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The discovery of the Higgs at the LHC
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The Large Hadron Collider (LHC) 3

New data expected in 
just over a month!
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15 SLAC @ 50, Aug 24, 2012 Andreas Hoecker   —   The Higgs Boson and Beyond 

4th of July, 2012 — Higgs-day at CERN 

Duration of projects /planning stability: 
First LHC workshop 1984 ! 

4 July 2012: Higgs (In)dependence Day



Discovery in One Slide
• 5+5 fb-1: ~5σ observation

• CMS: five decay modes; γγ, ZZ, WW, bb, ττ

• ATLAS: Only γγ and ZZ, but slightly greater 

sensitivity

• Key contributions from members of the 

Tokyo group

• Published in Phys. Lett. B

• Nobel Prize for Higgs and Englert in 2013
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From Discovery to Measurement

• Since the 2012 discovery, we have moved 
on to measuring the properties of the 
Higgs


• Key properties include 
• Mass

• Width

• Couplings to fermions and gauge bosons


• Spin/parity


• Self-interaction
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D±X (12.2 ±1.7 ) % –
D∗(2010)±X [i ] (11.4 ±1.3 ) % –
Ds1(2536)±X ( 3.6 ±0.8 ) × 10−3 –
DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [j ] ( 6.08 ±0.13 ) % –
B0

s X [j ] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [j ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [k] < 3.2 × 10−3 CL=95% –
e+ e−γ [k] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [k] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [k] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [l] < 6.8 × 10−6 CL=95% –
qqγγ [l] < 5.5 × 10−6 CL=95% –
ν ν γγ [l] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [i ] < 1.7 × 10−6 CL=95% 45594

e± τ∓ LF [i ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [i ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.7 ± 0.4 GeV

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

Combined Final States = 1.17 ± 0.17 (S = 1.2)
W W ∗ = 0.87+0.24

−0.22

Z Z∗ = 1.11+0.34
−0.28 (S = 1.3)

γγ = 1.58+0.27
−0.23

bb = 1.1 ± 0.5
τ+ τ− = 0.4 ± 0.6
Z γ < 9.5, CL = 95%
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(Almost) Final Run-1 Coupling Results 7
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Designing for Discovery
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Expected discovery? No lose theorem
• Discoveries are never really 

expected

• For the LHC, we were very lucky in 

that we had very strong arguments 
that we would have to see 
something


• Experiment 
• Higgs mass between 114 and 

200 GeV from LEP, Tevatron and 
EW constraints


• Theory 
• Some mechanism needed to give 

mass to the W,Z bosons

• Unitarity violated if nothing 

found < 1 TeV
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#CMS#is#a#large#compact#fast5electronics#detector#(80#M#channels,#40#MHz),#
#embedded#in#a#4#T#magne?c#field,#precise#3D#event#reconstruc?on.#

#

#High5efficiency#(pT,#MET,#event#mul?plicity)#low5latency#trigger#system############
#brings#the#20#MHz#collision#rate#down#to#800#Hz,#almost#insensi?ve#to#PU.#

#

#Aker#3#years#of#opera?on,#efficiency#of#all#subdetectors#above#96%.#

8"

ATLAS Cavern 

Designing for Discovery

• γγ and ZZ(4l) analyses played a key role in driving the design 
requirements for ATLAS and CMS, e.g.

• good diphoton and dimuon mass resolution: <1% at 100 GeV 

• wide geometric coverage: |η|<2.5
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ATLAS

CMS

2 Chapter 1. Introduction

muon detection system. All subsystems of CMS are bound by means of the data acquisition
and trigger system.

This Volume has two parts. In the first part a number of physics channels challenging for
the detector are studied in detail. Each of these channels is associated with certain physics
objects, such as electrons, photons, muons, jets, missing ET and so on. Analysis issues are
studied assuming a realistic environment, like the one expected for real data. The analy-
ses include studies on determining the backgrounds from data, and a detailed evaluation
of the experimental systematic effects on measurements eg. due to miscalibration and mis-
alignment, optimizing resolutions and signal significance, etc. In short these analyses are
performed imitating real data analyses to the maximum possible extent.

In the second part the physics reach is studied for a large number of physics process, for
data samples mostly with luminosities in the range of 1 to 30 fb�1, expected to be collected
during the first years of operation at the LHC. Standard model measurements of e.g W and
top quark mass determinations are studied; many production and decay mechanisms for
the SM and MSSM Higgs are studied, and several models Beyond the Standard Model are
explored.

1.1 The full analyses
In total 11 analyses were studied in full detail. All the studies were performed with detailed
simulation of the CMS detector and reconstruction of the data, including event pile-up, and
a detailed analysis of the systematics.

The H ! �� analysis covers one of the most promising channels for a low mass Higgs dis-
covery and for precision Higgs mass measurement at the LHC. This channel has been an
important motivation for the design of the electromagnetic calorimeter (ECAL) of CMS. It is
used here as a benchmark channel for identifying photons with high purity and efficiency,
and as a driver for optimizing the ECAL energy resolution and calibration of the analyses.
Furthermore new statistical techniques that make use of event kinematics and neural net-
work event selection algorithms have been used for this channel to enhance its sensitivity.

The analysis H ! ZZ ! 4electrons covers electron identification and selection optimiza-
tion. In particular the classification of electron candidates according to quality criteria which
depends on their passage through the material of the tracker was studied, and the impact on
the Higgs search quantified.

The same process has been studied in the decay muon channel H ! ZZ ! 4µ. This process
is an important benchmark for optimizing the muon analysis tools. It is one of the cleanest
discovery channels for a Standard Model Higgs with a mass up to 600 GeV/c2. Methods to
minimize the systematics errors have been developed.

The channel H !WW ! 2µ2⌫ is of particular importance if the mass of the Higgs is around
165 GeV/c2, and is again an interesting muon benchmark channel. The challenge is to estab-
lish with confidence a dimuon excess, since this channel does not allow reconstruction of the
Higgs mass on an event by event basis. The event statistics after reconstruction and selec-
tion is large enough for an early discovery, even with about 1 fb�1 of integrated luminosity,
provided the systematic uncertainty on the background can be kept well in control.

The production of a new gauge boson with a mass in the TeV range is one of the possible early

CMS TDR



The Unexpected
• The discovery of the Higgs boson has been by far the crowning 

achievement of the LHC

• ATLAS and CMS were designed to and did discover the Higgs 

boson

• But for the rest of this talk, I’d like to focus on something a little 

different

• I’d like to talk about what was not predicted, not expected 
• And some things that were even thought to be impossible at the 

LHC

• Goal: Try to briefly explain what happened to make the impossible 

possible

11



Higgs Production and Decay at the LHC
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Reminder: Higgs Production at the LHC 13
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Higgs Production Mechanisms 14

Gluon fusion  
Dominant process

Vector Boson Fusion (VBF)  
Two forward jets and a rapidity gap
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Higgs decay
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Coupling to b-quarks
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Coupling to b-quarks
• The Higgs decays most often to a pair of b-quarks (~58% BR)
• Obviously an important property to measure
• Also provides key input for measurements of

• total width: largest BR
• coupling to fermions: bosonic channels only for the discovery

17
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Not an easy measurement
• Measuring the b-coupling ggF is 

basically hopeless

• bb dijet production cross-section 

is many orders of magnitude 
larger


• no clear trigger

• Focus on associated production

18



WH(bb) in the ATLAS TDR

• One trigger lepton with pT > 20 GeV 
(electron) and pT > 6 GeV (muon)

• No additional lepton with pT > 6 

GeV

• Two jets with pT > 15 GeV and |η| < 

2.5

• No additional jets with pT > 15 

GeV and |η| < 5.0

• 60% b-tagging efficiency

19
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688 19   Higgs Bosons

Figure 19-5 Invariant bb mass distributions for the WH signal and background events, after applying all selec-
tion criteria and for an integrated luminosity of 30 fb-1: a) WH signal with mH = 100 GeV (solid line) and resonant
WZ background (dashed line), (b) Wbb background, (c) tt background, and (d) Wjj background.

Figure 19-6 Expected WZ signal with Z → bb above
the summed background, for an integrated luminosity
of 30 fb-1. The dashed line represents the shape of the
background.

Figure 19-7 Expected WH signal with H → bb above
the summed background for mH = 100 GeV and for an
integrated luminosity of 30 fb-1. The dashed line repre-
sents the shape of the background.
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19  Higgs Bosons

19.1 Introduction

The experimental observation of one or several Higgs bosons [19-1] will be fundamental for a
better understanding of the mechanism of electroweak symmetry-breaking. In the Standard
Model [19-2], one doublet of scalar fields is assumed, leading to the existence of one neutral sca-
lar particle H. On the basis of present theoretical knowledge, the Higgs sector in the Standard
Model remains largely unconstrained. The Higgs-boson mass, mH, is not theoretically predict-
ed. From unitarity arguments an upper limit of ∼1 TeV can be derived [19-3]. The requirements
of the stability of the electroweak vacuum and the perturbative validity of the Standard Model
allow to set upper and lower bounds depending on the cutoff value chosen for the energy scale
Λ up to which the Standard Model is assumed to be valid [19-4]. Such analyses exist at the two-
loop level for both lower [19-5] and upper [19-6] Higgs mass bounds. If the cutoff value is cho-
sen at the Planck mass, which means that no new physics appears up to that scale, the Higgs-
boson mass is required to be in the range between 130 < mH < 190 GeV. This bound becomes
weaker if new physics appears at lower mass scales. If the cutoff is chosen to be 1 TeV, the
Higgs-boson mass is constrained to be in the range 50 GeV < mH < 800 GeV. Experimentally,
constraints on the Standard Model Higgs-boson mass are derived directly from searches at
LEP2, which presently lead to mH > 90 GeV [19-7]. It is expected that the sensitivity of LEP2 will
be extended to ∼105 GeV over the coming years [19-8], if the centre of mass energy of the LEP
collider is raised to 200 GeV. Indirectly, high precision electroweak data constrain the Higgs-bo-
son mass via their sensitivity to loop corrections. Assuming the overall validity of the Standard
Model, a global fit to all electroweak data leads to mH = 76+85

-47 GeV  [19-9].

