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Higgs production with jets and with jet vetoes 
!
A brief Overview 
!

Dr. Florian U. Bernlochner
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ATLAS-CONF-2013-034

March 13, 2013

Combined coupling measurements of the Higgs-like boson with the
ATLAS detector using up to 25 fb−1 of proton-proton collision data

The ATLAS Collaboration

Abstract

This note presents an update of the measurements of the properties of the newly dis-
covered boson using the full pp collision data sample recorded by the ATLAS experi-
ment at the LHC for the channels H→ γγ, H→ZZ(∗)→ 4ℓ and H→WW (∗)→ ℓνℓν, cor-
responding to integrated luminosities of up to 4.8 fb−1 at

√
s = 7 TeV and 20.7 fb−1 at√

s = 8 TeV. The combination also includes results from the H → ττ and H → bb̄ channels
based on pp collision data corresponding to an integrated luminosity of up to 4.7 fb−1 at√

s = 7 TeV and 13 fb−1 at
√

s = 8 TeV. The combined signal strength is determined to
be µ = 1.30 ± 0.13 (stat) ± 0.14 (sys) at a mass of 125.5 GeV. The cross section ratio be-
tween vector boson mediated and gluon (top) initiated Higgs boson production processes is
found to be µVBF+VH/µggF+tt̄H = 1.2+0.7

−0.5, giving more than 3σ evidence for Higgs-like boson
production through vector-boson fusion. Measurements of relative branching fraction ratios
between the H→ γγ, H→ ZZ(∗)→ 4ℓ and H→WW (∗)→ ℓνℓν channels, as well as combined
fits testing the fermion and vector coupling sector, couplings to W and Z and loop induced
processes of the Higgs-like boson show no significant deviation from the Standard Model
expectation.

c⃝ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

IPPP: Jet Vetoes and Multiplicity Observables
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Figure 5: Evolution of the p-value and the
signal significance observed by the ATLAS and
CMS experiments with increasingly larger data-
sets: (a) Summer 2011 (≈ 1 fb−1/expt) for AT-
LAS A4 [112] and CMS C4 [113], (b) Spring
2012 (≈ 5 fb−1/expt) for ATLAS A5 [114] and
CMS C3 [115], (c) Summer 2012 (≈ 10 fb−1/expt)
for ATLAS A6 [1] and CMS C4 [2], and
(d) December 2012 (≈ 25 fb−1/expt) for AT-
LAS A7 [116] and CMS C4 [117].
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The (discovered) Higgs just turned two!

* A nice step-by-step discovery by 

‣ Summer 2011: focus mainly on limits 

‣ Spring 2012: first deviations from background only hypothesis 
(~10-2 - 10-3 = >2-3 σ ) 

‣ Summer 2012: >5σ deviation 

‣ End of 2012 & Run 1 of the LHC: >7σ 

‣ Final ATLAS & CMS analyses & combinations still in 
preparation 

* So far what we see is compatible with the SM 
Higgs Boson. 

* Jets & Categorizations with Jets played an 
important role in gaining sensitivity. 
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Discovery!

PDG Higgs Review, M. Carena, C. Grojean, M. Kado, V. Sharma
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* Plan to walk you through 4 aspects of Higgs + Jet 
production (sketched on the left) 

* Jets play crucial role in enhancing sensitivity in 
most Higgs analyses 

* Crucial aspect: Jet reconstruction and relating reconstructed jets 
⟺ jet cross sections 

* Uncertainties and correlations to cross section 
predictions will be more crucial in Run 2 of LHC

3

Jet Reconstruction & 
Simulation

Categories in coupling 
measurements

Higgs + jet cross 
section measurements

Run 2 Outlook
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Jet Reconstruction & Simulation

Reco. & simulation Coupling meas. Higgs + Jets meas. Run 2



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

5

Proton-Proton collisions and Jets

Jets in proton-proton collisions have many origins:

5

Steffen Henkelmann - University of British Columbia

MC model systematics

7

Hard process 

PDF 

Parton shower 

ISR 

FSR 

Fragmentation 
Hadronisation 

MPI/ 
UE 

QED Bremsstrahlung 

1. Initial-state radiation 
2. final-state radiation 
3. Fragmentation  
4. N(..)LO corrections to hard 

scatter + Parton-Shower 
5. Multi-parton interaction 
6. Pile-up
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Peak interactions & Reconstructed vertices from a typical bunch-crossing 

→ Simulation & proper modelling 
of all of these aspects crucial
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* Most analyses use Jet-Vertex-fraction (JVF) 
to reject pile-up jets. 

!

!

* Cut often used in Higgs analyses is              
|JVF| > 0.25 or 0.5 for jets with |η| < 2.4 

* Results in P(pile-up jet| jet) ~ 4-6% for 
typical jet selections. 

* Much work went into understanding the 
impact of pile-up.  

* Many improvements did not make it into the 
final 2012 measurements. 

Pile-up Jets in 2012

6
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1 Introduction

At the Large Hadron Collider (LHC) the collisions of proton (p) bunches result not only in hard-scatter
(signal) pp interactions, but also in additional collisions accompanying the signal. Such additional low
transverse momentum pp collisions are referred to as pileup interactions. We di↵erentiate between in-
time and out-of-time pileup. While in-time pileup arises from additional pp interactions in the current
bunch-crossing, out-of-time pileup refers to energy deposits in the ATLAS calorimeter [1] from previous
and following bunch crossings relative to the triggered event. For this note, in-time and out-of-time
pileup will be referred to collectively as pileup.

The additional transverse energy flow from pileup interactions is typically subtracted on average
from the signal interaction of interest. Local fluctuations in the pileup activity, however, may result in
spurious pileup jets. In Ref. [2] it was shown that pileup jets can be e↵ectively removed by a minimal
jet-vertex-fraction (JVF) requirement. The JVF variable is defined as the scalar transverse momentum
(pT) sum of the tracks that are associated with the jet and originate from the hard-scatter vertex divided
by the scalar pT sum of all associated tracks:

JVF =
P

k ptrkk
T (PV0)

P
l ptrkl

T (PV0) +
P

n�1
P

l ptrkl
T (PVn)

(1)

Here, PV0 is the hard-scatter vertex (see section 2.2) and PVj, j � 1 corresponds to primary vertices
due to pileup interactions in the same bunch crossing. JVF is bound between 0 and 1, but a value of �1
is assigned to jets with no associated tracks. It measures the fractional pT from tracks associated with
the hard-scatter vertex. As the denominator of JVF increases with the number of reconstructed primary
vertices in the event (NVtx

1), due to an increase in the number of pileup tracks associated with the jet,
the mean JVF for signal jets is shifted to smaller values, as shown in Fig. 1(a). The explicit pileup
dependence of JVF results in an NVtx dependent jet e�ciency when a minimal JVF criterion is imposed
to reject pileup jets. This e↵ect is illustrated in Figure 1(b) for jets in three di↵erent pT bins requiring
JVF > 0.5.

