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But we know how to do this!
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Experimental particle physics is all about 
colliding particles and observing the result!

smaller distances ↔ higher collision energies

Easier with Hadron Colliders
e+e- Colliders better for precision measurements

Interactions between constituents of the protons, 
carrying fraction of nominal Centre-of-Mass Energy
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γγ
WW
ZZ

SM Higgs Production and Decay at LHC

Typical uncertainties
- gg 10-20% (NNLO)

- ttH ~10% (NLO)
- WH,ZH  <5% (NNLO)

- VBF <10% (NLO)

Branching Ratios
known to NLO few % uncertainty
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Higgs boson production
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For mH = 125 GeV cross-section increases 
by ~1.3 when going from 7 to 8 TeV 

by ~3.3 when going from 7 to 14 TeV
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Aerial view of CERN site
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CERN Timeline: A versatile fundamental research program
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1954  CERN was founded
1957  Synchrocyclotron (SC), first accelerator, begins operation
1959  Proton Synchrotron (PS) begins operation
1968  Georges Charpak invents multiwire proportional chamber (Nobel Prize 1992)
1971  Intersecting Storage Rings (ISR) starts operation (first pp collider)
1973  Discovery of Neutral Currents - first confirmation of electroweak theory 

      (today known as the Standard Model)
1976  Super Proton Synchrotron (SPS) begins operation
1983  Discovery of W and Z particles
1984  Nobel Prize: C. Rubbia and S. v. der Meer for W and Z
1984  First ideas on LHC
1989  Large Electron Positron collider (LEP) begins operation; 
         confirms existence of only 3 neutrino families
1989  Tim Berners-Lee invents the World Wide Web
1993  Precise results on CP violation;

      difference between matter and antimatter
1995  First observation of antihydrogen
1999  Construction of Large Hadron Collider (LHC) begins
2000  Creation of quark-gluon plasma, new state of matter
2002  First results on antihydrogen atoms
2008  The LHC start-up
2010  The real LHC start-up...
2012  Discovery of a Higgs-like boson
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CERN accelerator complex
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Maximizing the return of the investment by exploiting already existing infrastructure as much as possible!
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The Large Hadron Collider
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Parameter (Design) LHC

Centre-of-mass Energy 7/8 (14) TeV

Bunches/Beam 1854/1380(2808 )

Luminosity 3.65·1033/7.7·1033(1·1034) cm-2m-1

Bunch Spacing 50 (25) ns

1232 superconducting dipoles with a field of  8.3T 

1.9K → the coolest place in the universe!
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Higgs boson decays
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Higgs boson is rather short-lived, decaying through different channels!
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ATLAS and CMS Detectors 
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ATLAS

CMS

LHC

ALICE

LHCb

ATLAS Collaboration: 38 countries, 177 
institutions, ~2900 scientific authors



⇒ Very important to ensure high data-taking efficiency/quality
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A Toroidal LHC ApparatuS
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⇒ General purpose detector designed for the harsh LHC environment

ATLAS

Magnets 2T solenoid, 3 air-core 
toroids

Tracking silicon + transition 
radiation tracker

EM Calorimetry sampling LAr technology

Hadron 
Calorimetry

plastic scintillator (barrel) 
LAr technology (endcap)

Muon independent system
with trigger capabilities

Trigger 3 Level Implementation 
from 40 MHz to 400 Hz
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High Energy Physics Particle detectors

11



K. Nikolopoulos January, 2014Higgs Boson Physics

Inner Detector
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Z→µµ candidate with 25 reconstructed vertices from the 2012 run.
Only good quality tracks with pT>0.4GeV are shown
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Muons and Electrons
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Η→ΖΖ*→4µ Η→ΖΖ*→4e
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Photons
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Stable photon reconstruction vs pile-up (within 1%)
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Handling pileupHandling pileup

Pileup levels of ~35 were 
routine at starts of fills at the 

end of Run-1

Impact of pileup substantially 
reduced by inventive performance 
work – e.g using ambient energy 

subtraction for jets

Jet p
T
 resolution

Jet p
T
 scale error

improvement
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Jets and Missing ET
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Jet PT scale uncertainty

Number of reconstructed vertices in event

W→µv candidate



Identifying τ-leptons & Tagging b-jets

• Jets + tracks used to form τhad candidates

➡ energy from MC

➡ energy scale from isolated hadron data

• Analyses presented here use 60% 

working point - selects 60% of τhad

• selects few% of QCD jets and <1% of 

electrons 

• Exploit multivariant techniques to identify b-jets and hadronically decaying τ-leptons

b-jet tagging
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated tt̄ events.