In supersymmetric theories, the Higgs sector is extended to contain at least two doublets of sca-
lar fields. In the minimal version, the so-called MSSM model [19-10], there are five physical
Higgs particles: two CP-even Higgs bosons h and H, one CP-odd Higgs boson A, and two
charged Higgs bosons H±. Two parameters, which are generally chosen to be mA and tanβ, the
ratio between the vacuum expectation values of the two Higgs doublets, determine the struc-
ture of the Higgs sector at tree level. However, large radiative corrections affect the Higgs mass-
es and couplings. The lightest neutral scalar Higgs-boson mass, mh, is theoretically constrained
to be smaller than ~150 GeV [19-11].

Alternative manifestations of electroweak symmetry-breaking mechanisms would probably in-
volve a strongly interacting electroweak sector [19-12]. In this case, significant deviations from
the Standard Model predictions would be observable in final states consisting of gauge boson
pairs.

The aim of this Chapter is to review and assess the performance of the ATLAS detector in the
search for a Standard Model Higgs boson, for the various supersymmetric Higgs bosons, and
for alternative signals of electroweak symmetry breaking. Many results are based on studies
which have been presented in earlier documents [19-13][19-14][19-15][19-16]. The main differ-
ences with respect to previous studies are:

• The significance of a Higgs discovery is evaluated for the final ATLAS detector configura-
tion, as presented in the various Technical Design Reports.

• Improvements on theoretical calculations of cross-sections, branching ratios etc., which
have appeared since the Technical Proposal, are taken into account.
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Conclusion: WH(bb) will be very difficult 20
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As shown in Table 19-6, a WH signal might be extracted if one assumes that the various back-
ground distributions are all perfectly known. Even in this optimistic scenario, the signal signifi-
cance is at best 4.7σ for mH = 80 GeV and is below 3σ for values of mH above the ultimate
sensitivity expected for LEP2. These numbers correspond to an integrated luminosity of 30 fb-1

expected to be reached over three years of initial operation at low luminosity. It is not clear in all
cases how to achieve an accurate knowledge of the various backgrounds from the data.

• The most dangerous background from WZ production will be rather precisely measured
through the background-free WZ → lνll final states. Clearly, the observation of the WZ,
Z → bb final state above the continuum backgrounds would be an important first step in
demonstrating the feasibility of extracting a WH signal at larger values of mbb.

• The shape and magnitude of theWjj background can be constrained by varying the b-tag-
ging cuts, assuming that this does not bias the bb mass distribution.

• The shape and magnitude of the tt background can be constrained by varying the jet-veto
cuts, since it has by far the largest sensitivity to these cuts.

• The shape and magnitude of the Wbb background cannot be obtained directly from the
experimental data and one will have to rely on Monte Carlo simulations, which can to
some extent be normalised to the experimental data in the mass regions where no signal
from H → bb decays is expected. If a systematic uncertainty of ±5% on the shape of the
Wbb background is assumed in the H→ bb signal region, the statistical significances are
reduced considerably, as shown in Table 19-6.

Searches for WH, H→ bb final states at high luminosity will be further complicated by the im-
possibility of applying the tight jet-veto cuts described here (this would result in a substantial
increase of the tt background) and by the need to increase the jet pT threshold from 15 GeV to
30 GeV. In addition, the H→ bb mass resolution will be also somewhat degraded and this chan-
nel is not considered promising for searches at high luminosity.

In conclusion, the extraction of a signal from H→ bb decays in the WH channel will be very dif-
ficult at the LHC, even under the most optimistic assumptions for the b-tagging performance
and calibration of the shape and magnitude of the various background sources from the data it-
self.

19.2.4.3 ttH channel

The cross-section for associated ttH production [19-34][19-35] is about the same as for WH pro-
duction (see Table 19-5). The final state is however considerably more complex, since it consists
of two W bosons and four b-jets. The W bosons and two b-jets come from the top-quark decays,
and the other two b-jets from the Higgs boson decay. For trigger purposes, one of the W bosons
is required to decay leptonically, whereas the other one is assumed to decay into a qq pair. In or-
der to reliably extract the signal, the analysis requires that both top quarks be fully reconstruct-
ed. This method reduces considerably the large combinatorial background in the signal events
themselves, since two of the b-jets are associated to the top decays, and therefore the remaining
two should come from the Higgs boson decay. The signal should appear as a peak in the mbb
distribution, above the various background processes, which are classified as follows:

• Irreducible backgrounds, such as resonant ttZ and continuum ttbb production. Since the
ttZ cross-section is much smaller than the signal cross-section (see Table 19-5), the reso-
nant background is not a problem in this channel.
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of two W bosons and four b-jets. The W bosons and two b-jets come from the top-quark decays,
and the other two b-jets from the Higgs boson decay. For trigger purposes, one of the W bosons
is required to decay leptonically, whereas the other one is assumed to decay into a qq pair. In or-
der to reliably extract the signal, the analysis requires that both top quarks be fully reconstruct-
ed. This method reduces considerably the large combinatorial background in the signal events
themselves, since two of the b-jets are associated to the top decays, and therefore the remaining
two should come from the Higgs boson decay. The signal should appear as a peak in the mbb
distribution, above the various background processes, which are classified as follows:

• Irreducible backgrounds, such as resonant ttZ and continuum ttbb production. Since the
ttZ cross-section is much smaller than the signal cross-section (see Table 19-5), the reso-
nant background is not a problem in this channel.
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The mbb distributions for the summed signal and background events are shown in Figures 19-11
and 19-12, respectively for Higgs-boson masses of 100 and 120 GeV and for an integrated lumi-
nosity of 100 fb-1 (30 fb-1 with low-luminosity operation and 70 fb-1 with high-luminosity oper-
ation). The summed background is shown by the dashed line, and the points with error bars
represent the result of a single experiment.

The expected numbers of signal and back-
ground events accepted by the full reconstruc-
tion chain are given in Tables 19-7 and 19-8,
for Higgs-boson masses of 80, 100 and
120 GeV, and for integrated luminosities of 30
and 100 fb-1 respectively. The dominant back-
ground after these selection and reconstruc-
tion criteria is the irreducible, non-resonant ttjj
background. Since top-quark production will
be studied extensively in ATLAS (see
Section 18.1), the shape of this background
will be measured. To reject any potential con-
tribution of a Higgs-boson signal in the deter-
mination of the background shape, a b-jet veto
will most likely have to be used. Assuming
that the shape of this background is known,
the significance for the Higgs boson discovery
in this channel exceeds 5σ in the low-mass
range up to about 100 GeV for an integrated
luminosity of 30 fb-1.

The numbers given in Table 19-8 assume high
luminosity performance. If the significance for
an integrated luminosity of 100 fb-1 is comput-
ed from a combination of the significances
reached for 30 fb-1 at low luminosity and for
70 fb-1 at high luminosity, the discovery win-
dow for a Standard Model Higgs boson,
where the significance exceeds 5σ can be ex-
tended up to about 120 GeV. An ultimate inte-
grated luminosity of 300 fb-1 at the LHC
would extent the Higgs boson discovery win-
dow in this channel by another 10 GeV to
about 130 GeV.

It should be stressed that, due to the complete
reconstruction of both top decays, the signal-
to-background ratio has improved significant-
ly compared to earlier studies [19-14], and lies in the range between 32% and 56% at low lumi-
nosity and between 24% and 47% at high luminosity.

In conclusion, the extraction of a Higgs-boson signal in the ttH, H→ bb channel appears to be
feasible over a wide range in the low Higgs-boson mass region, provided that the two top-
quark decays are reconstructed completely with a reasonably high efficiency. This calls for ex-
cellent b-tagging capabilities of the detector. Another crucial item is the knowledge of the shape
of the main residual background from ttjj production. If the shape can be accurately determined

Table 19-7 Expected ttH signal and background rates
for three different Higgs-boson masses and for an inte-
grated luminosity of 30 fb-1. The numbers of events
are given after all cuts, including the mbb mass window
cuts. The fraction of true H → bb events
(SH→ bb/Stotal) in the signal peak is also given.

Higgs mass (GeV) 80 100 120

 Signal S 81 61 40

ttZ 7 8 2

Wjjjjjj 17 12  5

ttjj 121 130 120

Total background B 145 150 127

S/B 0.56 0.41 0.32

6.7 5.0 3.6

SH→ bb/Stotal 0.67 0.64 0.59

S B⁄

Table 19-8 Same as Table 19-7 for an integrated
luminosity of 100 fb-1 (high luminosity operation).

Higgs mass (GeV) 80 100 120

Signal S 140 107 62

ttZ 13 13 5

Wjjjj 35 15  10

ttjj 247 250 242

Total background B 295 278 257

S/B 0.47 0.38 0.24

8.2 6.4 3.9

SH→ bb/Stotal 0.57 0.53 0.50

S B⁄
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using real data from tt production, a Higgs-boson signal could be extracted with a significance
of more than 5σ in the mass range from 80 to 130 GeV, assuming an integrated luminosity of
300 fb-1. For an uncertainty of ±5% on the absolute normalisation of the background shape, the
discovery window would be reduced to the range between 80 and 125 GeV.

19.2.5 H→ ZZ*→ 4l

The decay channel H→ ZZ∗ → 4l provides a rather clean signature in the mass range between
∼120 GeV and 2 mZ, above which the gold-plated channel with two real Z bosons in the final
state opens up. The branching ratio is larger than for the γγ channel and increases with increas-
ing mH up to mH ~ 150 GeV. A pronounced dip appears, however, for 150 < mH < 180 GeV, be-
cause of the opening of the H→WW channel. In addition to the irreducible background from
ZZ* and Ζγ* continuum production, there are large reducible backgrounds from tt and Zbb pro-
duction. Because of the large top production cross-section, the tt events dominate at production
level; the Zbb events contain, however, a genuine Z in the final state, which makes their rejection
more difficult. In addition, there is a background from ZZ continuum production, where one of
the Z bosons decays into a τ−pair, with subsequent leptonic decays of the τ−leptons, and the
other Z decays into an electron or a muon pair.

