Figure 26: Kinematic distributions in the Njet = 1 channel after the full selection: p
ℓℓ
T
(top left), |∆φℓℓ |

(top right), mℓℓ (bottom left), andmT (bottom right). The eµ and µe channels are combined. The signal

is added on top of the background. TheWW and top backgrounds are scaled to use the normalisation

derived from the corresponding control regions described in the text. The shaded area represents the

uncertainty on the signal and background yields from statistical, experimental, and theoretical sources.
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1-jet SF signal region
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VBF signal region
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Figure 35: The mℓℓ and the |∆φℓℓ | distributions after the outside lepton veto cut, accepting events
with leptons between the two tagging jets. |∆φℓℓ | is shown after the mℓℓ < 60 GeV cut. The shaded
area represents the uncertainty on the signal and background yields from statistical, experimental, and

theoretical sources.
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Signal region mT distributions
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Systematic uncertainties on predicted signal and
background yields

Table 8: For mH = 125 GeV, the leading systematic uncertainties
for the 8 TeV H!WW⇤! `⌫`⌫ 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 e�ciency - +7 +2
frecoil e�ciency ±4 ±2 -

6.4. Systematic uncertainties

The main sources of systematic uncertainty a↵ecting
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 a↵ect 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 a↵ecting the expected
signal and background yields are associated primarily
with the reconstruction and identification e�ciency, and
with the energy and momentum scale and resolution, of
the final-state objects (leptons, jets, and Emiss

T ), 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 e�ciency is the
most important of these, and it appears in Table 8 pri-
marily through its e↵ect 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 di↵erences 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
e�ciency 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 the WW 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 di↵erent from
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Exclusion
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Signal strength
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The banana plot
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SUSY after Run-I

Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference

In
c
lu

s
iv

e
S

e
a

rc
h

e
s

3
rd

g
e

n
.

g̃
m

e
d

.
3
rd

g
e

n
.

s
q

u
a

rk
s

d
ir

e
c
t

p
ro

d
u

c
ti
o

n
E

W
d

ir
e

c
t

L
o

n
g

-l
iv

e
d

p
a

rt
ic

le
s

R
P

V
O

th
e

r

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃01 1 e, µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+
1 0-1 e, µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20 m(χ̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃01 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1
, χ̃

0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1
, χ̃

0

2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+
1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+
1→Wχ̃

0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121,0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+
1→Wχ̃

0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133,0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV

full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminary√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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