40 GeV, 40 GeV ! pT < 50 GeV, 50 GeV ! pT < 60 GeV, 60 GeV ! pT < 75 GeV, 75 GeV ! pT <
90 GeV, 90 GeV! pT < 110 GeV, 110 GeV! pT < 140 GeV and 140 GeV ! pT < 200 GeV, while the
! bins are 0! |! |< 0.6, 0.6 ! |! | < 1.2, 1.2 ! |! |< 1.8 and 1.8 ! |! |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |! |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb"1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prelT analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prelT (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in "R(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The
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• Uses secondary & subsequent 

vertices along b-hadron line of 

flight

• Analyses presented here use 70% 

working point

➡ selects 70% of b-jets

➡ mistag rate for light jets ~1% 
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ATLAS-CONF-2012-040
ATLAS-CONF-2012-043

ATLAS-CONF-2011-102

ATLAS-CONF-2012-097
ATLAS-CONF-2012-142

4Wednesday, 6 March 2013

τh identification 

5 Moriond EW, March 2013 Valentina Dutta, MIT 

π± ρ±→π±π0 

a1→π±π0π0 
a1→π±π∓π± 

Identification: 
 Reconstructed based on decay modes: charged 

hadrons + ECAL deposits 

Isolation: 
 Multivariate isolation using relative ΣpT of particle-

flow candidates in concentric rings around τ 

Real τh Fake τh 

New in 2012 

ΣpT(charged hadrons)/pT(τ) vs. ΔR 
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τ-leptons and b-jets
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cτ = 492 µm

The τ-lepton is special!
Mass of 1.78 GeV and cτ = 87.1 µm, 
the only lepton that decays in our 

detector, in various ways...
τ → lvv ~35%
τ → hadrons ~ 65%
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The 
H→ZZ→4l 

as an example analysis
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pp→H→ZZ→µ+µ-e+e-
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Invariant mass of the system:
m2 = E2 - p2

The idea is to identify events with two pairs of same-flavour and 
opposite electric charge, and calculate their invariant mass.

But the “new” process that we’re looking for is not the only one 
producing four leptons in the final state.
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Η→ZZ(*)→4l: Event Selection
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- Two same-flavor opposite-sign di-leptons (e/µ)
- pT1,2,3,4 > 20, 15, 10, 7 GeV (6 GeV for µ)
- Single lepton and di-lepton triggers

µ+µ-

- Tracking and calorimeter isolation
- Impact Parameter (IP) significance

50 GeV < m12 < 106 GeV, 
mthr(m4l) <m34<115 GeV mthr =12 - 50 GeV 
→ all same-flavor opposite-sign pairs mll>5 GeV
→ ∆R(l,l′) > 0.10(0.20) for all same(different)-flavor

e+e-

H→ZZ(*)→4l (l=e,µ)
Backgrounds

 ZZ(*)→4l and for m4l<2mZ

Z+jets (Z+light jets/Zbb̄) and tt̄
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eeµµ candidate with m4l = 123.9 GeV
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pT(e,e,µ,µ)=18.7,76.0,19.6,7.9 GeV,    
mee= 87.9 GeV, mµµ =19.6 GeV

12 reconstructed vertices
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µµµµ candidate with m4l = 123.5 GeV
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pT(µ,µ,µ,µ)=37.8,29.2,10.3,32.6 GeV,    
mee= 84.0 GeV, mµµ =34.2 GeV

15 reconstructed vertices
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Η→ZZ(*)→4l: Backgrounds
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Background-dominated Control Region
[Remove isolation/impact parameter requirements 

on sub-leading di-lepton]

July 2012
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Η→ZZ(*)→4l: Results
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Signal ZZ(*) Other
Backgrounds

Observed

4µ 2.09±0.30 1.12±0.05 0.13±0.04 6

2µ2e/2e2µ 2.29±0.33 0.80±0.05 1.27±0.19 5

4e 0.90±0.14 0.44±0.04 1.09±0.20 2

for m4l  region with 125±5GeV

Significance of excesses
• 8 ΤeV (2012): 2.6σ at  125.5 GeV, expected 2.1σ
• 7 TeV (2011): 2.5σ at 125 GeV, expected 1.6σ
• Combined: 3.6σ at mH=125 GeV, expected 2.7σ
• ~2.5σ after look-elsewhere effect (110-141 GeV)

July 2012

July 2012
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The discovery papers!
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Higgs boson decays
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As many as possible of the potential final states of the newly found particle should be studied!
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H→γγ
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Η→γγ
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ET1=62.2 GeV and η1=0.39 
ET2=55.5 GeV and η2=1.18
mγγ=126.9 GeV and pTt=6.5 GeV

• Sensitive for low mH (110 - 150 GeV)
• Search for narrow peak in mγγ

• Background from data
• Categorize wrt S/B and resolution

• Main Backgrounds: 
→ di-photon ➛ mγγ resolution
→ jj and γj    ➛ photon-ID
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Η→γγ: Event Categories
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Improve the overall S/B of the analysis, and enhance particular signal contributions for properties studies
8 TeV (90% signal window)

14 exclusive categories

BDT: mjj, ηj1, ηj2, ∆ηjj, pTt, ∆φγγ;jj, 
η*=ηγγ −(ηj1+ηj2)/2 ∆Rminγj  
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Η→γγ: mγγ spectra
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Most significant deviation from background only hypothesis at mH =126.5 GeV: 
• Local significance: 7.4σ (with 4.1σ expected) @ mH=126.5 GeV
• Inclusive analysis: 6.1σ (with 2.9σ expected) 

• Mass measurement: 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV
• Main systematics: γ energy scale from Z→ee, material modeling and presampler energy scale →  0.6 GeV

• Rate with respect to Standard Model: 1.65 ± 0.24 (stat)+0.25−0.85

• 2.3σ deviation from the Standard Model
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Signal ZZ(*) Other
Background

s

Observed S/B

4µ 6.3±0.8 2.8±0.1 0.55±0.15 13 ~1.9

2µ2e 3.0±0.4 1.4±0.1 1.56±0.33 5 ~1.0

2e2µ 4.0±0.5 2.1±0.1 0.55±0.17 7 ~1.5

4e 2.6±0.4 1.2±0.1 1.11±0.28 6 ~1.1

for m4l  region with 125±5GeV
• Local significance:6.6σ (4.4σ)@mH=124.3GeV
• Mass: 124.3+0.6-0.5(stat)+0.5-0.3(syst) GeV