In this Section, the potential for a Higgs boson discovery in the H→ ZZ∗ → 4l channel is pre-
sented. Both electrons and muons are considered in the final state, thus yielding eeee, eeµµ and
µµµµ event topologies. Since the detector performance is expected to be somewhat different for
these various final states, they have been treated separately in the following. All results on the
lepton and Higgs-boson mass reconstruction have been obtained from a full detector simula-

Figure 19-11 Invariant mass distribution, mbb, of
tagged b-jet pairs in fully reconstructed ttH signal
events with a Higgs-boson mass of 100 GeV above
the summed background (see text), for an integrated
luminosity of 100 fb-1 (30 fb-1 with low-luminosity oper-
ation and 70 fb-1 with high-luminosity operation). The
points with error bars represent the result of a single
experiment and the dashed line represents the back-
ground distribution.

Figure 19-12 Same as Figure 19-11, but for a Higgs-
boson mass of 120 GeV.
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Jet substructure as a new Higgs search channel at the LHC

Jonathan M. Butterworth, Adam R. Davison
Department of Physics & Astronomy, University College London.

Mathieu Rubin, Gavin P. Salam
LPTHE; UPMC Univ. Paris 6; Univ. Denis Diderot; CNRS UMR 7589; Paris, France.

It is widely considered that, for Higgs boson searches at the Large Hadron Collider, WH and ZH
production where the Higgs boson decays to bb̄ are poor search channels due to large backgrounds.
We show that at high transverse momenta, employing state-of-the-art jet reconstruction and decom-
position techniques, these processes can be recovered as promising search channels for the standard
model Higgs boson around 120 GeV in mass.

A key aim of the Large Hadron Collider (LHC) at
CERN is to discover the Higgs boson, the particle at the
heart of the standard-model (SM) electroweak symmetry
breaking mechanism. Current electroweak fits, together
with the LEP exclusion limit, favour a light Higgs boson,
i.e. one around 120 GeV in mass [1]. This mass region
is particularly challenging for the LHC experiments, and
any SM Higgs-boson discovery is expected to rely on a
combination of several search channels, including gluon
fusion → H → γγ, vector boson fusion, and associated
production with tt̄ pairs [2, 3].

Two significant channels that have generally been con-
sidered less promising are those of Higgs-boson produc-
tion in association with a vector boson, pp → WH , ZH ,
followed by the dominant light Higgs boson decay, to two
b-tagged jets. If there were a way to recover the WH and
ZH channels it could have a significant impact on Higgs
boson searches at the LHC. Furthermore these two chan-
nels also provide unique information on the couplings of
a light Higgs boson separately to W and Z bosons.

Reconstructing W or Z associated H → bb̄ production
would typically involve identifying a leptonically decay-
ing vector boson, plus two jets tagged as containing b-
mesons. Two major difficulties arise in a normal search
scenario. The first is related to detector acceptance: lep-
tons and b-jets can be effectively tagged only if they are
reasonably central and of sufficiently high transverse mo-
mentum. The relatively low mass of the V H (i.e. WH or
ZH) system means that in practice it can be produced
at rapidities somewhat beyond the acceptance, and it is
also not unusual for one or more of the decay products
to have too small a transverse momentum. The second
issue is the presence of large backgrounds with intrin-
sic scales close to a light Higgs mass. For example, tt̄
events can produce a leptonically decaying W , and in
each top-quark rest frame, the b-quark has an energy of
∼ 65 GeV, a value uncomfortably close to the mH/2 that
comes from a decaying light Higgs boson. If the second
W -boson decays along the beam direction, then such a
tt̄ event can be hard to distinguish from a WH signal
event.

In this letter we investigate V H production in a
boosted regime, in which both bosons have large trans-
verse momenta and are back-to-back. This region cor-

responds to only a small fraction of the total V H cross
section (about 5% for pT > 200 GeV), but it has several
compensating advantages: (i) in terms of acceptance, the
larger mass of the V H system causes it to be central, and
the transversely boosted kinematics of the V and H en-
sures that their decay products will have sufficiently large
transverse momenta to be tagged; (ii) in terms of back-
grounds, it is impossible for example for an event with
on-shell top-quarks to produce a high-pT bb̄ system and
a compensating leptonically decaying W , without there
also being significant additional jet activity; (iii) the HZ
with Z → νν̄ channel becomes visible because of the large
missing transverse energy.

One of the keys to successfully exploiting the boosted
V H channels will lie in the use of jet-finding geared to
identifying the characteristic structure of a fast-moving
Higgs boson that decays to b and b̄ in a common neigh-
bourhood in angle. We will therefore start by describing
the method we adopt for this, which builds on previous
work on heavy Higgs decays to boosted W’s [4], WW
scattering at high energies [5] and the analysis of SUSY
decay chains [6]. We shall then proceed to discuss event
generation, our precise cuts and finally show our results.

When a fast-moving Higgs boson decays, it produces
a single fat jet containing two b quarks. A successful
identification strategy should flexibly adapt to the fact
that the bb̄ angular separation will vary significantly with
the Higgs pT and decay orientation, roughly

Rbb̄ ≃
1

√

z(1 − z)

mh

pT
, (pT ≫ mh) , (1)

where z, 1 − z are the momentum fractions of the two
quarks. In particular one should capture the b, b̄ and any
gluons they emit, while discarding as much contamina-
tion as possible from the underlying event (UE), in order
to maximise resolution on the jet mass. One should also
correlate the momentum structure with the directions of
the two b-quarks, and provide a way of placing effective
cuts on the z fractions, both of these aspects serving to
eliminate backgrounds.

To flexibly resolve different angular scales we use the
inclusive, longitudinally invariant Cambridge/Aachen
(C/A) algorithm [7, 8]: one calculates the angular dis-
tance ∆R2

ij = (yi − yj)2 + (φi − φj)2 between all pairs of

3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance
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FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ≃ min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ≃ min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ≃ 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both



Boost not substructure
• Key observation is that the signal pT spectrum of the signal is much 

harder than the background

• Applying the pT cut necessary for substructure techniques 

dramatically improved S/B
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• No gain from substructure at 8 TeV

23

2

Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄ + jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.

Adding two bottom tags we expect a purely fake-
bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.

The charm-flavored Wcj rate starts off with 1/6 of
the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster

10
-4

10
-3

10
-2

10
-1

0 100 200 300 400 500 600 700

1/σtot dσ/dpT

pT[GeV]

ttH: pT,t

ttH: pT,H

WH: pT,HWjj: pT,j

FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,ℓ > 15 GeV |yℓ| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak

http://arxiv.org/pdf/0910.5472v2.pdf

0 50 100 150 200 250
E

ve
n

ts
 /

 b
in

210

310

410

510

610
Data 2012

=1.0)µVH(bb) (
Diboson
tt

Single top
Multijet
W+hf
W+cl
W+l
Z+hf
Uncertainty
Pre-fit background

80×VH(bb)

ATLAS

 -1Ldt = 20.3 fb∫ = 8 TeV s

1 lep., 2 jets, 2 Medium+Tight tags

 [GeV]V

T
p

0 50 100 150 200 250D
a

ta
/P

re
d

0.8

1

1.2

JHEP01(2015)069

http://arxiv.org/pdf/0910.5472v2.pdf


Z(νν)H(bb) 24

ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

19   Higgs Bosons 685

19.2.4 H→ bb

19.2.4.1 General considerations

If the mass of the Standard Model Higgs boson is lighter than 2 mW, the H→ bb decay mode is
dominant with a branching ratio of ∼ 90 %. The observation of such a characteristic signature
would be important for both the Higgs discovery and for the determination of the nature of any
resonance observed in this mass region. Since the direct production, gg→ H with H→ bb, can-
not be efficiently triggered nor extracted as a signal above the huge QCD two-jet background,
the associated production with a W or Z boson or a tt pair remains as the only possible process
to observe a signal from H→ bb decays. The leptonic decays of the W boson or semi-leptonic
decays of one of the top quarks provide an isolated high-pT lepton for triggering. In addition,
requiring this high-pT lepton provides a large rejection against background from QCD jet pro-
duction. The Higgs-boson signal might thus be reconstructed as a peak in the invariant jet-jet
mass spectrum of tagged b-jets.

Both the WH and the ttH channels have already been studied for the ATLAS Technical Proposal
[19-14]. The analysis was complex and it became clear that excellent b-tagging capabilities are
needed. The major difficulties in extracting a reliable signal from either of these two channels
are the combination of a small signal and the need for an accurate control of all the background
sources. The analyses have been repeated for this document, using the expected performance of
the final ATLAS detector configuration. In the case of the ttH channel, the analysis has also been
significantly improved. In the new analysis presented here, both top-quark decays are com-
pletely reconstructed. This provides a significantly better signal-to-background ratio and a re-
duction of the combinatorial problem in the b-jet assignment to the Higgs boson decay.

Other channels involving H→ bb decays have been suggested in the literature [19-33]. They
have so far not been considered by ATLAS for the following reasons:

• ZH production with Z→ ll: this channel would provide a rate about six times lower than
the WH channel. In addition, although tt production does not contribute significantly to
the background in this channel, gg → Zbb production with Z → ll is only a factor 1.8
smaller in rate than the Wbb background withW→ lν, and the signal-to-background ratio
would therefore not be significantly improved with respect to theWH channel.

• ZH production with Z → νν: it would be difficult to trigger efficiently on such final states.
In addition, this channel suffers from potentially very large experimental backgrounds,
given the rather low ETmiss expected for the signal.

• bbH production: this process is also difficult to trigger on with high efficiency. However,
bbH production may be significantly enhanced in supersymmetric extensions of the
Standard Model and a detailed study has been carried out in the MSSM framework (see
Section 19.3.2.8). This study has shown that, even if the trigger problem is ignored, a sig-
nal can only be extracted for large values of tanβ, where the enhancement is large. There-
fore, this channel does not provide any discovery potential for the Standard Model Higgs
boson.