In this note, new track-based variables are developed to suppress pileup jets in such a way that the
resulting hard-scatter jet e�ciency is stable as a function of NVtx. The note is organized as follows.
In Section 2 a brief description of the ATLAS experiment is presented and the object reconstruction
and event selection is discussed. Two new track-based variables are introduced in Section 3, and in
Section 4 a multivariate combination of these two variables, called the jet-vertex-tagger, is derived and its
performance is characterized. The modeling of the jet-vertex-tagger is validated with data in Section 5.
In Section 6 the application of the jet-vertex-tagger is illustrated in a study of the jet multiplicity in
Z(! µµ)+jets events as well as for a jet-veto e�ciency study in simulated H ! ZZ events, where the
Higgs boson H is produced via vector-boson fusion (qq0 ! qq0H). Section 7 contains a discussion of
a novel track-based grooming technique for large-R jets, where jet-vertex association is used to mitigate
pileup e↵ects. Finally, Section 8 contains the conclusions.

2 Object definition and event selection

2.1 The ATLAS detector

The results presented in this paper are based on an integrated luminosity of 20.3 fb�1 of pp collisions
recorded with the ATLAS detector at a center-of-mass energy of 8 TeV during the 2012 data taking.

1The vertex reconstruction e�ciency depends on the average number of interactions per bunch crossing µ and ranges
between 80% and 50% for µ = 0 to µ = 40 [3].

1

selected at pT > 30-25 GeV

P( selected pile-up jet | all pileup jet )

P( selected hard scatter jet | all hard scatter jet )

Jet Vertex Tagger

Jet Vertex Fraction
absolute value to include jets without tracks (JVF =-1)
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Coupling strength measurements using jet 
categories 

Reco. & simulation Coupling meas. Higgs + Jets meas. Run 2
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* Most Analyses don’t use jets to ‘Tag’ a Higgs (like 
trigger on VBF topologies), but the Higgs decay 
products. 

* Most channels use jets to gain sensitivity to μ or to test 
coupling strength for certain production mechanisms

8
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* Brief Overview of jet 
categories of 
H→ɣɣ and H→WW

– 14–

as supersymmetry with possible flat directions. Still, physics at

lower energies is desirable to solve other mysteries of the universe

such as dark matter or the matter-antimatter asymmetry. The

Higgs boson discovery at the LHC leaves all these options open.

II.4. Higgs production and decay mechanisms

Reviews of the SM Higgs boson’s properties and phe-

nomenology, with an emphasis on the impact of loop corrections

to the Higgs boson decay rates and cross sections, can be found

in Refs. [32–38].

II.4.1. Production mechanisms at hadron colliders

The main production mechanisms at the Tevatron and the

LHC are gluon fusion, weak-boson fusion, associated production

with a gauge boson and associated production with top quarks.

Figure 2 depicts representative diagrams for these dominant

Higgs production processes.

g

g

t

tW, Z

W,Z

q

q

g

g

q

q

q

q
(a) (b)

(c) (d)

H

HH

H

Figure 2: Generic Feynman diagrams con-
tributing to the Higgs production in (a) gluon
fusion, (b) weak-boson fusion, (c) Higgs-strahlung
(or associated production with a gauge boson)
and (d) associated production with top quarks.

The cross sections for the production of a SM Higgs boson

as a function of
√

s, the center of mass energy, for pp collisions,

including bands indicating the theoretical uncertainties, are

summarized in Fig. 3 [39]. A detailed discussion, including un-

certainties in the theoretical calculations due to missing higher

order effects and experimental uncertainties on the determi-

nation of SM parameters involved in the calculations can be

January 9, 2014 16:22

VBF

VH ttH

ggF

Exception: H →𝝉𝝉 (see Backup)



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
lyOverview of Channels

* Analyses don’t use jets to ‘Tag’ a Higgs (like trigger on 
VBF topologies), but the Higgs decay products. 

* Most channels use jets to gain sensitivity to μ or 
test coupling strength for certain production 
mechanisms
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* 3 jet categories used for low mass VH (W→jj & Z→jj); 
VBF loose & tight   

* at least two jets with pT > 25/30 GeV and |JVF| > 0.25 
* Excellent sensitivity → VBF tight highest S/B of all 

categories

10

ATLAS-CONF-2013-012 
http://cds.cern.ch/record/1523698

Will be updated soon!
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Figure 2: (a) The response of the VBF BDT to the data in the signal sidebands (excluding themγγ ∈ [120-
130] GeV region) and to the expected background after selection cuts, normalized to unity. (b) The

response of the VBF BDT to the VBF signal sample, to the ggF signal sample, and to the expected

background after selection cuts, normalized to unity.

is degraded in this region because of the large amount of material in front of the calorimeter. No pTt
classification is applied to this last category.

5 Signal and background modelling

5.1 Signal modelling

The Higgs boson signal produced through the gluon fusion and vector boson fusion processes is sim-

ulated with the POWHEG [21, 22] generator interfaced to PYTHIA [23] for showering and hadronisation.

Higgs boson production in association with a vector boson or a top quark pair (ttH) is simulated with

PYTHIA. The Higgs boson production cross sections are computed up to next-to-next-to-leading order

(NNLO) [24–29] in QCD for the gluon fusion process. Soft-gluon resummation up to next-to-next-

to-leading logarithm order [30] is adopted. The finite quark-mass effects are taken into account in

POWHEG [31]. Next-to-leading order (NLO) EW corrections are applied [32, 33]. These results are com-

piled in [34–36] assuming factorization between QCD and EW corrections. The cross sections for the

VBF process are calculated with full NLO QCD and EW corrections [37–39], and approximate NNLO

QCD corrections [40]. The W/ZH processes are calculated at NLO [41] and NNLO [42], and NLO EW
radiative corrections [43] are applied. The full NLO QCD corrections for ttH are used [44–47].

The yields for gluon fusion are, in the following, corrected for destructive interference with the

gg → γγ process [48]. These corrections range between −2% and −5%, depending on the diphoton
invariant mass.

The theoretical uncertainty on the Higgs boson production cross section mainly comes from renor-

malisation and factorisation scale variations and parton distribution functions (PDF) [49–52]. The Higgs

boson decay branching fractions are taken from Refs. [53–56] and their uncertainties are compiled in

Refs. [57, 58].

Signal MC samples are generated in steps of 5 GeV for hypothesised Higgs boson masses in the

range 100-150 GeV and passed through a full ATLAS detector simulation [59] based on the GEANT4

program [60]. Pile-up effects are simulated by overlaying each MC event with a number of additional

simulated inelastic pp collisions. The number of extra interactions is adjusted according to the measured

7

Jet  
Categories

VBF BDT  
Classifier

loose tight But need good control 
over jets 

theory uncertainties from 
ggF contamination 

important

Table 25: VBF selection cuts we use, corresponding to the H→ γγ analyses by ATLAS [74,263] and CMS [264]
(as of last year). The cut on∆φH−jj in the last row is treated special as an exclusive binning cut.