• Main systematics: electron/muon energy/
momentum scale uncertainties

• Rate with respect to SM: 1.7+0.5−0.4 

• 1.5 ± 0.4 @ mH=125.5 GeV
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The couplings of the Higgs boson are probed by further categorizing the observed events.
• VBF-like events : Events with at least two jets in VBF topology

• VH-like events : Events with additional leptons in the final state
• ggF-like events: All remaining events
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The Higgs boson mass
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Higgs boson mass measurement using:
• H→γγ : 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV
• H→ZZ→4l : 124.3+0.6-0.5(stat)+0.5-0.3(syst) GeV

Combined mH:125.5 ± 0.2 (stat)+0.5-0.6 (syst) GeV
• single particle to give as much/more discrepant result 1.5% (2.4σ)
• by moving ±1σ the main systematics (calibration, upstream material, 
pre-samples energy scale) consistency increases up to 8%
• H→4l consistency leads to -0.8σ adjustment of e/γ energy scale 
• shift -350 MeV for H→γγ mass

• CMS : mH = 125.7 ± 0.3 (stat) ± 0.3 (syst) GeV
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H→4l/H→γγ compatibility: 1.97σ
• fixing rates to SM expectation →1.6σ
• γ systematics as box →1.8σ

Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, is estimated under the
asymptotic assumption. This probability was cross-checked using Monte Carlo ensemble tests. With this approach a
compatibility of 4.9% is obtained, corresponding to 1.97�.

As an additional cross-check, some of the systematic uncertainties related to the photon energy scale, namely the
inner detector material uncertainty and the uncertainty in the modeling of the photon lateral leakage, were modeled
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41

23

H→ZZ→4l
• Event-by-event (detector response)⨂(H line-shape)
• ΓΗ<2.6 (6.2@SM rate) GeV @ 95% CLs

H→γγ
• Non-relativistic Breit-Wigner ⨂ detector resolution
• ΓΗ<5.0 (6.2@SM rate) GeV @ 95% CLs

NEW!
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Off-shell production of Higgs boson 
provides indirect constraint to ΓHIn contrast, the on-shell process gg! H ! ZZ allows a measurement of the ratio:

!gg!H!ZZ
on-shell

!gg!H!ZZ
on-shell, SM

= µon-shell =
"2g,on-shell · "2V,on-shell

!H/!SM
H

, (2)

where the total width !H appears in the denominator. The combination of both on- and o"-shell measure-
ments promises a significantly higher sensitivity to the total width !H than previously believed possible
at the LHC through direct measurements of the on-shell line shape.

Several theory considerations have to be taken into account for this analysis:

• The determination of µo"-shell is valid under the assumption that any new physics which modifies
the o"-shell couplings "2i,o"-shell does not modify the expectation for the SM backgrounds (includ-
ing higher-order QCD and electroweak (EW) corrections to the SM signal and background predic-
tions) nor does it produce other sizeable signals in the search region of this analysis unrelated to
an enhanced o"-shell signal strength. This assumption is similar in structure to the assumptions
needed for the Higgs boson coupling scale factor framework in Ref. [16] and a µo"-shell measure-
ment should be regarded as a search for a deviation from the SM expectation. The observation
of a deviation is independent of any assumptions, but the interpretation of the deviation as a non-
standard Higgs boson o"-shell coupling relies on the assumption above.

• The interpretation of µo"-shell as a measurement of !H requires a combination with the on-shell
signal strength measurements from the "125.5 GeV Higgs boson peak. This interpretation is valid
under the assumption "i,on-shell = "i,o"-shell. This assumption is particularly relevant to the running
of the e"ective coupling "g for the loop induced gg ! H production process, as it is sensitive to
new physics that enters at higher mass scales and could be probed in the high-mass mZZ signal
region of this analysis. More details are given in Refs. [12–15].

• While higher-order QCD and EW corrections are known for the o"-shell signal process [17] in the
form of a next-to-next-to-leading-order (NNLO) K-factor KH#(mZZ) = !NNLO

gg!H#!ZZ/!
LO
gg!H#!ZZ ,

no higher-order QCD calculations are available for the leading-order (LO) gg ! ZZ background
process. In Ref. [18] a soft-collinear approximation is used to estimate the next-to-leading-order
(NLO) and NNLO corrections to the gg ! WW background process, indicating that the signal
K-factor may also be applied to the signal-background interference term at the cost of adding an
additional uncertainty of "30%. Details can be found in Section 6.

• Although the NNLO/LO K-factor KH#(mZZ) is known for the signal [17] as a function of mZZ , it
is calculated inclusively, meaning that it is integrated over all jet multiplicities or non-zero pT (ZZ)
values that are induced by the higher order QCD corrections, and may no longer be accurate
if event selections which bias the jet multiplicity or transverse momentum pT (ZZ) are applied.
Consequently, the impact of any direct or indirect selections in jet multiplicity or pT (ZZ), must
be assessed by simulating the additional QCD activity with a parton shower MC to approximate
the missing higher order matrix element contributions. This will lead to correspondingly larger
acceptance uncertainties.