In the following, the main features of the analyses of theWH (search for lνbb final states [19-34])
and ttH (search for lνjjbbbb final states [19-35]) channels are summarised. These analyses have
been performed using the fast simulation (see Section 2.5). Crucial aspects of the b-tagging per-
formance (see Section 10.6) and of the invariant mass reconstruction of b-jet pairs (see
Section 9.3) are in agreement with the results obtained from the full detector simulation.

Final state contains 
two b-jets and MET

ATLAS TDR



Triggering on MET
• Significant effort to develop an efficient MET trigger

• Accurate measurements of the modelling of the turn-on region 

allowed the ATLAS analysis to extend to 100 GeV (5% uncertainty)
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Z(νν)H(bb)

• Topological cuts to reduce 
backgrounds


• Control regions to normalise 
backgrounds

• ATLAS: signal region of other 

VH(bb) channels
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Final VH(bb) distributions
• Complex analyses using sophisticated 

multivariate techniques and advanced fit 
models

• Detailed studies of background modelling

• Fit model designed to normalise 
backgrounds
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Figure 25. The distribution of mbb in data after subtraction of all backgrounds except for the
diboson processes, as obtained with the dijet-mass analysis for the (a) 8TeV and (b) 7TeV data. The
contributions from all lepton channels, pVT intervals, number-of-jets and 2-tag b-tagging categories
are summed weighted by their respective values of the ratio of expected Higgs boson signal to fitted
background. The contribution of the associated WH and ZH production of a SM Higgs boson
with mH = 125GeV is shown as expected for the SM cross section (indicated as µ = 1.0). The size
of the combined statistical and systematic uncertainty on the fitted background is indicated by the
hatched band.

In the dijet-mass analysis, a µ value of 1.23 ± 0.44(stat.) ± 0.41(syst.) is obtained for

the 8TeV dataset. The consistency of the results of the three lepton channels is at the level

of 8%. Using the “bootstrap” method mentioned in section 9.2, the results for the 8TeV

data with the dijet-mass analysis and with the MVA are expected to be 67% correlated,

and the observed results are found to be statistically consistent at the level of 8%. The

observed significance in the dijet-mass analysis is 2.2σ. The expected significance is 1.9σ,

to be compared to 2.5σ for the MVA, which is the reason for choosing the MVA for the

nominal results.

Figure 25 shows thembb distribution in data after subtraction of all backgrounds except

for diboson production for the 7 and 8TeV data, as obtained with the dijet-mass analysis.

In this figure, the contributions of all 2-tag signal regions in all channels are summed

weighted by their respective ratios of expected Higgs boson signal to fitted background.

The V Z contribution is clearly seen, located at the expected Z mass. The Higgs boson

signal contribution is shown as expected for the SM cross section.

11.3 Cross-check with the diboson analysis

To validate the analysis procedures, V Z fits are performed, the technical details of which

were discussed in section 9.3.
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Figure 24. Event yields as a function of log(S/B) for data, background and Higgs boson signal
with mH = 125GeV for the (a) 8TeV data and (b) 7TeV data. Final-discriminant bins in all signal
regions are combined into bins of log(S/B). The signal S and background B yields are expected
and fitted, respectively. The Higgs boson signal contribution is shown as expected for the SM cross
section (indicated as µ = 1.0). The pull of the data with respect to the background-only prediction
is also shown with statistical uncertainties only. The full line indicates the pull of the prediction
for signal (µ = 1.0) and background with respect to the background-only prediction.

Process Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8 Bin 9

Data 368550 141166 111865 20740 5538 2245 382 41 4

Signal 29 43 96 57 58 62 32 10.7 2.3

Background 368802 140846 111831 20722 5467 2189 364 37.9 3.4

S/B 8× 10−5 0.0003 0.0009 0.003 0.01 0.03 0.09 0.3 0.7

W+hf 14584 10626 15297 1948 618 250 45 8.2 0.7

Wcl 96282 30184 15227 1286 239 47 4.2 0.2 0.005

Wl 125676 14961 3722 588 107 16 1.3 0.03 0.001

Z+hf 10758 14167 21684 7458 1178 577 130 14.8 2.2

Zcl 13876 11048 4419 941 61 22 2.1 0.1 0.008

Zl 49750 18061 3044 537 48 15 1 0.05 0.004

tt 30539 24824 26729 5595 2238 922 137 10 0.3

Single top 10356 9492 14279 1494 688 252 31 2.7 0.1

Diboson 4378 1831 1247 474 186 62 9.7 1 0.2

Multijet 12603 5650 6184 400 103 26 3 0.9 0

Table 8. The numbers of expected signal and fitted background events and the observed numbers
of events after MVA selection in the bins of figure 24(a). These numbers are for both the 1-tag and
2-tag events in the 8TeV dataset, corresponding to an integrated luminosity of 20.3 fb−1.
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µBest fit 
-2 0 2 4

 0.9± =  1.1 µ      
)H(bb)  ντ,νW(l

 1.0± = 0.8 µ
  )H(bb)+l-Z(l

 0.8± = 1.0 µ

  )H(bb)ννZ(

-1 = 7 TeV, L = 5.0 fbs -1 = 8 TeV, L = 18.9 fbs

 0.5± = 1.0 µ Combined

CMS
 b b→ VH; H →pp 

 = 125 GeVHm

Expected Observed

ATLAS 2.6σ 1.4σ

CMS 2.1σ 2.1σ

=125 GeVH for m
SM
σ/σ=µbest fit 
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Combination
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ATLAS -1Ldt=20.3 fb∫=8 TeV, s; -1Ldt=4.7 fb∫=7 TeV, s



Coupling to Top Quarks
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H→tt coupling
• Top quark couples very strongly to the Higgs boson

• For mt = 173 GeV


• The top quark

• Only quark with a ‘natural mass’

• Main culprit in the instability of the Higgs mass


• Could play a key role in EWSB or as a window to new physics 

• Need accurate measurement of the top Yukawa coupling
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ttH Motivation
• Indirect constraints on top-Higgs Yukawa coupling can be extracted 

from channels using ggH and γγH vertices

• Assumption: No new particles


• ttH production can measure the top-Higgs Yukawa coupling directly

• Probes NP contributions in the ggH and γγH vertices


• Small production cross-section at the LHC

• Need to consider all channels to boost sensitivity
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Potential searches for ttH at the LHC
• H→hadrons (bb, ττ)


• Large signal rates

• Large combinatorial and 

physics backgrounds

• Large systematic 

uncertainties

• H→leptons (WW, ZZ, ττ)


• Smaller backgrounds

• Smaller signal rate


• H→γγ 
• No combinatorics

• Small signal rate
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Table 6: WH (3L) cut flow and corresponding cross-sections. The errors presented are statistical only;
systematic uncertainties are also important. Some backgrounds, such asWWW , single top and t t̄Z have
not been included.

Input [fb] Basic sel. Isolation Z-veto EmissT H-S (b-) jet veto
WH (3L) 5.04 1.18 0.62 0.53 0.47 0.36 0.31 ±0.02
WZ 750. 165.5 1.41 0.74 0.63 0.21 0.10+0.08−0.06
tt̄ 833000. 3564.3 6.45 6.11 5.10 1.02 0.34+0.70−0.3
ZZ 72.5 34.5 0.13 0.06 0.013 0.008 0.005±0.001
tt̄W 61.1 1.35 0.22 0.21 0.19 0.07 0.003+0.005−0.003
Wbb̄ 66721. 3.1 - - - - -
W → eν+jets 2.05 ·107 17.6 - - - - -
W → µν+jets 2.05 ·107 27.6 - - - - -
Total background 0.45±0.70

ization and factorization scales, to the description of the initial and final state radiation and to the model
used to simulate the heavy quark fragmentation. In order to evaluate the size of these uncertainties, the
theory parameters above mentioned have been varied within intervals corresponding to sensible choices.
Concerning the PDFs, the MRST2000-LO set was used at the place of the CTEQ6L1.
For the tt̄H analysis, the theory uncertainties have been found to induce a 9% change of the signal

cross-section, dominated by the PDF choice. The impact to the t t̄ process, which is the most important
source of background to this signal, has been found to be 12% in Ref. [6]. An additional 5%, found
in study of the signal process, associated to the uncertainty of the initial and final state radiation, has
been included in quadrature, giving an overall 13% uncertainty on the total cross-section. However, the
background sample is dominated by t t̄ with extra jets, and the uncertainty on this rate is of order a factor
two. For WH , the PDF uncertainty was found to be less than 5%, and energy scale uncertainty even
smaller [17]. Including these effects and others (ISR,FSR) we get a total theoretical uncertainty of 9%.
The effect of experimental systematic uncertainties has been also investigated. The main sources of

these uncertainties are represented by the knowledge of the integrated luminosity, the energy scale and
the energy resolution of electrons, muons and jets, as well as the tag efficiency of b-jets and the rejection
of light quarks. The level of these uncertainties and the impact on the overall event selection is presented
in Tables 7 and 8. Pile-up events will decrease the detector performance and the impact needs to be
properly addressed in future studies. However, the relatively low jet transverse momentum threshold of
15 GeV in the tt̄H analyses may be sensitive to this. The overall systematic uncertainty expected in the
tt̄H analysis is 10% (10%) for the 2L (3L) signal and 15% (18%) for those backgrounds which have
been quantified. In the case of theWH analysis the overall systematic uncertainty is about 10% for the
signal, and about 20% for those background systematics which have been estimated. In each case the
total background uncertainty is much larger than this at present.