ATLAS CMS tight
anti-kT R = 0.4 anti-kT R = 0.5

2-jet selection pTj>25 GeV for |ηj |<2.5 pTj>30 GeV, |ηj |<4.7
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Fig. 65: Exclusive pp → H + 2 jet cross section via ggF at NLO for as function of pcutTHjj (left panels) and
π −∆φcutH−jj (right panels) for both ATLAS and CMS VBF selections.

In Table 26 we quote the results for the cross sections and their percentage uncertainties for a
few specific cuts. For ∆φH−jj we use the experimental value ∆φH−jj > 2.6. Compared to the 21%
in the inclusive 2-jet cross section with VBF cuts (σ≥2), we see a moderate increase in the uncertainty
in σ2(∆φH−jj > 2.6) to 26% for ATLAS and CMS tight. For pTHjj we use a representative value of
pTHjj < 30 GeV, for which the uncertainties increase substantially to 44% and 49% for ATLAS and
CMS tight respectively. Note that for a fixed exclusive cut the uncertainties increase somewhat with a
tighter VBF selection, which is expected.
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for forward jets (2.2 < |η| < 4.5)
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Example: Tagged Categories in h → γγ
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Figure 2: Jet multiplicity for events in 8 TeV data. The plots are shown for the (a) eµ+ µe and (b)

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

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

statistical, experimental, and theoretical sources.

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

ℓℓ j
T
for Njet = 1.

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

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

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

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

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

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

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

simulated events.

3.4 Analyses categorised in Njet

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

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

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

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

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

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

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

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

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

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

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

6

* Although WW branching fraction sizeable, extremely challenging analysis. 

Very different background and signal composition as a function of jet 
multiplicities. One jet bin dominated by ggF + 1 jet.

Same flavour & opposite flavour H → WW(lνlν) Candidates after pre-selection

Various backgrounds normalized 
in control regions or from MC
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* Transverse mass used as discriminating variable (calculated 
from missing Et & dilepton system) 

* Correlation between theory uncertainties from ggF 
between different jet bins crucial.

Will be updated soon!
ATLAS-CONF-2013-030 
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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 +m2

ℓℓ
)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
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0 1

>= 2

VBF

>=2

Table 9: For the H→WW∗→ ℓνℓν analysis of the 8 TeV data, the
numbers of events observed in the data and expected from signal
(mH = 125.5 GeV) and backgrounds inside the transverse mass re-
gions 0.75mH <mT <mH for Njet ≤ 1 and mT < 1.2mH for Njet ≥ 2.
All lepton flavours are combined. The total background as well as its
main components are shown. The quoted uncertainties include the sta-
tistical and systematic contributions, and account for anticorrelations
between the background predictions.

Njet = 0 Njet = 1 Njet ≥ 2

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

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

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

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

in Section 7.

7. Higgs boson property measurements

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

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

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

Signal strength combination from

H ! ��, H ! ZZ⇤ ! 4`, H ! WW ⇤ ! `⌫`⌫
VH ! Vbb̄ , H ! ⌧⌧

#
Can combine all measurements under the as-
sumption of a single resonance:

#

Profile likelihood for combination

⇤(µ) =
L(µ)

L(bµ)

Coupling strength µ = �measured/�SM

H ! �� H ! ZZ⇤ ! 4` H ! WW⇤ ! `⌫`⌫
µ 1.6 ± 0.3 1.4 ± 0.4 1.0 ± 0.3

VH ! Vbb̄ H ! ⌧⌧
0.2 ± 0.7 1.4 ± 0.5

Evaluated at mH = 125.5 GeV

Table 9: For the H�WW�� ���� 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 (4.1�) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8� is observed,
compared with an expected value of 3.8� 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]
�(�). The latter depends on one or more parameters of
interest �, 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�� ���� analysis: (a) summed over all lep-
ton flavours for final states with Njet � 1; (b) di�erent-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 9: For the H�WW�� ���� 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 (4.1�) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8� is observed,
compared with an expected value of 3.8� 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]
�(�). The latter depends on one or more parameters of
interest �, 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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selection of the H�WW�� ���� analysis: (a) summed over all lep-
ton flavours for final states with Njet � 1; (b) di�erent-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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H→WW Categorization Overview
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H ! ��
fiducial

are corrected to the particle level to allow comparison to data, using diphoton acceptance,570

photon isolation and non-perturbative correction factors and accounting for the Higgs bo-571

son branching ratio to two photons. The total uncertainty on these predictions is taken to572

be the sum in quadrature of the scale, PDF, branching ratio, diphoton acceptance, photon573

isolation and non-perturbative uncertainties.574

The cross section for Higgs boson production via gluon fusion in the one-jet and two-575

jet regions can also be calculated at NLO+LL accuracy in QCD using Minlo HJ and576

Minlo HJJ, respectively. The uncertainties on each prediction associated with missing577

higher orders in the calculation is taken to be the envelope of cross-section predictions578

obtained by simultaneously varying the renormalisation and factorisation scales by a factor579

of 0.5 or 2.0 (all combinations of scales are considered when forming the envelope, except580

those for which the renormalisation and factorisation scales di↵er by a factor of four).581

The uncertainty from the choice of parton distribution function is estimated in the same582

way as for Hres, taking the envelope of variations obtained using the CT10 eigenvectors583

and the central values and uncertainties of MSTW2008nlo and NNPDF2.3. The small584

uncertainties associated with non-pertubative modelling is included for both predictions,585

and is estimated in the same way as for the non-perturbative correction factors discussed586

above. Minlo HJ is also used for di↵erential distributions containing one or more jets and587

Minlo HJJ is used for di↵erential distributions containing two or more jets.588

The contributions to the Standard Model predictions from VBF, V H and tt̄H produc-589

tion are determined using the particle-level prediction obtained from the Powheg-Pythia590

and Pythia 8 event generators, with the samples normalised to state-of-the-art theoreti-591

cal calculations as discussed in section 4. The uncertainty from scale and PDF variations592

on the VBF, V H and tt̄H contributions are taken from these calculations, with an addi-593

tional shape-dependent scale uncertainty derived for the VBF component by simultaneously594

varying the renormalisation and factorisation scale in the event generator by factors of 0.5595

and 2.0.596

9 Fiducial cross section measurements and limits597

The measured fiducial cross sections and cross-section limits are compared to a variety598

of theoretical predictions for SM Higgs boson production in Figure 3. The measured and599

predicted cross sections are also documented in table 3 and table 4, respectively. The SM600

predictions are defined at the particle level and, in each fiducial region, are the sum of601

cross-section predictions for gluon fusion, VBF, V H and tt̄H, for mH = 125.4 GeV, as602

discussed in section 8.603

The fiducial cross section for pp ! H ! �� measured in the inclusive fiducial region

is

�
fid

(pp ! H ! ��) = 43.2± 9.4 (stat)+3.2
�2.9 (syst)± 1.2 (lumi) fb.