As a consequence of these considerations, the primary goal of this analysis is to provide a limit on the
o"-shell signal strength µo"-shell. The experimental analysis was designed to be as inclusive as possible
with respect to additional QCD activitity, to minimize additional acceptance-related uncertainties on the
gg ! (H# !)ZZ process. Finally, results will be given as a function of the K-factor ratio K(gg !
ZZ)/K(gg ! H# ! ZZ) to make their dependence on this unknown K-factor explicit. Following
Ref. [18], the central value is obtained with the background K-factor taken from the Higgs boson signal
calculation.

2

1 Introduction

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,
reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-
troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical
importance. Among its key properties are the couplings to each of the SM fermions and bosons, for
which ATLAS presented results in Refs. [3, 4] and spin/CP properties, for which ATLAS presented re-
sults in Ref. [5].

The studies in Refs. [6–9] have shown that the high-mass o!-peak regions of the H ! ZZ and
H ! WW channels above the 2mV (V = W,Z) threshold have sensitivity to Higgs boson production
through o!-shell and background interference e!ects, which presents a novel way of characterising the
properties of the Higgs boson in terms of the o!-shell signal strength and the associated o!-shell Higgs
boson couplings. This approach was used by the CMS collaboration [10] to set an indirect limit on the
total width.

This note presents an analysis of the o!-shell signal strength in the ZZ ! 4! and ZZ ! 2!2" final
states (! = e, µ). It is structured as follows: Section 2 presents the analysis concept and some key
theoretical considerations for this analysis. Section 3 discusses the simulation of the main signal and
background processes. Sections 4 and 5 give details for the analysis in the ZZ ! 4! and ZZ ! 2!2"
final states, respectively. The dominant systematic uncertainties are discussed in Section 6. Finally the
results of the ZZ ! 4! and ZZ ! 2!2" analysis and their combination are presented in Section 7.

The ATLAS detector is described in Ref. [11]. The present analysis is performed on data correspond-
ing to an integrated luminosity of 20.3 fb-1 at a collision energy of

"
s = 8 TeV.

2 O!-shell signal and theoretical considerations

The recent interest in the cross section for the o!-shell Higgs boson production gg ! (H# !)VV1,
#gg!(H#!)VV

o!-shell for high-mass WW and ZZ final states was sparked by the novel approach to Higgs boson
couplings measurements possible in this region. This could provide sensitivity to new physics that alters
the interactions between the Higgs boson and other fundamental particles in the high-mass region [12–
15].

The cross section for the o!-shell signal strength #gg!H#!ZZ
o!-shell is proportional to the Higgs boson

couplings for production and decay. However, unlike the on-shell Higgs boson production, #gg!H#!ZZ
o!-shell

is independent of the total Higgs boson decay width "H [6, 7]. Using the framework of Higgs boson
coupling deviations as in Ref. [16] this proportionality can be expressed as:

#gg!H#!ZZ
o!-shell

#gg!H#!ZZ
o!-shell, SM

= µo!-shell = $
2
g,o!-shell · $2V,o!-shell , (1)

where µo!-shell is the o!-shell signal strength in the high-mass region above the 2mZ threshold and
$g,o!-shell and $V,o!-shell are the o!-shell coupling scale factors associated with the gg ! H# production
and the H# ! ZZ decay, respectively. The o!-shell Higgs boson signal cannot be treated independently
from the gg ! ZZ background, as sizeable negative interference e!ects appear [6]. The interference
term is proportional to "µo!-shell = $g,o!-shell · $V,o!-shell.

1In the following the notation gg! (H# !)ZZ is used for the full signal+background process for ZZ production, including
the Higgs boson signal gg! H# ! ZZ process, the continuum background gg! ZZ process and their interference. For Vector
Boson Fusion (VBF) production, the analogous notation VBF (H# !)ZZ is used for the full signal plus background process,
with VBF H# ! ZZ representing the Higgs boson signal and VBF ZZ for the background.

1

Implemented with H→ZZ with the following assumptions:
→ Backgrounds insensitive to new physics modifying off-shell couplings
→ Running of couplings similar for on-shell/off-shell region 
→ Use inclusive selections [where HO corrections available]
→ gg→ZZ K-factors in off-shell region unknown 

[ for signal known to NNLO, gg→WW at NLO indicates that K-factors 
may be of similar magnitude, see later]

NEW!

Similar assumptions to the one used for the 
coupling studies with the κ-factor framework
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ZZ→4l
• Off-peak region [220 GeV, 1TeV]
• Matrix Element Kinematic 
Discriminant to separate 
gg→H*→ZZ→4l from qq→ZZ→4l/
gg→(H*)→ZZ→4l
• Limit on off-shell rate based on 
fit on MEKD shape

NEW!

ZZ→llvv
• ETmiss>150 GeV and 76 
GeV<mll<106
• Main backgrounds: qq→ZZ and 
WZ/WW, Z+jets and top
• Off-peak region mTZZ>350 GeV
• Limit on off-shell rate based on 
event counting



Results are expressed as a function of the unknown K-factor for the gg→ZZ background.
Assuming background K-factors same as for signal:
• ΓΗ/ΓSM < 4.8 (5.8) at 95% CLs with alternative hypothesis RBH*=1, ΓH/ΓSM=1 and µon-shell=1.51
• ΓΗ/ΓSM < 5.7 (8.5) at 95% CLs with alternative hypothesis RBH*=1, ΓH/ΓSM=1 and µon-shell=1.00

K. Nikolopoulos Aug 1st, 2014ATLAS Higgs boson properties using decays in bosons

Indirect ΓH measurement: Results

38

NEW!
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• Sensitive in wide mass range 
• Also very complicated 

• no mass peak
• uses all ATLAS components!