5.2 Conclusion

The tt̄H,H→WW (∗) andWH,H→WW (∗) processes have been studied using two- and three-lepton final
states. The signal and main backgrounds have been estimated using a full GEANT based simulation of
the detector. The estimated accepted cross-sections in fb of signal and background for these processes
are 1.9:10 (tt̄H 2L), 0.8:3.4 (tt̄H 3L) and 0.3:0.4 (WH 3L) respectively. The signal is small and clear
distinguishing features such as resonance peaks have not been established. The backgrounds are larger
and their uncertainties have not been fully controlled. The analysis is therefore very challenging.
Accurate estimations of the background level using large simulation samples (made with more effi-

cient simulation packages) as well as direct measurements using control samples from real LHC data are
essential if a good signal significance is to be reached. For example the production of W bosons with
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Figure 30: Comparison of the total significance as function of systematic uncertainties (∆B), for the
cut-based, the pairing likelihood and the constrained fit analysis. Markers indicate the significance cor-
responding to the background uncertainty estimated in Table 8.

a likelihood discriminant and isolate the jets coming from the Higgs boson decay. The third approach
(constrained fit) uses the known masses and jet errors as constraints to produce a combinatoric likelihood,
and a second likelihood to separate signal from background. While the cut-based analysis is certainly
the most stable one, relying only on the reconstructed invariant masses of the top quark candidates,
it also performs worse with respect to the other two likelihood based analyses. On the other hand,
these likelihood based analyses can be used successfully only after all kinematical variables are well
understood together with their correlations. Although beyond the scope of this work, the use of more
advanced multivariate techniques is foreseen to reduce both the combinatorial and physics background.
The statistical significance obtained for the three approaches was 1.82 for the cut-based, 1.95 for

the pairing likelihood and 2.18 for the constrained mass fit at signal-to-background ratios of 0.11, 0.10
and 0.12 respectively. All the analyses suffer drastic reduction in significance as the overall systematic
uncertainty increases. The most important individual uncertainties are those for the jet energy scale and
b-tagging efficiency.
From this study emerges the necessity of a strong b-tagging algorithm which is important not only

to suppress the tt̄+jets physics background but also to help reduce the combinatorial background by
improving the hadronically decayingW reconstruction. It is also clear that the combinatorial background,
responsible for the dilution of the Higgs boson mass peak, needs to be further reduced, possibly using
multivariate techniques, in order to improve the statistical significance of the channel. Improvements in
the mass peak resolution would also enhance the ability of a shape analysis from two perspectives; firstly
it would be easier to select a signal-depleted region for any shape fits, and secondly the mass peak itself
would become more pronounced.
The results presented in this work can be compared with a previous ATLAS study [3] performed

using fast simulation with a parametrized b-tagging efficiency which had a higher performance than
the one used here and also used PYTHIA in order to simulate the t t̄+X background. It resulted in a
significance of 1.9 and 2.6 respectively for the cut-based and likelihood analyses. The results presented
in this note can also be compared with a recent CMS study [24] reporting a significance of 1.8 for the
electron channel and 1.6 for the muon channel, in both cases for an integrated luminosity of 60 fb−1.
While a detailed comparison between the two experiments is not attempted in this work, it is noteworthy
that the jet energy resolution quoted the CMS paper could be a key factor in explaining the improved
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Figure 5.17: Expected range of combined significance (di-lepton + semi-leptonic + all-hadron,
and includes the systematic uncertainties estimated in Section 5.3.6.1) versus an additional
systematic uncertainty on the background cross-section as a fraction of total background.
Left: Results for the “loose” working points. Right: Results for the “tight” working points.

Other than this “fundamental” cross-section uncertainty, there is also the “correctible” errors
in the cross-sections used at the time of writing, which can be compensated for once data
has been collected. The upper and lower dashed curves in Figure 5.17 show the maximum
and minimum allowed excursions, should the signal and background cross-sections be off
by 10% and 20% respectively. Thus the upper (lower) dashed line corresponds to the signal
cross-section scaled up (down) by 10% while at the same time the background cross-section
is scaled down (up) by 20%.
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Figure 5.18: Expected range of combined significance (di-lepton + semi-leptonic + all-
hadron) versus the total systematic uncertainty in background as a fraction of total back-
ground. Left: Results for the “loose” working points. Right: Results for the “tight” working
points.

It is also of interest to see how much better the analyses could do if the total systematic un-
certainty can be reduced (i.e. the region left of zero in Figure 5.17). Hence, Figure 5.18 shows
the full range of obtainable significances, with the dot marking the currently estimated value
with no cross-section uncertainty (dB = dBsys). The star corresponds to what one would
obtain for 1% and 4% uncertainties on the ttNj and ttbb backgrounds, respectively, an ar-
bitrarily chosen reference. It is interesting to note that it does not quite yield a substantial
significance, even though background uncertainties of 1% and 4% for ttNj and ttbb are prob-
ably substantially better than what will be accessible in reality. This highlights the challenge
that is faced in observing ttH.
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Systematic uncertainty Type Components
Luminosity N 1
Physics Objects
Electron SN 5
Muon SN 6
Jet energy scale SN 22
Jet vertex fraction SN 1
Jet energy resolution SN 1
Jet reconstruction SN 1
b-tagging e�ciency SN 6
c-tagging e�ciency SN 6
Light jet-tagging e�ciency SN 12
Background Model
tt̄ cross section N 1
tt̄ modelling: pT reweighting SN 9
tt̄ modelling: parton shower SN 2
tt̄+heavy-flavour: normalisation N 2
tt̄+heavy-flavour: HF reweighting SN 2
tt̄+heavy-flavour: generator SN 5
W+jets normalisation N 3
W pT reweighting SN 1
Z+jets normalisation N 2
Z pT reweighting SN 1
Multijet normalisation N 3
Multijet shape dilepton S 1
Single top cross section N 1
Dibosons cross section N 1
tt̄V cross section N 1
Signal Model
tt̄H modelling SN 2

Table 8: List of systematic uncertainties considered. An “N” means that the uncertainty is taken as
normalisation-only for all processes and channels a↵ected, whereas an “S” denotes systematics that are
considered shape-only in all processes and channels. An “SN” means that the uncertainty is taken on
both shape and normalisation. Some of the systematic uncertainties are split into several components for
a more accurate treatment (number indicated under the column labelled as “Components”).

7.2.3 Jet Vertex Fraction

The per-jet e�ciency to satisfy the jet vertex fraction requirement is measured in Z(! `+`�)+1-jet events
in data and simulation, selecting separately events enriched in hard-scatter jets and events enriched in
jets from other proton interactions in the same bunch crossing (pileup). The corresponding uncertainty
is evaluated and propagated to the analysis by changing the nominal JVF cut value.

20

A.6 Systematic Error Tables in Two Signal-Rich Regions

� 6 j, � 4 b
Pre-fit Post-fit

tt̄H (125) tt̄ + light tt̄ + cc̄ tt̄ + bb̄ tt̄H (125) tt̄ + light tt̄ + cc̄ tt̄ + bb̄
Luminosity ±2.8 ±2.8 ±2.8 ±2.8 ±2.6 ±2.6 ±2.6 ±2.6
Lepton e�ciencies ±1.4 ±1.4 ±1.4 ±1.5 ±1.3 ±1.3 ±1.3 ±1.3
Jet energy scale ±6.5 ±14 ±10 ±8.2 ±2.6 ±5.9 ±4.2 ±3.5
Jet e�ciencies ±1.6 ±5.4 ±2.5 ±2.4 ±0.7 ±2.3 ±1.1 ±1.1
Jet energy resolution ±0.1 ±8.5 ±4.1 ±4.3 ±0.1 ±5.6 ±3.7 ±3.9
b-tagging e�ciency ±9.0 ±5.8 ±5.1 ±9.2 ±6.4 ±4.2 ±3.7 ±6.5
c-tagging e�ciency ±1.9 ±7.3 ±14 ±2.8 ±0.8 ±4.0 ±7.8 ±1.6
Light jet-tagging e�ciency ±1.0 ±17 ±4.4 ±1.5 ±0.8 ±14 ±3.7 ±1.2
tt̄ modelling: reweighting – ±11 ±13 ±13 – ±5.3 ±6.0 ±6.4
tt̄ modelling: parton shower – ±7.5 ±1.8 ±10 – ±2.3 ±0.7 ±4.0
tt̄ heavy-flavour: normalisation – – ±50 ±50 – – ±29 ±15
tt̄ heavy-flavour: reweighting – – ±11 ±12 – – ±6.3 ±6.8
tt̄ heavy-flavour: generator – – ±2.2 ±2.9 – – ±2.2 ±2.8
Theoretical cross sections – ±6.2 ±6.3 ±6.3 – ±4.3 ±4.3 ±4.3
tt̄H modelling ±1.9 – – – ±1.9 – – –
Total ±12 ±30 ±57 ±56 ±7.2 ±14 ±25 ±14

Table 14: Normalisation uncertainties (expressed in % ) on signal and main background processes for
the systematic uncertainties considered, before and after the fit to data in (� 6j,� 4b) region of the single
lepton channel. The total uncertainty can be di↵erent from the sum in quadrature of individual sources
due to the anti-correlations between them.