This can be compared with the Standard Model prediction of 30.5 ± 3.3 fb, constructed604

using the LHC-XS prediction for the gluon fusion cross section. The measured cross section605

is a factor of approximately 1.4 larger than this theoretical prediction, which is consistent606

with a dedicated measurement of the Higgs boson signal strength in the diphoton decay607

– 17 –

H ! 4 `
fiducial

�fid(pp ! H ! 4`) = 2.11+0.53
�0.47 (stat)

+0.16
�0.10 (syst) fb

ZZ* added by me!
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• Use full  √s = 8 TeV ATLAS data 

• Unfolded to particle level fiducial definitions 

• Improved photon & electron calibration with reduced uncertainties 

• Measured at combined diphoton & ZZ* Higgs mass                    
of mH = 125.36 GeV 

• Data will be available on Hep-Data with full error covariance 

• Comparisons to many state-of-the art theory predictions

15

1) pp → H → ɣ ɣ with 20 differential cross sections + 7 fiducial cross sections 
!
2) pp → H → Z Z* with 6 differential cross sections

ATLAS-CONF-2014-044 

http://cds.cern.ch/record/1741017

Paper in preparation
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Fiducial cross sections: 
1. Independent of detector = allow comparisons 

to theory & other experimental results 

2. Minimize theoretical uncertainty by avoiding 
extrapolating to full cross section.

16

Fiducial MeasurementsMark Owen

Basics
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2

Chapter 1. Theoretical Introduction 3

The evolution of a jet is illustrated in Figure 1.1. The left picture depicts a parton level

jet. A parton is a common name for a quark or a gluon. A parton that has not yet

undergone fragmentation is sometimes referred to as a parton level jet.

A moving parton is a moving colour charge, and will radiate gluons and create quark-

antiquark pairs. This process is called fragmentation, and the resulting spray of partons

is usually referred to as a parton cascade. The coloured particles within such a cascade

are combined into colourless hadrons through a process called hadronization. The shower

of produced hadrons is usually referred to as a particle level jet.

Particle level jets produced from a given type of partons might vary widely in shape and

particle content. When we try to measure a jet in a calorimeter there is also substantial

blurring due to finite energy resolution and calorimeter cell granularity. Some particles

of the jet may also escape undetected, for instance neutrinos or particles passing trough

uninstrumented regions. This means that not all the energy of the jet will be measured

in the calorimeter. A jet reconstructed from the energy deposited in a calorimeter by a

particle level jet is referred to as a calorimeter level jet.

This study involves calibrating calorimeter level jets so that we can accurately reconstruct

the energy of the particle level jets.

Figure 1.1: A parton (quark) radiates a gluon before hadronizing into a jet

non-perturbative effects

Calorimeter versus Particle versus Parton level jets

unfolding

Impact on Jets: reversing reconstructed calorimeter jets to particle (or parton) level jet definition
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Figure 19. Reconstructed to particle level response matrices for the jet multiplicity with the
default 30 GeV (a), and a 50 GeV (b), pT threshold, the leading jet pT (c) and rapidity (d), and
the second jet pT (e) and the scalar pT sum of all jets (f). For each reconstructed level bin, the
fraction of events in the di↵erent truth bins are given.

– 57 –

Preliminary

Example Detector response matrix
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5 Extraction of signal yield and correction for detector e�ects290

The signal is extracted using the approach adopted in previous ATLAS measurements of291

H ! �� [1, 10, 13]. An unbinned maximum likelihood fit is performed on them�� spectrum292

in each fiducial region or bin of a di↵erential distribution. The likelihood function, L, is293

given by294

L(m�� , ⌫
sig, ⌫bkg,mH) =

Y

i

8
<

:
e�⌫i

ni!

niY

j

h
⌫sigi Si(m

j
�� ;mH) + ⌫bkgi Bi(m

j
��)

i
9
=

;⇥
Y

k

Gk

(5.1)

where i labels the categories (bins) being simultaneously fitted, ⌫sigi is the fitted number of295

signal events, ⌫bkgi is the fitted number of background events, ⌫i = ⌫sigi + ⌫bkgi is the mean296

value of the underlying Poisson distribution for the ni events, m
j
�� is the diphoton invariant297

mass for event j, Si(m
j
�� ;mH) and Bi(m

j
��) are the signal and background probability298

distribution functions, and the Gk incorporate constraints from uncertainties on the photon299

energy scale and resolution, as well as the uncertainty in the fitted peak position from the300

chosen background parameterisation. Other uncertainties that do not a↵ect the shape of301

the diphoton mass spectrum are not included in the fit and are dealt with as part of the302

correction for detector e↵ects.303

The signal probability distribution function is modelled as the sum of a Crystal Ball304

and a Gaussian function and the fit is performed after fixing the Higgs boson mass to305

be mH = 125.4 GeV [9]. The Gaussian and Crystal Ball functions are required to have306

the same mean and the parameters of the model are interpolated using simulated samples307

with di↵erent Higgs boson masses. The background probability distribution is modelled308

as the exponential of a first-order, second or third order polynomial. The background309

function is chosen, in each fiducial region or bin of a di↵erential distribution, to minimise310

the bias observed in the extracted yield [1, 13] when fitting a background-only distribution311

constructed from the ��, �j and jj simulated samples, after normalising the samples using312

data-driven scale factors determined in designated control regions.313

All events selected in the inclusive region are included in the signal extraction for all314

observables, with any uncategorised events placed into an additional bin and included in315

the fit. For example, events containing zero or one jets are included in this additional bin316

when fitting the mjj distribution.317

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant318

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal319

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in320

the inclusive region, with the largest e↵ect being 16% for N
jets

= 1. These di↵erences are321

smaller than statistical uncertainties in the fit itself for all the results presented in this322

paper. The total number of selected diphoton events in each fiducial region, the extracted323

signal yields and the expected yields from simulation are presented in Table 1.324

The cross section, �, in a given fiducial region (or bin of a distribution) is defined by325

�i =
⌫sigi

ci
R
L dt

, (5.2)

– 8 –

1. Signal extraction from fit to mɣɣ or m4l mass 
spectrum in bins of observable of interest

2. Unfold measured spectrum  
into cross section with correction factors

correction factor

observed yield

cross section

integrated luminosity

Illustration of the simultaneous fit for  
Njets for the diphoton analysis Correction factors + uncertainties for Njets 

Preliminary

H → ɣ ɣ & H → ZZ*

H → ɣ ɣ
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Signal Extraction Related
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are corrected to the particle level to allow comparison to data, using diphoton acceptance,570

photon isolation and non-perturbative correction factors and accounting for the Higgs bo-571

son branching ratio to two photons. The total uncertainty on these predictions is taken to572

be the sum in quadrature of the scale, PDF, branching ratio, diphoton acceptance, photon573

isolation and non-perturbative uncertainties.574

The cross section for Higgs boson production via gluon fusion in the one-jet and two-575

jet regions can also be calculated at NLO+LL accuracy in QCD using Minlo HJ and576

Minlo HJJ, respectively. The uncertainties on each prediction associated with missing577

higher orders in the calculation is taken to be the envelope of cross-section predictions578

obtained by simultaneously varying the renormalisation and factorisation scales by a factor579

of 0.5 or 2.0 (all combinations of scales are considered when forming the envelope, except580

those for which the renormalisation and factorisation scales di↵er by a factor of four).581