• Signature is ll + MET
• Observables: mll and mT

• Backgrounds: WW, top, W/Z+jets
• Separate final states: 

• lepton flavors: µe, eµ, µµ, ee
• jet multiplicities: 0, 1, ≥2

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

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

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

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

Category Njet = 0 Njet = 1 Njet ! 2

Pre-selection

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

sublead
T > 15

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

Missing transverse
momentum and
hadronic recoil

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

T,rel
> 25 eµ+ µe: EmissT > 20

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

T,rel
> 45 ee+ µµ: EmissT > 45

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

T,rel
> 45 ee+ µµ: EmissT,STVF > 35

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

General selection
- Nb-jet = 0 Nb-jet = 0
|!"!!,MET |> #/2 - ptotT < 45
p!!T > 30 eµ+ µe: Z/$# $%% veto eµ+ µe: Z/$#$ %% veto

VBF topology

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

H$WW (#)$ !&!&

topology

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

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

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

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

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

mT = ((E
!!
T
+ Emiss

T
)2 " |p!!

T
+Emiss

T
|2)1/2 with E!!

T
= (|p!!

T
|2 +m2

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

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

background for the di"erent Njet analyses and decay channels. The details of the normalisation of the

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

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

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

4 Background estimation

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

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

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

9

mjj = 1.5 TeV, |Δyjj| = 6.6, mll = 21 GeV, mT = 95 GeV
pTe= 51 GeV, pTµ=15 GeV pTjets= 68,33 GeV, MET=33 GeV
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Local significance at mH=140GeV is 4.1σ 
Local significance at mH=125GeV is 3.8σ

Rate with respect to SM: 1.01 ± 0.31 @ mH=125 GeV
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• Largest BR but very high background
• Exploit associated production with W or Z

• Final states with leptons, MET and b-jets
• Backgrounds: W/Z+jets and top
• Final discriminant mbb

• Separate final states: 
• number of leptons: 0, 1, 2
• PT(V) or MET
• number of jets
• 26 signal bins in total 

• + 27 control regions

H→bb 

observation at 4.8σ(5.1σ) of VZ(➝bb) production

ATLAS-CONF-2013-079

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-079/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-079/
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mH=125 GeV
95% CL exclusion limit 1.4 (1.3) x SM

µ = 0.2 ± 0.5 (stat) ± 0.4 (syst)
CMS : significance 2.1(2.1)σ for mH=125 GeV
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• This channel is directly sensitive to the τ Yukawa 
coupling
• Expected to be the first channel to give direct 
evidence for coupling to leptons.
• Search in three sub-channels
• τlepτlep BR~12% ->  2lepton
• τlepτhad BR ~46% -> 1lepton
• τhadτhad BR~42%->0lepton

• Background
   - Z->ττ dominant estimated from data 
using the embedding technique
“Fakes”: Multijet, W+jets, top from dta
“Other”: Diboson produciton and Η->WW* from MC

Analysis performed using Boosted 
Decision Tree
Variables, include properties of the 
di-tau system, jet topology, and 
event activity
Two categories:
VBF : 2 jets with large 
pseudorapidity separation
Boosted: events failing the VBF 
category, bith with large di-tau pT
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Using an MVA observe evidence for Higgs boson decays to τ-
leptons, with signficance of 4.1σ (3.2σ expected)
• Signal Strength for mH=125GeV: µ= 1.43+0.31-0.29(stat)
+0.41-0.30(syst)
• In agreement with SM expectation
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http://www.sciencedirect.com/science/article/pii/S0370269313006369
http://www.sciencedirect.com/science/article/pii/S0370269313006369
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Rates in overall agreement with SM expectation
Results from the two experiments fluctuating 

around the SM expectations.
The ATLAS and CMS 

mass combinations in good agreement

µ=0.80±0.14

ATLAS : mH = 125.5 ± 0.2 (stat)+0.5-0.6 (syst) GeV
CMS : mH = 125.7 ± 0.3 (stat) ± 0.3 (syst) GeV

NEW! µ=1.0±0.5
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Overall Higgs boson signal strength measurement:
• no information on different production mechanisms
• assuming SM ratio of production cross-section

Separate vector-boson/gluon mediated processes:
• use two signal strengths µVBF+VH and µggF+ttH

• µVBF+VH / µggF+ttH = 1.4+0.4-0.3(stat)+0.6-0.4 (sys) 
• model independent (no assumption on branching ratios)

• 3.3σ evidence for VBF Higgs boson production
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J. R. Espinosa et al. Higgs Hunting 2012 (arXiv:1207.1717[hep-ph])

κF

κV
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Higgs boson signal strength measurement 
following formalism of arXiv:1209.0040
• single resonance of 125.5 GeV
• narrow width approximation
• only modifications of the coupling strengths

Deviations described by overall scales kF (kV) for fermions 
(bosons), respectively, no BSM contribution