� 4 j, � 4 b
Pre-fit Post-fit

tt̄H (125) tt̄ + light tt̄ + cc̄ tt̄ + bb̄ tt̄H (125) tt̄ + light tt̄ + cc̄ tt̄ + bb̄
Luminosity ±2.8 ±2.8 ±2.8 ±2.8 ±2.6 ±2.6 ±2.6 ±2.6
Lepton e�ciencies ±2.6 ±2.5 ±2.6 ±2.5 ±2.0 ±2.0 ±2.0 ±2.0
Jet energy scale ±4.4 ±19 ±8.5 ±6.8 ±2.1 ±7.8 ±3.4 ±3.2
Jet e�ciencies ±0.3 ±5.3 ±1.6 ±0.9 ±0.1 ±2.3 ±0.7 ±0.4
Jet energy resolution ±0.1 ±13 ±4.2 ±4.2 ±0.1 ±7.9 ±3.8 ±3.9
b-tagging e�ciency ±10 ±7.9 ±5.4 ±11 ±7.2 ±5.3 ±3.8 ±7.3
c-tagging e�ciency ±0.6 ±1.8 ±14 ±0.7 ±0.3 ±1.0 ±6.9 ±0.3
Light jet-tagging e�ciency ±0.7 ±23 ±5.7 ±1.4 ±0.6 ±18 ±4.7 ±1.2
tt̄ modelling: reweighting – ±11 ±13 ±13 – ±5.2 ±6.1 ±6.2
tt̄ modelling: parton shower – ±23 ±0.3 ±1.1 – ±6.8 ±0.1 ±0.4
tt̄ heavy-flavour: normalisation – – ±50 ±50 – – ±29 ±15
tt̄ heavy-flavour: reweighting – – ±11 ±11 – – ±6.0 ±6.4
tt̄ heavy-flavour: generator – – ±3.3 ±3.4 – – ±3.2 ±3.3
Theoretical cross sections – ±6.3 ±6.3 ±6.3 – ±4.3 ±4.3 ±4.3
tt̄H modelling ±0.8 – – – ±0.8 – – –
Total ±12 ±43 ±56 ±55 ±7.4 ±21 ±25 ±14

Table 15: Normalisation uncertainties (expressed in % ) on signal and main background processes for
the systematic uncertainties considered, before and after the fit to data in (� 4j,� 4b) region of the
dilepton channel. The total uncertainty can be di↵erent from the sum in quadrature of individual sources
due to the anti-correlations between them.
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Many systematic uncertainties: both 
theoretical and experimental

Background systematics are larger 
than expected signal yield (64)
Background uncertainty: ~37%


Expected S/B: ~3.8%
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ttH(bb) Analysis Model
• Select tt-enriched samples


• Lepton+jets or dilepton

• Categorise events by jet and b-tag multiplicity


• Separate high and low S/√B channels

• Constrain systematic uncertainties from signal 

depleted categories using profile likelihood fit
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Figure 2: The fractional contributions of the various backgrounds to the total background prediction in
the single lepton selection. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the
columns show the b-jet multiplicity (2, 3, �4).

4.2 Definition of Dilepton Channel Regions

In the dilepton channel a total of six independent regions are considered (see Figure 3). In this channel
the signal-rich regions, blinded at the first stage of the analysis, are (� 4j, 3b) and (� 4j,� 4b), while
the signal-depleted regions are (2j, 2b), (3j, 2b), (3j, 3b) and (� 4j, 2b). As in the single lepton channel,
regions with a smaller S/

p
B, as shown in Figure 3, are useful to help constrain systematic uncertainties.

Figure 4 shows the fractional contributions of the various backgrounds to the total background pre-
diction in the dilepton channel. The event yields for the combined ee+jets, µµ+jets and eµ+jets samples
for the di↵erent regions considered in the dilepton channel are summarised in Table 3. Figure 5 (bottom)
shows a comparison of predicted yields to data in all analysis regions in the dilepton channel. As in the
single lepton channel, the fraction of H ! bb̄ decays in the tt̄H signal entering the most sensitive region
(� 4j,� 4b) is expected to be about 90%.
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Figure 5: Comparison of prediction to data in all analysis regions before the fit to data in the single
lepton (top) and dilepton (bottom) channel. The signal, normalised to the SM prediction is shown both
as a filled red area stacked on the other backgrounds and separately as a dashed red line. The hashed area
corresponds to the total uncertainty on the yields.
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Profiling Example
• Profile likelihood fits treat systematic uncertainties as nuisance 

parameters that can be constrained from data

• Constraints from  high-statistics control samples 

• Caution: Sufficiently sophisticated treatment needed to avoid 

overconstraints
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Figure 10: Comparison of data and prediction for the discriminant variable used in the single lepton
channel with � 6 jets and (top) 2 b-tags, (middle) 3 b-tags, and (bottom) � 4 b-tags, (left) before and
(right) after the combined fit to data under the signal-plus-background hypothesis. The last bin in all
figures contains the overflow. The bottom panel displays the ratio between data and total prediction. The
hashed area represents the uncertainty on the background. Red dashed line shows tt̄H signal distribution
normalised to background yield. The tt̄H signal yield (solid red) is normalised to the SM cross section
before the fit and to the fitted µ after the fit.
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Background 
uncertainty: ~37%

Background 
uncertainty: ~5%

Similar for CMS: ~37% → ~7 % ATLAS-CONF-2014-011
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Figure 18: The fitted values of the most important nuisance parameters and their impact on the measured
signal strength. The black points, which are plotted according to the bottom horizontal scale, show the
deviation of each of the fitted nuisance parameters, ✓̂, from ✓0, which is the nominal value of that nuisance
parameter, in units of the pre-fit standard deviation �✓. The black error bars show the post-fit errors, �✓,
which are close to 1 if these data do not provide any further constraint on that uncertainty. Conversely, a
value of �✓ much smaller than 1 indicates a significant reduction with respect to the original uncertainty.
The nuisance parameters are sorted according to the post-fit e↵ect of each on µ (hashed blue area), with
those with the largest impact at the top. The post-fit e↵ect on µ, shown according to the top horizontal
scale, is calculated by fixing the corresponding nuisance parameter at ✓̂ ± �✓ and redoing the fit. The
di↵erence between the default and modified µ, �µ, represents the e↵ect of the systematic uncertainty in
question on µ. The definitions of the nuisance parameters are discussed in Appendix A.2.
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H->bb Results

• CMS: Observed (expected) limit @ 125 GeV

• 4.1 x SM (3.5 x SM)


• ATLAS: Observed (expected) limit @ MH=125 GeV

• 4.1xSM (2.6xSM)
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34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.

Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.

ttH channel Best-fit µ 95% CL upper limits on µ = s/sSM (mH = 125.6 GeV)
Expected

Observed Observed Median Median 68% CL range 95% CL rangesignal-injected

gg +2.7+2.6
�1.8 7.4 5.7 4.7 [3.1, 7.6] [2.2, 11.7]

bb +0.7+1.9
�1.9 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]

thth �1.3+6.3
�5.5 13.0 16.2 14.2 [9.5, 21.7] [6.9, 32.5]

4l �4.7+5.0
�1.3 6.8 11.9 8.8 [5.7, 14.3] [4.0, 22.5]

3l +3.1+2.4
�2.0 7.5 5.0 4.1 [2.8, 6.3] [2.0, 9.5]

Same-sign 2l +5.3+2.1
�1.8 9.0 3.6 3.4 [2.3, 5.0] [1.7, 7.2]

Combined +2.8+1.0
�0.9 4.5 2.7 1.7 [1.2, 2.5] [0.9, 3.5]
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Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
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ttH Multileptons
• Despite being studied in projections by ATLAS, 

there were initially no analyses looking for ttH in 
the multilepton channels


• During 2013, it was realised that these channels 
would actually already be quite sensitive

• Multilepton analyses began to be developed
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Table 6: WH (3L) cut flow and corresponding cross-sections. The errors presented are statistical only;
systematic uncertainties are also important. Some backgrounds, such asWWW , single top and t t̄Z have
not been included.

Input [fb] Basic sel. Isolation Z-veto EmissT H-S (b-) jet veto
WH (3L) 5.04 1.18 0.62 0.53 0.47 0.36 0.31 ±0.02
WZ 750. 165.5 1.41 0.74 0.63 0.21 0.10+0.08−0.06
tt̄ 833000. 3564.3 6.45 6.11 5.10 1.02 0.34+0.70−0.3
ZZ 72.5 34.5 0.13 0.06 0.013 0.008 0.005±0.001
tt̄W 61.1 1.35 0.22 0.21 0.19 0.07 0.003+0.005−0.003
Wbb̄ 66721. 3.1 - - - - -
W → eν+jets 2.05 ·107 17.6 - - - - -
W → µν+jets 2.05 ·107 27.6 - - - - -
Total background 0.45±0.70

ization and factorization scales, to the description of the initial and final state radiation and to the model
used to simulate the heavy quark fragmentation. In order to evaluate the size of these uncertainties, the
theory parameters above mentioned have been varied within intervals corresponding to sensible choices.
Concerning the PDFs, the MRST2000-LO set was used at the place of the CTEQ6L1.
For the tt̄H analysis, the theory uncertainties have been found to induce a 9% change of the signal

cross-section, dominated by the PDF choice. The impact to the t t̄ process, which is the most important
source of background to this signal, has been found to be 12% in Ref. [6]. An additional 5%, found
in study of the signal process, associated to the uncertainty of the initial and final state radiation, has
been included in quadrature, giving an overall 13% uncertainty on the total cross-section. However, the
background sample is dominated by t t̄ with extra jets, and the uncertainty on this rate is of order a factor
two. For WH , the PDF uncertainty was found to be less than 5%, and energy scale uncertainty even
smaller [17]. Including these effects and others (ISR,FSR) we get a total theoretical uncertainty of 9%.
The effect of experimental systematic uncertainties has been also investigated. The main sources of

these uncertainties are represented by the knowledge of the integrated luminosity, the energy scale and
the energy resolution of electrons, muons and jets, as well as the tag efficiency of b-jets and the rejection
of light quarks. The level of these uncertainties and the impact on the overall event selection is presented
in Tables 7 and 8. Pile-up events will decrease the detector performance and the impact needs to be
properly addressed in future studies. However, the relatively low jet transverse momentum threshold of
15 GeV in the tt̄H analyses may be sensitive to this. The overall systematic uncertainty expected in the
tt̄H analysis is 10% (10%) for the 2L (3L) signal and 15% (18%) for those backgrounds which have
been quantified. In the case of theWH analysis the overall systematic uncertainty is about 10% for the
signal, and about 20% for those background systematics which have been estimated. In each case the
total background uncertainty is much larger than this at present.

5.2 Conclusion

The tt̄H,H→WW (∗) andWH,H→WW (∗) processes have been studied using two- and three-lepton final
states. The signal and main backgrounds have been estimated using a full GEANT based simulation of
the detector. The estimated accepted cross-sections in fb of signal and background for these processes
are 1.9:10 (tt̄H 2L), 0.8:3.4 (tt̄H 3L) and 0.3:0.4 (WH 3L) respectively. The signal is small and clear
distinguishing features such as resonance peaks have not been established. The backgrounds are larger
and their uncertainties have not been fully controlled. The analysis is therefore very challenging.
Accurate estimations of the background level using large simulation samples (made with more effi-

cient simulation packages) as well as direct measurements using control samples from real LHC data are
essential if a good signal significance is to be reached. For example the production of W bosons with
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Basic Analysis Strategy 

•  Mainly probe HWW, but also non-negligible 
contributions from Hττ and HZZ. 