The uncertainty from the choice of parton distribution function is estimated in the same582

way as for Hres, taking the envelope of variations obtained using the CT10 eigenvectors583

and the central values and uncertainties of MSTW2008nlo and NNPDF2.3. The small584

uncertainties associated with non-pertubative modelling is included for both predictions,585

and is estimated in the same way as for the non-perturbative correction factors discussed586

above. Minlo HJ is also used for di↵erential distributions containing one or more jets and587

Minlo HJJ is used for di↵erential distributions containing two or more jets.588

The contributions to the Standard Model predictions from VBF, V H and tt̄H produc-589

tion are determined using the particle-level prediction obtained from the Powheg-Pythia590

and Pythia 8 event generators, with the samples normalised to state-of-the-art theoreti-591

cal calculations as discussed in section 4. The uncertainty from scale and PDF variations592

on the VBF, V H and tt̄H contributions are taken from these calculations, with an addi-593

tional shape-dependent scale uncertainty derived for the VBF component by simultaneously594

varying the renormalisation and factorisation scale in the event generator by factors of 0.5595

and 2.0.596

9 Fiducial cross section measurements and limits597

The measured fiducial cross sections and cross-section limits are compared to a variety598

of theoretical predictions for SM Higgs boson production in Figure 3. The measured and599

predicted cross sections are also documented in table 3 and table 4, respectively. The SM600

predictions are defined at the particle level and, in each fiducial region, are the sum of601

cross-section predictions for gluon fusion, VBF, V H and tt̄H, for mH = 125.4 GeV, as602

discussed in section 8.603

The fiducial cross section for pp ! H ! �� measured in the inclusive fiducial region

is

�
fid

(pp ! H ! ��) = 43.2± 9.4 (stat)+3.2
�2.9 (syst)± 1.2 (lumi) fb.

This can be compared with the Standard Model prediction of 30.5 ± 3.3 fb, constructed604

using the LHC-XS prediction for the gluon fusion cross section. The measured cross section605

is a factor of approximately 1.4 larger than this theoretical prediction, which is consistent606

with a dedicated measurement of the Higgs boson signal strength in the diphoton decay607

– 17 –

30.5 fb
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Inclusive dijet variables (1/2)
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Inclusive dijet variables (1/2)
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Figure 7. The di↵erential cross section for pp ! H ! �� as a function of (a) the dijet rapidity
separation, |�yjj |, and (b) the azimuthal angle between the dijet and diphoton systems presented
as |⇡ �����,jj |. The data and theoretical predictions are presented the same way as in figure 4,
although the SM prediction is now defined using the Minlo HJJ prediction for gluon fusion and
the default MC samples for the other production mechanisms. The Minlo HJJ prediction is
normalised to the LHC-XS prediction using a K-factor of K

ggF

= 1.10.

area parameter for double parton scattering measured in W + 2 jet events at ATLAS [? ].704

The azimuthal angle between the jets is sensitive to the charge conjugation and parity705

properties of the Higgs boson interactions. For example, in gluon fusion, a CP-even coupling706

has a dip at ⇡/2 and peaks at 0 and ⇡, whereas a purely CP-odd coupling would present as a707

peak at ⇡/2 and dips at 0 and ⇡ [20, 21]. For VBF, the SM prediction is approximately flat708

with a slight rise towards |��jj | = ⇡ [19]. Any additional anomalous CP-even or CP-odd709

contribution to the interaction between the Higgs boson and weak bosons would manifest710

itself as an additional oscillatory component, and any interference between the SM and711

anomalous couplings can produce distributions peaked at either |��jj | = 0 or |��jj | = ⇡712

[19]. The shape of the distribution is therefore sensitive to the relative contribution of713

gluon fusion and vector-boson fusion, as well as the tensor structure of the interactions714

between the Higgs boson and gluons or weak bosons. To further quantify the structure of715

the azimuthal angle between the two jets, an asymmetry is defined as716

A
�� =

�(|��| < ⇡
3

)� �(⇡
3

< |��| < 2⇡
3

) + �(|��| > 2⇡
3

)

�(|��| < ⇡
3

) + �(⇡
3

< |��| < 2⇡
3

) + �(|��| > 2⇡
3

)
(10.1)

which is motivated by a similar variable presented elsewhere [21]. The measured asymme-717

try in data is A
�� = 0.72+0.23

�0.29 (stat.)
+0.01
�0.02 (syst.). This can be compared to the Standard718

Model prediction of ASM

�� = 0.43 ± 0.02, which is constructed from the Minlo HJJ pre-719

diction for gluon fusion and the standard VBF, V H and tt̄H predictions using the event720
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Figure 7. The di↵erential cross section for pp ! H ! �� as a function of (a) the dijet rapidity
separation, |�yjj |, and (b) the azimuthal angle between the dijet and diphoton systems presented
as |⇡ �����,jj |. The data and theoretical predictions are presented the same way as in figure 4,
although the SM prediction is now defined using the Minlo HJJ prediction for gluon fusion and
the default MC samples for the other production mechanisms. The Minlo HJJ prediction is
normalised to the LHC-XS prediction using a K-factor of K

ggF

= 1.10.

area parameter for double parton scattering measured in W + 2 jet events at ATLAS [? ].704

The azimuthal angle between the jets is sensitive to the charge conjugation and parity705

properties of the Higgs boson interactions. For example, in gluon fusion, a CP-even coupling706

has a dip at ⇡/2 and peaks at 0 and ⇡, whereas a purely CP-odd coupling would present as a707

peak at ⇡/2 and dips at 0 and ⇡ [20, 21]. For VBF, the SM prediction is approximately flat708

with a slight rise towards |��jj | = ⇡ [19]. Any additional anomalous CP-even or CP-odd709

contribution to the interaction between the Higgs boson and weak bosons would manifest710

itself as an additional oscillatory component, and any interference between the SM and711

anomalous couplings can produce distributions peaked at either |��jj | = 0 or |��jj | = ⇡712

[19]. The shape of the distribution is therefore sensitive to the relative contribution of713

gluon fusion and vector-boson fusion, as well as the tensor structure of the interactions714

between the Higgs boson and gluons or weak bosons. To further quantify the structure of715

the azimuthal angle between the two jets, an asymmetry is defined as716
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area parameter for double parton scattering measured in W + 2 jet events at ATLAS [? ].704

The azimuthal angle between the jets is sensitive to the charge conjugation and parity705

properties of the Higgs boson interactions. For example, in gluon fusion, a CP-even coupling706

has a dip at ⇡/2 and peaks at 0 and ⇡, whereas a purely CP-odd coupling would present as a707

peak at ⇡/2 and dips at 0 and ⇡ [20, 21]. For VBF, the SM prediction is approximately flat708

with a slight rise towards |��jj | = ⇡ [19]. Any additional anomalous CP-even or CP-odd709

contribution to the interaction between the Higgs boson and weak bosons would manifest710

itself as an additional oscillatory component, and any interference between the SM and711

anomalous couplings can produce distributions peaked at either |��jj | = 0 or |��jj | = ⇡712

[19]. The shape of the distribution is therefore sensitive to the relative contribution of713

gluon fusion and vector-boson fusion, as well as the tensor structure of the interactions714

between the Higgs boson and gluons or weak bosons. To further quantify the structure of715
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Model prediction of ASM
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Asymmetry sensitive to the SM composition and tensor structure of the Higgs:
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Inclusive dijet variables (2/2)

26

H → ɣ ɣ
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Jet veto efficiency

27

H → ɣ ɣ

�0/��0 = 0.50+0.10
�0.13 (stat.)± 0.03 (syst.)