2D compatibility with SM is 12%

Table 10: Summary of the coupling benchmark models discussed in this paper, where �i j = i/ j, ii = ii/H , and the functional dependence
assumptions are: V = W = Z , F = t = b = ⌧ (and similarly for the other fermions), g = g(b, t), � = �(b, t , ⌧, W ), and H = H(i).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg! H ! �� process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg! H ! ��
couplings interest V F g � H

1 Couplings to
fermions and bosons

V , F
p p p p p

2F · 2�(F , V )/2H(F , V )
2 �FV , VV

p p p p
- 2VV · �2

FV · 2�(�FV , �FV , �FV , 1)
3 Custodial symmetry �WZ , �FZ , ZZ -

p p p
- 2ZZ · �2

FZ · 2�(�FZ , �FZ , �FZ , �WZ)
4 �WZ , �FZ , ��Z , ZZ -

p p
- - 2ZZ · �2

FZ · �2
�Z

5 Vertex loops g, � =1 =1 - -
p

2g · 2�/2H(g, �)

(benchmark model 2 in Table 10), which still provides
useful information on the relationship between Yukawa
and gauge couplings. Fits to the data give the following
68% CL intervals for �FV and VV = VV/H (when
profiling over the other parameter):

�FV 2 [0.70, 1.01] (11)
VV 2 [1.13, 1.45] (12)

The two-dimensional compatibility of the SM pre-
diction with the best-fit value is 12%. These results
also exclude vanishing couplings of the Higgs boson to
fermions (indirectly, mainly through the gg ! H pro-
duction loop) by more than 5�.

7.4.2. Ratio of couplings to the W and Z bosons
In the Standard Model, custodial symmetry imposes

the constraint that the W and Z bosons have identical
couplings to the Higgs boson and that ⇢=1 (as measured
at LEP [121]). The former constraint is tested here by
measuring the ratio �WZ = W/Z .

The simplest and most model-independent approach
is to extract the ratio of branching ratios normalised to
their SM expectation, �2

WZ = B(H ! WW⇤)/B(H !
ZZ⇤) ·BSM(H ! ZZ⇤)/BSM(H ! WW⇤), from the mea-
sured inclusive rates of the H ! WW⇤ and H ! ZZ⇤
channels. A fit to the data with the likelihood ⇤(�WZ),
where µggF+ttH ⇥ B(H! ZZ⇤)/BSM(H ! ZZ⇤) and
µVBF+VH/µggF+ttH are profiled, gives �WZ = 0.81+0.16

�0.15.
A more sensitive measurement can be obtained by

also using information from WH and ZH production,
from the VBF process (which in the SM is roughly
75% W-fusion and 25% Z-fusion mediated) and from
the H ! �� decay mode. A fit to the data using
benchmark model 3 in Table 10 gives the likelihood
curve shown in Fig. 11, with �WZ 2 [0.61, 1.04] at the
68% CL, dominated by the statistical uncertainty; the

other parameters, �FZ and ZZ , are profiled. The three-
dimensional compatibility of the SM prediction with the
best-fit value is 19%.
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Figure 11: Likelihood curve for the coupling scale factor �WZ (bench-
mark model 3 in Table 10). The thin dotted lines indicate the continu-
ation of the likelihood curve when restricting �FZ to be either positive
or negative. The dashed curves show the SM expectation with the
right (left) minimum indicating �FZ positive (negative).

Potential contributions from BSM physics a↵ecting
the H ! �� channel could produce apparent deviations
of the ratio �WZ from unity even if custodial symme-
try is not broken. It is therefore desirable to decouple
the observed H ! �� event rate from the measurement
of �WZ . This is done with an extended fit for the ratio
�WZ , where one extra degree of freedom (��Z = �/Z)
absorbs possible BSM e↵ects in the H ! �� channel
(benchmark model 4 in Table 10). This measurement
yields:

�WZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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7.4.3. Constraints on production and decay loops
Many BSM physics scenarios predict the existence

of new heavy particles, which can contribute to loop-
induced processes such as gg ! H production and
H ! �� decay. In the approach used here (benchmark
model 5 in Table 10), it is assumed that the new parti-
cles do not contribute to the Higgs boson width and that
the couplings of the known particles to the Higgs boson
have SM strength (i.e. i=1). E↵ective scale factors g
and � are introduced to parameterise the gg ! H and
H ! �� loops. The results of their measurements from
a fit to the data are shown in Fig. 12. The best-fit values
when profiling over the other parameters are:

g = 1.04 ± 0.14 (14)
� = 1.20 ± 0.15 (15)

The two-dimensional compatibility of the SM predic-
tion with the best-fit value is 14%.
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Figure 12: Likelihood contours for the coupling scale factors � and g
probing BSM contributions to the H ! �� and gg! H loops, assum-
ing no BSM contributions to the total Higgs boson width (benchmark
model 5 in Table 10). The best-fit result (⇥) and the SM expecta-
tion (+) are also indicated.

7.4.4. Summary
The results of the measurements of the coupling scale

factors discussed in the previous sections, obtained un-
der the assumptions detailed in Section 7.4 and Ta-
ble 10, are summmarised in Fig. 13. The measurements
in the various benchmark models are strongly corre-
lated, as they are obtained from fits to the same exper-
imental data. A simple �2-like compatibility test with
the SM is therefore not meaningful.