•  Categorize channels by number of leptons.  
Ideal signatures for HWW: 
•  SS 2-leptons + 6 jets (2 b jets) 

•  3-leptons + 4 jets (2 b jets) 

•  4-leptons + 2 jets (2 b jets) 

•  Low signal rate but also low background, 
dominated by ttW/Z/γ*.  
 Additional contributions from WZ and ZZ. 
 For SS 2-lepton and 3-lepton analyses, sizable 
contribution from tt+jets, with jets misidentified 
as leptons. 

•  Use multivariate discriminants to separate signal 
from backgrounds. 

3-leptons channel 
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SS 2-leptons channel 
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dominated by ttW/Z/γ*.  
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contribution from tt+jets, with jets misidentified 
as leptons. 

•  Use multivariate discriminants to separate signal 
from backgrounds. 
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ttH Multileptons Strategy
• Channels defined by number of leptons


• SS 2-leptons, 6 jets, 2 b-jets

• 3-leptons, 4 jets, 2 b-jets

• 4-leptons, 2 jets, 2 b-jets


• Main target is H→WW, but also 
contributions from H→ττ and H→ZZ


• Low signal rate, but low background

• Main background is ttW/Z/γ*; also 

diboson (WZ and ZZ), ttbar (2/3-leptons)

• Multivariate discriminants to separate 

signal and background

• Only CMS result is currently public
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Figure 11: Distribution of the jet multiplicity (top row) and the BDT discriminant (bottom row)
for the same-sign dilepton search, for the final states ee (left), eµ (center), and µµ (right). Signal
and background normalizations are explained in the text. The b-tagged jets are included in the
jet multiplicity.
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Figure 12: Distribution of the jet multiplicity (left) and BDT discriminant (center) for the trilep-
ton search. Events with positive and negative charge are merged in these plots, but they are
used separately in the signal extraction. The plot on the right shows the jet multiplicity for
the four-lepton search. Signal and background normalizations are explained in the text. The
b-tagged jets are included in the jet multiplicity.
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Figure 11: Distribution of the jet multiplicity (top row) and the BDT discriminant (bottom row)
for the same-sign dilepton search, for the final states ee (left), eµ (center), and µµ (right). Signal
and background normalizations are explained in the text. The b-tagged jets are included in the
jet multiplicity.
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Figure 12: Distribution of the jet multiplicity (left) and BDT discriminant (center) for the trilep-
ton search. Events with positive and negative charge are merged in these plots, but they are
used separately in the signal extraction. The plot on the right shows the jet multiplicity for
the four-lepton search. Signal and background normalizations are explained in the text. The
b-tagged jets are included in the jet multiplicity.



CMS Multilepton Results

• Despite low statistics, the analyses are already powerful

• Observed (expected) limit @ 125 GeV 


• 9.0 x SM (3.4 x SM) for SS 2-lepton

• 7.5 x SM (4.1 x SM) for 3-lepton

• 6.8 x SM (8.8 x SM) for 4-lepton 

• Combined multi lepton sensitivity is ~6.6xSM (2.4xSM) (PAS)
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Figure 14: The 2D test statistic q(kV, kf) scan vs. the modifiers to the coupling of the Higgs boson
to vector bosons (kV) and fermions (kf), profiling all other nuisances, extracted using only the
ttH analysis channels. The contour lines at 68% CL (solid line) and 95% CL (dashed line) are
shown. The best-fit and SM predicted values of the coupling modifiers (kV, kf) are given by the
black cross and the open diamond, respectively.
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Figure 15: The 95% CL upper limits on the signal strength parameter µ = s/sSM. The black
solid and dotted lines show the observed and background-only expected limits, respectively.
The red dotted line shows the median expected limit for the SM Higgs boson with mH =
125.6 GeV. The green and yellow areas show the 1s and 2s bands, respectively. Left: limits as
a function of mH for all channels combined. Right: limits for each channel at mH = 125.6 GeV.

34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.

Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.

ttH channel Best-fit µ 95% CL upper limits on µ = s/sSM (mH = 125.6 GeV)
Expected

Observed Observed Median Median 68% CL range 95% CL rangesignal-injected

gg +2.7+2.6
�1.8 7.4 5.7 4.7 [3.1, 7.6] [2.2, 11.7]

bb +0.7+1.9
�1.9 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]

thth �1.3+6.3
�5.5 13.0 16.2 14.2 [9.5, 21.7] [6.9, 32.5]

4l �4.7+5.0
�1.3 6.8 11.9 8.8 [5.7, 14.3] [4.0, 22.5]

3l +3.1+2.4
�2.0 7.5 5.0 4.1 [2.8, 6.3] [2.0, 9.5]

Same-sign 2l +5.3+2.1
�1.8 9.0 3.6 3.4 [2.3, 5.0] [1.7, 7.2]

Combined +2.8+1.0
�0.9 4.5 2.7 1.7 [1.2, 2.5] [0.9, 3.5]
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Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
by the vertical lines.
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34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.
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CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.
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Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
by the vertical lines.

CMS ttH Final Results

• Combination of all CMS ttH 
Results


• Observed (expected) limit @ 125 
GeV

• 4.5 x SM (1.7 x SM) 


• Largely driven by excess in Same-
Sign 2l channel
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Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.
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must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.
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Width
• As an highly unstable elementary 

particle, the lifetime of the Higgs is 
very short


• For mH = 125 GeV

• Γ=4.07 x 10-3 MeV 


• Direct experimental measurements 
probe widths 3 orders of magnitude 
larger ~1.6 GeV (ATLAS, ZZ)


• Thought to be impossible to 
measure the width at a hadron 
collider
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The ultimate precision on ΓH, which can be
achieved by ATLAS, is shown in Figure 19-46.
These results include the statistical uncertain-
ty coming from the number of signal events,
and the systematic uncertainty coming from
the measurement of the peak width and the
knowledge of the detector energy and mo-
mentum resolution. In both cases, the system-
atic error is dominated by the uncertainty on
the radiative decays and has been conserva-
tively assumed to be 1.5% (see Section 16.1).
As discussed in more detail in Section 16.1, the
detector resolution will be obtained from the
measurement of the Z width. The systematic
uncertainty on the background subtraction
has been neglected in this case since the sig-
nal-to-background ratio is large over most of
the mass region relevant for this measure-
ment.

Figure 19-46 shows that the precision im-
proves with the Higgs-boson mass up to mass-
es of ~300 GeV. For the higher masses the intrinsic width becomes larger and its contribution to
the total resolution dominates compared to the detector resolution. Over the range
300 < mH < 700 GeV, the precision of the measurement is approximately constant and of the or-
der of 6%.

19.2.12.3 Measurement of the Higgs-boson
rate

The measurement of the Higgs-boson rate in a
given decay channel provides a measurement
of the production cross-section times the de-
cay branching ratio for that channel. Such
measurement in some cases would help to dis-
entangle between SM and MSSM Higgs sce-
narios as discussed in Section 19.3.2.4.

The statistical error on such measurements is
expected to be smaller than 10% over the mass
region 120 - 600 GeV using the γγ, bb and 4l fi-
nal states. The main systematic error comes
from the knowledge of the luminosity (see
Chapter 13). Two values have been considered
for the luminosity uncertainty: 5%, a some-
what ambitious goal, and 10% (a more con-
servative estimate).

Figure 19-46 Relative precision ∆ΓΗ/ΓΗ οn the meas-
ured Higgs-boson width as a function of mH, assuming
an integrated luminosity of 300 fb-1.
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of the Higgs-boson rate (σ × BR) for various channels,
as a function of mH, for various channels, assuming an
integrated luminosity of 300 fb-1. The luminosity is
assumed to be known to 10% (open symbols) or to
5% (black symbols).
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to provide a sufficiently good model of the observation in a restricted mass range around
the signal region. A likelihood fit is then performed on each Monte Carlo experiments and
the reconstructed mass and precision are extracted from the distribution of the fitted values
of the peak of the Gaussian core. Where the fit can be performed, Fig. 2.20b shows that an
unbiased estimation of mH is obtained within errors.

The fitted number of signal events is used to estimate the production cross-section by cor-
recting for the global acceptance efficiency. The statistical precision on this measurement is
here also obtained from the width of the distribution of the fitted parameters in Monte Carlo
experiments. An unbiased measurement of the cross-section is obtained over the full mass
range considered here, with a precision of the cross-section measurement between 20 and
30%. With such a precision, the influence of the detector systematics (about 5%) and of the
uncertainty on the luminosity measurement (less than 3% for 30 fb�1) is marginal. For an
integrated luminosity of 60 fb�1, the precision on the cross-section measurement improves
to about 15%.

A measurement of the width is possible only for Higgs boson masses above & 2mZ where at
the same time the Higgs natural width is becoming large and the detector resolution is im-
proving. A Gaussian width with central values of about 2.3 GeV/c2 for mH = 200 GeV/c2 and
4.2 GeV/c2 for mH = 300 GeV/c2 is obtained from the fit, but with a rather large uncertainty
of about 50%.

CMS P-TDR
The CMS TDR plot showing 
the expected precision on 

the width doesn’t even 
extend below a Higgs mass 

of 200 GeV …



Off-shell Higgs Production
• A paper from Kauer and 

Passerino in 2012 pointed out a 
peculiar cancellation between 
the Breit-Wigner trend and the 
width as a function of mVV 
enhances the cross-section at 
high mass


• For ZZ, ~7.6% of the total 
cross-section is at high mass
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)

– 5 –

N. Kauer and G. Passarino, JHEP 08 (2012) 116

Higgs in ZWA as well as off-shell including interference with continuum V V production

(where γ∗ contributions are also included).6All results are given for a single lepton flavour

combination. No flavour summation is carried out for charged leptons or neutrinos. As

input parameters, we use the specification of the LHC Higgs Cross Section Working Group

in App. A of Ref. [45] with NLO ΓV and Gµ scheme. Finite top and bottom quark mass

effects are included. Lepton masses are neglected. We consider the Higgs masses 125GeV

and 200GeV with ΓH = 0.004434 GeV and 1.428GeV, respectively. The Higgs widths have

been calculated with HDECAY [88]. The fixed-width prescription is used for Higgs and

weak boson propagators. The renormalisation and factorisation scales are set to MH/2.