Measured JetVHeto

�0/��0 = 0.67± 0.08

Not mentioned in paper, but also easily obtained:

�1/��1 = 0.57± 0.12 (stat.+syst.)

�2/��2 = 0.56± 0.14 (stat.+syst.)

p T
 >

 3
0 

G
eV

p T
 >

 3
0 

G
eV

p T
 >

 5
0 

G
eV

�0/��0 = 0.70± 0.10 (stat.+syst.)
Calculated & errors propagated by me, so don’t blame the paper if there is something wrong

�i/��i

* The inclusive & exclusive cross sections can be used to calculate Jet veto efficiencies / 
fractions: 

!
!

* For the zero jet case (i = 0) this variable directly probes the hard quark & gluon emissions from 
inclusive Higgs production.

only for gluon-gluon fusion! taking into 
account the XH predictions gives roughly

�0/��0 v 0.61

�2/��2 = 0.70± 0.13 (stat.+syst.)

�1/��1 = 0.59± 0.14 (stat.+syst.)
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Figure 9. (a) The ratio of the first moment (mean) of each di↵erential distribution predicted by
the theoretical models to that observed in the data. (b) The ratio of the second moment (RMS)
of each di↵erential distribution predicted by the theoretical models to that observed in the data.
The intervals on the vertical axes each represent one of the di↵erential distributions. The band for
each theoretical prediction represents the corresponding uncertainty in that prediction (see text for
details). The error bar on the data represents the total uncertainty in the measurement, with the
grey band representing the systematic-only uncertainty.

11 Summary and conclusion739

Measurements of cross sections for Higgs boson production were presented in the diphoton

decay channel for proton–proton collisions at a centre-of-mass energy of
p
s = 8 TeV. The

data were recorded by the ATLAS experiment at the CERN Large Hadron Collider and

correspond to an integrated luminosity of 20.3 fb�1. The data were corrected for detector

ine�ciency and resolution and are published in HEPDATA. The pp ! H ! �� cross

section was measured to be

43.2± 9.4 (stat.)+3.2
�2.9 (syst.)± 1.2 (lumi) fb,

for a Higgs boson of mass 125.4 GeV decaying to two isolated photons with transverse740

momentum greater than 35% (25%) of the diphoton invariant mass and have absolute741

pseudorapidity less than 2.37. Four additional fiducial cross sections and two cross-section742

limits were also presented. In addition, twelve di↵erential cross sections were measured743

within the baseline fiducial volume defined by the kinematics of the two photons. Collec-744

tively, these measurements probe the Higgs boson kinematics, the jet activity produced in745

association with the Higgs boson, and the prevalence of vector-boson fusion, as well as the746

spin, charge conjugation and parity nature of the Higgs boson. In all cases, the data are747

in agreement with Standard Model expectations.748
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Compatibility (%)
Variable Powheg Minlo HRes2
p
T,H 30 23 16

|yH | 37 45 36
m

34

44 56 -
| cos (✓⇤)| 35 45 -
njets 37 28 -
p
T,jet 33 26 -

Table 2: Compatibility test with the SM hypothesis for the
Powheg, Minlo and HRes2 ggF calculations. The proba-
bilities are obtained, as explained in the text, from the dif-
ference between the 2NLL at its best-fit value and the value
with the cross-sections fixed to the theory computations.

8. Results408

The inclusive unfolded cross-section in409

the fiducial volume described above is410

2.11+0.53
�0.47(stat)

+0.16
�0.10(syst) fb. The SM-based411

theoretical prediction from Ref. [30] for a Higgs412

boson mass of 125.4 GeV is 1.30±0.13 fb.413

The di↵erential unfolded cross-sections for p
T,H ,414

yH , m
34

, | cos (✓⇤)|, njets, and p
T,jet are shown in415

Fig. 1. The results are dominated by statistical un-416

certainties. Powheg, Minlo and HRes2 calcula-417

tions of ggF, added to VBF, ZH/WH and tt̄H (see418

Sec. 2), are overlayed. The theoretical calculations419

are normalized to the most precise SM inclusive420

cross-section predictions currently available [30].421

As described in Sec. 6, the compatibility be-422

tween the measured cross-sections and the theoreti-423

cal computations is evaluated by computing the dif-424

ference between the value of 2NLL at the best-fit425

value and the value obtained by fixing the cross-426

sections in all bins to the ones predicted by theory.427

Under the asymptotic assumption, this di↵erence428

behaves as a �2 with the number of degrees of free-429

dom equal to the number of bins; it is used to com-430

pute the probability that the observed distributions431

are compatible with the predictions. These proba-432

bilities are shown in Table 2. No significant devia-433

tions from the SM-based theoretical predictions are434

observed.435

9. Conclusion436

The first measurement of di↵erential and inclu-437

sive fiducial cross-sections in theH ! ZZ⇤ ! 4 `438

decay channel is presented. The cross-sections are439

corrected for detector e↵ects and compared to sev-440

eral SM-based theoretical calculations. No signifi-441

cant deviations from the theoretical predictions are442

observed for any of the studied variables.443
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H → ZZ*
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Table 5. Probabilities from �2 tests for the agreement between the di↵ential cross section measure-
ments and the theoretical predictions. Each prediction is normalized to the LCH-XS cross section
before selection.

The inclusive pp ! H ! �� cross section was measured to be

44.4± 9.6 (stat)+3.3
�3.0 (syst)± 1.2 (lumi) fb,

for a Higgs boson of mass 125.4 GeV decaying to two isolated photons with transverse717

momentum greater than 35% (25%) of the diphoton invariant mass and are within the718

geometrical acceptance of the detector. Four additional fiducial cross sections and twelve719

di↵erential cross sections have been measured, which collectively probe the Higgs boson720

kinematics, the jet activity produced in association with the Higgs boson, the prevalence of721

vector boson fusion, as well as the spin, charge conjugation and parity nature of the Higgs722

boson. In all cases, the data were found to be in reasonable agreement with Standard723

Model expectations.724
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* Tested via simple χ2 or likelihood test 
* Fairly good agreement between 

measurements and MC predictions 
* Comparison of first & second 

moments (H→ ɣ ɣ) :
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Run Period 2 Challenges

Reco. & simulation Coupling meas. Higgs + Jets meas. Run 2
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* Base plan: Continue with the current scheme, i.e. energy 
density subtraction to get rid of pile-up. However 
decrease in performance foreseeable.  