The coupling of the new particle to gauge bosons V
is constrained by several channels, directly and indi-
rectly, at the ±10% level. Couplings to fermions with
a significance larger than 5� are indirectly observed

mainly through the gluon-fusion production process, as-
suming the loop is dominated by fermion exchange. The
ratio of the relative couplings of the Higgs boson to the
W and Z bosons, W/Z , is measured to be consistent
with unity, as predicted by custodial symmetry. Under
the hypothesis that all couplings of the Higgs boson to
the known particles are fixed to their SM values, and as-
suming no BSM contributions to the Higgs boson width,
no significant anomalous contributions to the gg ! H
and H ! �� loops are observed.
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Figure 13: Summary of the measurements of the coupling scale fac-
tors for a Higgs boson with mass mH=125.5 GeV. The best-fit values
are represented by the solid vertical lines, with the ±1� and ±2� un-
certainties given by the dark- and light-shaded band, respectively. For
a more complete illustration, the distributions of the likelihood ra-
tios from which the total uncertainties are extracted are overlaid. The
measurements in the various benchmark models, separated by double
horizontal lines, are strongly correlated.

8. Conclusions

Data recorded by the ATLAS experiment at the
CERN Large Hadron Collider in 2011 and 2012, cor-
responding to an integrated luminosity of up to 25 fb�1

at
p

s = 7 TeV and
p

s = 8 TeV, have been analysed
to determine several properties of the recently discov-
ered Higgs boson using the H ! ��, H!ZZ⇤! 4` and
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H ! ��, H!ZZ⇤! 4` and H!WW⇤! `⌫`⌫ chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

� · B (gg! H ! ��)
�SM(gg! H) · BSM(H ! ��) =

2g · 2�
2H

(7)

In some of the fits, H and the e↵ective scale factors
� and g for the loop-induced H ! �� and gg ! H
processes are expressed as a function of the more fun-
damental factors W , Z , t, b and ⌧ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

2g(b, t) =
2t · �tt

ggH + 
2
b · �bb

ggH + tb · �tb
ggH

�tt
ggH + �

bb
ggH + �

tb
ggH

2�(b, t, ⌧, W ) =

P
i, j i j · �i j

��
P

i, j �
i j
��

(8)

2H =
X

j j=WW⇤, ZZ⇤, bb̄, ⌧�⌧+,

��, Z�, gg, tt̄, cc̄, ss̄, µ�µ+

2j�
SM
j j

�SM
H

where �i j
ggH , �i j

�� and �SM
f f are obtained from theory [14,

15, 119].
Results are extracted from fits to the data using the

profile likelihood ratio ⇤(), where the  j couplings are
treated either as parameters of interest or as nuisance
parameters, depending on the measurement.

The assumptions made for the various measurements
are summarised in Table 10 and discussed in the next
sections together with the results.
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Figure 10: Likelihood contours (68% CL) of the coupling scale fac-
tors F and V for fermions and bosons (benchmark model 1 in Ta-
ble 10), as obtained from fits to the three individual channels and their
combination (for the latter, the 95% CL contour is also shown). The
best-fit result (⇥) and the SM expectation (+) are also indicated.

7.4.1. Couplings to fermions and bosons
The first benchmark considered here (indicated as

model 1 in Table 10) assumes one coupling scale fac-
tor for fermions, F , and one for bosons, V ; in this sce-
nario, the H ! �� and gg ! H loops and the total
Higgs boson width depend only on F and V , with no
contributions from physics beyond the Standard Model
(BSM). The strongest constraint on F comes indirectly
from the gg! H production loop.

Figure 10 shows the results of the fit to the data for
the three channels and their combination. Since only
the relative sign of F and V is physical, in the follow-
ing V > 0 is assumed. Some sensitivity to this relative
sign is provided by the negative interference between
the W-boson loop and t-quark loop in the H ! �� de-
cay. The data prefer the minimum with positive relative
sign, which is consistent with the SM prediction, but
the local minimum with negative sign is also compati-
ble with the observation (at the ⇠ 2� level). The two-
dimensional compatibility of the SM prediction with the
best-fit value is 12%. The 68% CL intervals of F and
V , obtained by profiling over the other parameter, are:

F 2 [0.76, 1.18] (9)
V 2 [1.05, 1.22] (10)

with similar contributions from the statistical and sys-
tematic uncertainties.

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling F ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio �FV = F/V can be measured
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Table 10: Summary of the coupling benchmark models discussed in this paper, where �i j = i/ j, ii = ii/H , and the functional dependence
assumptions are: V = W = Z , F = t = b = ⌧ (and similarly for the other fermions), g = g(b, t), � = �(b, t , ⌧, W ), and H = H(i).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg! H ! �� process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg! H ! ��
couplings interest V F g � H

1 Couplings to
fermions and bosons

V , F
p p p p p

2F · 2�(F , V )/2H(F , V )
2 �FV , VV

p p p p
- 2VV · �2

FV · 2�(�FV , �FV , �FV , 1)
3 Custodial symmetry �WZ , �FZ , ZZ -

p p p
- 2ZZ · �2

FZ · 2�(�FZ , �FZ , �FZ , �WZ)
4 �WZ , �FZ , ��Z , ZZ -

p p
- - 2ZZ · �2

FZ · �2
�Z

5 Vertex loops g, � =1 =1 - -
p

2g · 2�/2H(g, �)

(benchmark model 2 in Table 10), which still provides
useful information on the relationship between Yukawa
and gauge couplings. Fits to the data give the following
68% CL intervals for �FV and VV = VV/H (when
profiling over the other parameter):

�FV 2 [0.70, 1.01] (11)
VV 2 [1.13, 1.45] (12)

The two-dimensional compatibility of the SM pre-
diction with the best-fit value is 12%. These results
also exclude vanishing couplings of the Higgs boson to
fermions (indirectly, mainly through the gg ! H pro-
duction loop) by more than 5�.