The PDF set MSTW2008NNLO [77] with 3-loop running for αs(µ2) and αs(M2
Z) = 0.11707

is used. The CKM matrix is set to the unit matrix, which causes a negligible error [65].

The accuracy of the ZWA Higgs cross section and the impact of off-shell effects is

assessed with the ratio

R0 =
σH,ZWA

σH,offshell
. (3.1)

To facilitate comparison with off-shell MV V distributions, we define the ZWA MV V distri-

bution as suggested by Eq. (2.5):

(

dσ

dMV V

)

ZWA

= σH,ZWA
MHΓH

π

2MV V
(

M2
V V −M2

H

)2
+ (MHΓH)2

. (3.2)

Each signal process gg → H → V V → leptons (with amplitude MH) and corresponding

continuum background process gg → V V → leptons (with amplitude Mcont) have identical

initial and final states. Hence interference occurs, and the distinction between signal and

background cross sections becomes blurred:

|MVV|2 = |MH +Mcont|2 = |MH |2 + |Mcont|2 + 2Re(MHM∗
cont) . (3.3)

We assess interference effects using a (S +B)-inspired interference measure,

R1 =
σ(|MVV|2)

σ(|MH |2 + |Mcont|2)
, (3.4)

and a (S/
√
B)-inspired measure,

R2 =
σ(|MH |2 + 2Re(MHM∗

cont))

σ(|MH |2)
. (3.5)

In the following, charged leptons are denoted by ℓ.

3.1 gg → H → ZZ → ℓℓ̄ℓℓ̄ and ℓℓ̄ℓ′ℓ̄′ at MH = 125GeV

The same- and different-flavour 4-charged-lepton channels have been analysed by ATLAS

[89] and CMS [90] for Higgs masses in the range 110–600 GeV. In these search channels,

the invariant mass of the intermediate Higgs (MH∗ ≡ MZZ) can be reconstructed. The

6All cross sections are evaluated with a pT (V ) > 1GeV cut. This technical cut prevents numerical

instabilities when evaluating the continuum amplitude.

– 8 –

threshold effects

Tot[ pb] MZZ > 2MZ [ pb] R[%]

gg → H → all 19.146 0.1525 0.8

gg → H → ZZ 0.5462 0.0416 7.6

Table 1. Total cross-section for the processes gg → H → ZZ and gg → H → all; the part of the
cross-section coming from the region MZZ > 2MZ is explicitly shown, as well as the ratio.

100–125 125–150 150–175 175–200 200–225 225–250 250–275

0.252 0.252 0.195 · 10−3 0.177 · 10−2 0.278 · 10−2 0.258 · 10−2 0.240 · 10−2

Table 2. Bin-by-bin integrated cross-section for the process gg → H → ZZ. The first row gives
the bin in GeV, the second row gives the corresponding cross-section in pb.

a remarkable identity follows (defining the so-called Bar-scheme):

1

M2
ZZ − sH

=
(

1 + i
ΓH

MH

)(

M2
ZZ −M

2
H + i

ΓH

MH

M2
ZZ

)−1
, (2.11)

showing that the complex-pole scheme is equivalent to introducing a running width in the

propagator with parameters that are not the on-shell ones. Special attention goes to the

numerator in Eq. (2.11) which is essential in providing the right asymptotic behavior when

MZZ → ∞, as needed for cancellations with the rest of the amplitude. Therefore, it is not

advisable to use a naive, running-width Breit-Wigner distribution or to use a propagator

with M2
ZZ −M2

H + iMH ΓH(M2
ZZ).

In Table 2, we present the invariant mass distribution integrated bin-by-bin. If we take

the ZWA value for the production cross-section at 8TeV and for µH = 125GeV (19.146 pb)

and use the branching ratio into ZZ of 2.67 · 10−2 we obtain a ZWA result of 0.5203 pb

with a 5% difference w.r.t. the off-shell result, fully compatible with the 7.6% effect coming

from the high-energy side of the resonance. In Table 1, we also see that the effect is much

less evident if we sum over all final states with a net effect of only 0.8%. This agrees well

with the deviation of 0.5% between ZWA and fixed-width Breit-Wigner scheme (FWBW)

given in Table 1 of Ref. [46] for MH = 120GeV. At MH = 125GeV, de Florian-Grazzini

obtain a 0.3%–0.4% deviation between ZWA and CPS (or FWBW) with “pure massless

NNLO,” i.e. without resummation, heavy quark effects and EW corrections, and a slightly

smaller deviation for the full calculation [78]. For gg → H → all, one can thus expect

deviations of O(1%) depending on the particular implementation of the calculation.

Of course, the signal per se is not a physical observable and one should always include

background and interference. In Fig. 3 we show the complete LO result for gg → ZZ

calculated with HTO with a cut of 0.25MZZ on the transverse momentum of the Z. The

large destructive effects of the interference above the resonant peak wash out the peculiar

structure of the signal distribution. If one includes the region MZZ > 2MZ in the analysis

then the conclusion is: interference effects are relevant also for the low Higgs mass region,

at least for the ZZ(WW ) final state. It is worth noting again that the discussed effect on

– 6 –



Measuring the Width
• Can be used to set a constraint on the Higgs width as follows


• Determine r by measuring ratio of off-peak to on-peak cross-section

50F. Caola, K. Melnikov (Phys. Rev. D88 (2013) 054024) 
J. Campbell et al. (arXiv:1311.3589) 
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` Once the “signal strength” m is fixed from an independent source a 
determination of r is obtained  
` N.B. r-scaling while keeping m fixed is                                                                             

equivalent to coupling scaling            

` Caution: the interference with                                                       
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Significant interference with the 
SM VV background at high mass
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CMS measurement of the width
• First measured by CMS (Moriond 2014) using 

the 4l and 2l2ν using a matrix element 
likelihood approach (MELA)


• Combined observed (expected) values

• r < 4.2 (8.5) @ 96% CL

• Γ < 17.4 (35.3) MeV)


• Two orders of magnitude better than direct 
measurements 
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22

CMS Analysis inc. ll + MET

9

22 MeV (33 MeV) at a 95% CL, which is 5.4 (8.0) times the expected value in the SM. The best fit
value and 68% CL interval correspond to GH = 1.8+7.7

�1.8 MeV. The result of the 4` analysis alone
is an observed (expected) limit of GH < 33 MeV (42 MeV) at a 95% CL, which is 8.0 (10.1) times
the SM value, and the result of the analysis combining the 4` on-shell and 2`2n off-shell regions
is GH < 33 MeV (44 MeV) at a 95% CL, which is 8.1 (10.6) times the SM value. The best fit values
and 68% CL intervals are GH = 1.9+11.7

�1.9 MeV and GH = 1.8+12.4
�1.8 MeV for the 4` analysis and for

the analysis combining the 4` on-shell and 2`2n off-shell regions, respectively.
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Figure 5: Scan of the negative log-likelihood, �2D lnL, as a function of GH for the combined
fit of the 4` and 2`2n channels (blue thick lines), for the 4` channel alone in the off-shell and
on-shell regions (dark red lines), and for the 2`2n channel in the off-shell region and 4` channel
in the on-shell region (light red lines). The solid lines represent the observed values, the dotted
lines the expected values.

The expected limit for the two channels combined without including the systematic uncertain-
ties is GH < 28 MeV at a 95% CL. The effect of systematic uncertainties is driven by the 2`2n
channel with larger experimental uncertainties in signal efficiencies and background estima-
tion from control samples in data, while the result in the 4` channel is largely dominated by the
statistical uncertainty.

The statistical compatibility of the observed results with the expectation under the SM hypoth-
esis corresponds to a p-value of 0.24. The statistical coverage of the results obtained in the
likelihood scan has also been tested with the Feldman–Cousins approach [47] for the combined
analysis leading to consistent although slightly tighter constraints. The analysis in the 4` chan-
nel has also been performed in a one-dimensional fit using either m4` or Dgg and consistent
results are found. The expected limit without using the MELA likelihood discriminant Dgg is
40% larger in the 4` channel.

In summary, we have presented constraints on the total Higgs boson width using its relative

CMS work in the model in 
which the off-shell cross 
section is a rescaled SM 
signature

�H  5.4 �SM
H

or 
�H  22 MeV

1405.3455 & CMS-PAS-HIG-014-002 

Using a MEM method to 
construct a kinematic 
discriminant they find. 

See Claude’s talk

4l analysis 

R. Covarelli 7 

` No changes in selection w.r.t. CMS collab. , arXiv:1312.5353 

` Lepton pT cuts, Z invariant masses, impact parameter 
significance, loose isolation 

` In the matrix element likelihood approach (MELA), design a 
specific discriminant for gg → ZZ production: 
 
 
 

` Built with 7 variables completely                                                     
describing kinematics (mZ1, mZ2,                                                           
five angles) 

` Pgg,(qq) are joint probabilities for                                                          
gg → ZZ, signal + background + interference                                        
(qq → ZZ) from MCFM matrix elements                                                         

m4l and Dgg distributions / yields 

R. Covarelli 9 



ATLAS width result
• Similar result from ATLAS during 2014

• Additionally, showed the dependence on the k-factor for the ZZ 

background

• No strong dependence observed
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Conclusion
• The first run of the LHC has been a fascinating and exciting time


• Privileged enough to participate in the discovery of a new 
elementary particle


• Extensive measurement program is currently ongoing to measure its 
properties 


• The channels used for the discovery were anticipated

• Benchmark channels for detector design


• This talk has focussed on some results that were not anticipated 
• bb, ttH, width


• Some of these were even thought to be impossible

• Small message for the future: always learn from the past, but don't 

let the past constrain you

• Clever ideas and innovation can make the impossible possible

53