* Other ideas: Particle Flow 
* Cluster + Track association, ‘take’ out clusters not from hard collision. 
* Studies ongoing to see if this alternative to the current scheme is 

feasible. 

* Other work ongoing: Try to use other features of jets 
more, like quark or gluon topology to improve calibration.

30

Might need to raise pT threshold.
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* Although run2 will be challenging, the 
overall sensitivity will improve.  

* This will make theory uncertainties and 
correlations more important than they 
are today. 

* Right now a mix of recommendations is 
used to account for many sources that 
need improvement 

* Underlying Event uncertainty is fairly 
‘ad-hoc’ 

* Uncertainties on Jet bins and Higgs 
pT would profit from a more general 
approach.
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* Jets play an important role in the coupling measurements to gain 
sensitivity and to access production mode dependent couplings 
strengths 

* The modelling of jets is highly non-trivial and depends on many 
external sources, e.g. 

* Tuning of the underlying event, hadronization models 

* Precision calculation for the hard-scatter 

* Proper interleaving of hard-scatter emissions with Parton shower. 

‣ All aspects which are not easy to validate

32
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* Fiducial measurements of jet cross sections have started to 
emerge from the LHC: 

* ATLAS has two papers in preparation, you got a sneak peak. 

* The (statistically limited) measurements show good agreement 
between measurement & predictions 

➡ Reassuring for the coupling analyses that rely on multiplicities 
and shapes to calculate efficiencies! 

* Unfolded distributions allow 3rd Parties to evaluate the SM 
nature of the Higgs boson. If new models arise, they can be 
tested.

33
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Backup Slides



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
lyReconstructing & Calibrating Jets

35

are dominant feature of Proton-Proton collisions at the LHC. 
are observed as groups of topologically-related energy depositions in the 
calorimeter associated with tracks. 
are typically reconstructed with anti-kt jet algorithm with distance parameter of 
R = 0.4 and calibrated using MC + in situ techniques. 
do not only contain contributions from hard-scatter Proton-Proton interaction, 
but also from additional collisions, called Pile-up interactions

Jets…

Calorimeter jets
(EM or LCW scale)

Pile-up offset 
correction Origin correction Energy & ! 

calibration
Residual in situ 

calibration

Calorimeter jets
(EM+JES or 

LCW+JES scale)

Jet calibration

Changes the jet direction to 
point to the primary vertex. 
Does not affect the energy.

Calibrates the jet energy 
and pseudorapidity to the 
particle jet scale. 
Derived from MC.

Residual calibration derived 
using in situ measurements.
Derived in data and MC. 
Applied only to data.

Corrects for the energy 
offset introduced by pile-up. 
Depends on µ and NPV.
Derived from MC.

Jet reconstruction
jet constituents jets

Local cluster 
weighting

Calorimeter
clusters

(LCW scale)

Calorimeter
clusters

(EM scale)

Jet finding Calorimeter jets
(LCW scale)

Jet finding Calorimeter jets
(EM scale)

Tracks Track jets

Simulated
particles

Particle jets
(aka truth jets)

Calibrates clusters based on 
cluster properties related to 
shower development

Jet finding

Jet finding

Overview of ATLAS jet reconstruction from 2011 Performance Note
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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∗→ 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
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• Simultaneous unbinned maximum likelihood fit to mɣɣ with nuisance 
parameters for photon energy scale, resolution, and background bias
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5 Extraction of signal yield and correction for detector e�ects290

The signal is extracted using the approach adopted in previous ATLAS measurements of291

H ! �� [1, 10, 13]. An unbinned maximum likelihood fit is performed on them�� spectrum292

in each fiducial region or bin of a di↵erential distribution. The likelihood function, L, is293

given by294

L(m�� , ⌫
sig, ⌫bkg,mH) =

Y

i

8
<

:
e�⌫i

ni!

niY

j

h
⌫sigi Si(m

j
�� ;mH) + ⌫bkgi Bi(m

j
��)

i
9
=

;⇥
Y

k

Gk

(5.1)

where i labels the categories (bins) being simultaneously fitted, ⌫sigi is the fitted number of295

signal events, ⌫bkgi is the fitted number of background events, ⌫i = ⌫sigi + ⌫bkgi is the mean296

value of the underlying Poisson distribution for the ni events, m
j
�� is the diphoton invariant297

mass for event j, Si(m
j
�� ;mH) and Bi(m

j
��) are the signal and background probability298

distribution functions, and the Gk incorporate constraints from uncertainties on the photon299

energy scale and resolution, as well as the uncertainty in the fitted peak position from the300

chosen background parameterisation. Other uncertainties that do not a↵ect the shape of301

the diphoton mass spectrum are not included in the fit and are dealt with as part of the302

correction for detector e↵ects.303

The signal probability distribution function is modelled as the sum of a Crystal Ball304

and a Gaussian function and the fit is performed after fixing the Higgs boson mass to305

be mH = 125.4 GeV [9]. The Gaussian and Crystal Ball functions are required to have306

the same mean and the parameters of the model are interpolated using simulated samples307

with di↵erent Higgs boson masses. The background probability distribution is modelled308

as the exponential of a first-order, second or third order polynomial. The background309

function is chosen, in each fiducial region or bin of a di↵erential distribution, to minimise310

the bias observed in the extracted yield [1, 13] when fitting a background-only distribution311

constructed from the ��, �j and jj simulated samples, after normalising the samples using312

data-driven scale factors determined in designated control regions.313

All events selected in the inclusive region are included in the signal extraction for all314

observables, with any uncategorised events placed into an additional bin and included in315

the fit. For example, events containing zero or one jets are included in this additional bin316

when fitting the mjj distribution.317

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant318

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal319

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in320

the inclusive region, with the largest e↵ect being 16% for N
jets

= 1. These di↵erences are321

smaller than statistical uncertainties in the fit itself for all the results presented in this322

paper. The total number of selected diphoton events in each fiducial region, the extracted323

signal yields and the expected yields from simulation are presented in Table 1.324

The cross section, �, in a given fiducial region (or bin of a distribution) is defined by325

�i =
⌫sigi

ci
R
L dt

, (5.2)

– 8 –

Si(m
j
�� ;mH)

Background shape parametrized 
as a smooth falling function

Bi(m
j
��) = �i exp
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Diphoton mass resolution

H → ɣ ɣ

http://arxiv.org/abs/1406.3827
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Signal extraction for the 4 lepton analysis
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H → ZZ*

• Inclusive cross section: fit with shape templates for signal and 
background contributions.  

!

• Differential cross section: subtraction of the expected number of 
background events from observed number of events inside mass window 
(118-129 GeV) for each bin

Nobs inclusive = 23.7 +5.9-5.3 (stat) +0.6-0.6 (sys)  Events

ht
tp

://
ar

xi
v.

or
g/

ab
s/

14
06

.3
82

7

Ba
ck

gr
ou

nd

From simulated samples of 
ZZ & WZ at NLO in QCD

For jet related variables the 
predicted background is 

compared to the high m4l 
region to assign systematics.

Si
gn

al Correction for acceptance 
derived from signal MC.
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�fid(pp ! H ! 4`) = 2.11+0.53
�0.47 (stat)

+0.16
�0.10 (syst) fb

http://arxiv.org/abs/1406.3827
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npart
i

• Use correction factor method to unfold yields into cross sections and to 
revert migrations  → cross checked with Bayesian unfolding 

!

• Only unbiased if expected & observed (a priori unknown) ratio are identical     
→ Need to careful evaluate & quantify possible bias.

Unfolding Procedure
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jetsN

0 1 2 3≥

C
or

re
ct

io
n 

fa
ct

or
s

0.4

0.5

0.6

0.7

0.8

0.9

1
  Simulation internalATLAS

 = 8 TeVs, γγ→H
∫ -1 dt = 20.3 fbL

Theoretical modelling uncertainty
 with total uncertaintyic

96.2% 3.7% 0.1% 0.0%

16.6% 79.3% 4.0% 0.1%

3.5% 21.6% 71.5% 3.4%

1.1% 5.3% 22.8% 70.8%

jetsNParticle level 

0 1 2 3≥

je
ts

N
R

ec
on

st
ru

ct
ed

 le
ve

l 

0

1

2

3≥

0

10

20

30

40

50

60

70

80

90

100
 Simulation InternalATLAS

particle level expected events

reconstruction level expected events

N j
et

s m
ig

ra
tio

n 
m

at
rix

N j
et

s c
or

re
ct

io
n 

fa
ct

or
s

H → ɣ ɣ & H → ZZ*

Preliminary

Preliminary H → ɣ ɣ
H → ɣ ɣ
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Jets in H→ 𝝉𝝉

* After the 𝝉 reconstruction and pre-selection, the coupling strength is determined 
by fitting the shape of a multivariate classifier (a Boosted decision tree) 

* Input variables for boosted and VBF selection:

41

Variable VBF Boosted
τlepτlep τlepτhad τhadτhad τlepτlep τlepτhad τhadτhad

mMMCττ • • • • • •
∆R(τ, τ) • • • • •
∆η( j1, j2) • • •
mj1, j2 • • •
η j1 × η j2 • •
pTotalT • •
sum pT • •

pT(τ1)/pT(τ2) • •
EmissT φ centrality • • • • •
xτ1 and xτ2 •
mττ, j1 •
mℓ1,ℓ2 •
∆φℓ1,ℓ2 •
sphericity •

pℓ1T •
pj1T •

EmissT /pℓ2T •
mT • •

min(∆ηℓ1ℓ2,jets) •
j3 η centrality •

ℓ1 × ℓ2 η centrality •
ℓ η centrality •
τ1,2 η centrality •

Table 3: Discriminating variables used for each channel and category. The filled circles identify which
variables are used in each decay mode. Note that variables such as ∆R(τ, τ) are defined either between
the two leptons, between the lepton and τhad, or between the two τhad candidates, depending on the decay
mode.

13

* Theory uncertainties of ggF contribution in BDT classifier very very 
challenging to estimate. With increasing statistics this would be a crucial 
aspect in a future VBF BDT.

ptotalT = pT (H � jj)
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Monte Carlo predictions & calculations used for 
comparisons

42

Process Fiducial Region Name Accuracy
gg → H Inclusive LHC-XS NNLO/NNLL+EW

STWZ NNLO/NNLL’
HRes 2.2 NNLO/NNLL

One-jet JetVheto NNLO/NNLL
BLPTW NNLO/NNLL’

Minlo HJ H+1 jets @ NLO
Two-jet Minlo HJJ H+1 jets @ NLO

- MEPS@NLO NLO multi-leg merged

VBF* - Powheg NLO
VH* & ttH* - Pythia8 LO

* = k-Factor always applied to scale up to HXSWG cross section 

H → ɣ ɣ & H → ZZ*
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• Diphoton trigger with 35/25 GeV 
• pT / mɣɣ  = 0.35 (0.25) 
• |η| < 2.37 excluding 1.37 < |η| < 2.37 
• Pass ‘tight’ selection criteria  
• mɣɣ  ∊ [105,160] GeV 
• Isolation cut of 6 GeV

Same object selection as mass & couplings analysis

Ph
ot

on
s

Ph
ot

on
s

• pT / mɣɣ  = 0.35 (0.25) & |η| < 2.37 
• Isolation cut of 14 GeV

Je
ts

• anti-kt algorithm with 0.4  

• pT > 30 or 50 GeV & |y| < 4.4 

• JVF > |0.25|
El

ec
tro

ns • Clusters matched to ID tracks


• Pass ‘medium’ identification


• pT > 15 GeV & |η| < 2.47 

• Cluster (Track) isolation: 20% (15%) of pT

M
uo

ns

• ID tracks matched to MS


• pT > 15 GeV & |η| < 2.47 

• Same isolation as for electrons

E T
m

iss

Calorimeter based 
with final calibrated 
photons and track 
information for soft 
contributions.

This particle-level isolation reproduces a mean calorimeter isolation energy of 6 GeV. 

O
bj

ec
t S

ele
ct

io
n

Pa
rti

cle
 le

ve
l Stable particles with c𝛕 = 10 mm

Le
pt

on
s

Je
ts • anti-kt with 0.4  

• pT > 30 / 50 GeV & |y| < 4.4

• pT = 15 GeV  
• |η| < 2.37 
• dressed with ɣ (ΔR = 0.1)

H → ɣ ɣ
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Same object selection as mass & couplings analysis

Je
ts

• anti-kt algorithm with 0.4  

• pT > 30 or 50 GeV & |y| < 4.4 

• JVF > |0.25 

• ΔR(j,lepton) > 0.2El
ec

tro
ns

• Pass identification


• pT > 7 GeV & |η| < 2.47 

• Cluster (Track) isolation 

• …

M
uo

ns

• ID tracks matched to MS


• pT > 6 GeV & |η| < 2.7 

• Cluster (Track) isolation 

• …O
bj

ec
t S

ele
ct

io
n

Pa
rti

cle
 le

ve
l Stable particles with c𝛕 = 10 mm

El
ec

tro
ns

Je
ts • anti-kt with 0.4  

• pT > 30 / 50 GeV & |y| < 4.4

• pT = 7 GeV  
• |η| < 2.47 
• not dressed

H → ZZ*

• pT = 6 GeV  
• |η| < 2.7 
• not dressedM
uo

ns
Z no 𝛕 decays

Fe
rm

io
ns • 50 GeV < m12 < 106 GeV 

• 12 GeV < m34 < 115 GeV 
• mll > 5 GeV 
• 118 GeV < m4l < 129 

sin
gl

e 
& 

do
ub

le 
lep

to
n 

tri
gg

er
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(sub-)sub-leading jet pT & Rapidity

45
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T,jet
p 2,  ≥ jetsN

H → ɣ ɣ

Njets = 1

Njets = 2
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H → ɣ ɣ

Ratio of 2nd moment relative to data
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