7.4.2. Ratio of couplings to the W and Z bosons
In the Standard Model, custodial symmetry imposes

the constraint that the W and Z bosons have identical
couplings to the Higgs boson and that ⇢=1 (as measured
at LEP [121]). The former constraint is tested here by
measuring the ratio �WZ = W/Z .

The simplest and most model-independent approach
is to extract the ratio of branching ratios normalised to
their SM expectation, �2

WZ = B(H ! WW⇤)/B(H !
ZZ⇤) ·BSM(H ! ZZ⇤)/BSM(H ! WW⇤), from the mea-
sured inclusive rates of the H ! WW⇤ and H ! ZZ⇤
channels. A fit to the data with the likelihood ⇤(�WZ),
where µggF+ttH ⇥ B(H! ZZ⇤)/BSM(H ! ZZ⇤) and
µVBF+VH/µggF+ttH are profiled, gives �WZ = 0.81+0.16

�0.15.
A more sensitive measurement can be obtained by

also using information from WH and ZH production,
from the VBF process (which in the SM is roughly
75% W-fusion and 25% Z-fusion mediated) and from
the H ! �� decay mode. A fit to the data using
benchmark model 3 in Table 10 gives the likelihood
curve shown in Fig. 11, with �WZ 2 [0.61, 1.04] at the
68% CL, dominated by the statistical uncertainty; the

other parameters, �FZ and ZZ , are profiled. The three-
dimensional compatibility of the SM prediction with the
best-fit value is 19%.
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Figure 11: Likelihood curve for the coupling scale factor �WZ (bench-
mark model 3 in Table 10). The thin dotted lines indicate the continu-
ation of the likelihood curve when restricting �FZ to be either positive
or negative. The dashed curves show the SM expectation with the
right (left) minimum indicating �FZ positive (negative).

Potential contributions from BSM physics a↵ecting
the H ! �� channel could produce apparent deviations
of the ratio �WZ from unity even if custodial symme-
try is not broken. It is therefore desirable to decouple
the observed H ! �� event rate from the measurement
of �WZ . This is done with an extended fit for the ratio
�WZ , where one extra degree of freedom (��Z = �/Z)
absorbs possible BSM e↵ects in the H ! �� channel
(benchmark model 4 in Table 10). This measurement
yields:

�WZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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• Spin Combination
• ZZ+WW+γγ
• ATLAS-CONF-2013-040
• Phys. Lett. B 726 (2013), pp. 120-144

Production modes
spin-0 : ggF (qqbar annihilation negligible)
spin-1 : qqbar annihilation
spin-2 : ggF & qqbar annihilation

For the Graviton inspired tensor with minimal couplings to SM, 
ggF dominates with qqbar ~4%, but higher order QCD 
corrections may significantly modify this → scan fqqbar

VBF and VH production modes:
γγ : included in the analysis
4l  : VBF production does not modify kinematics
lvlv: negligible contribution

Channel H ! ZZ(⇤) ! 4` H ! WW (⇤) ! `⌫`⌫ H ! ��
Dataset 20.7 fb�1 @ 8 TeV 20.7 fb�1 @ 8 TeV 20.7 fb�1 @ 8 TeV

4.8 fb�1 @ 7 TeV
Reference ATLAS-CONF-2013-013 ATLAS-CONF-2013-031 ATLAS-CONF-2013-029
Signal JHU�PYTHIA PowHeg/JHU�PYTHIA PowHeg/JHU�PYTHIA

Tested Hypotheses
0� X - -
1+ X X -
1� X X -
2+ X X X

http://www.sciencedirect.com/science/article/pii/S0370269313006527
http://www.sciencedirect.com/science/article/pii/S0370269313006527
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3. Statistical method

The analyses described in this Letter rely on discrim-
inant observables chosen to be sensitive to the spin and
parity of the signal while preserving the discrimination
against the various backgrounds, as described in Sec-
tions 4, 5 and 6 for the three final states. A likelihood
function L(JP, µ, ✓) that depends on the spin–parity as-
sumption of the signal is constructed as a product of
conditional probabilities over binned distributions of the
discriminant observables in each channel:

L(JP, µ, ✓) =
Nchann.Y

j

NbinsY

i

P
�
Ni, j | µ j · S (JP)

i, j (✓) + Bi, j(✓)
� ⇥A j(✓) ,

(1)

where µ j represents the nuisance parameter associated
with the signal rate in each channel j. The symbol
✓ represents all other nuisance parameters. The likeli-
hood function is therefore a product of Poisson distribu-
tions P corresponding to the observation of Ni, j events
in each bin i of the discriminant observable(s),1 given
the expectations for the signal, S (JP)

i, j (✓), and for the
background, Bi, j(✓). Some of the nuisance parameters
are constrained by auxiliary measurements through the
functionsA j(✓).

While for the SM Higgs boson the couplings to the
SM particles are predicted, they are not known a priori
for the alternative hypotheses, defined as JP

alt. In order to
be insensitive to such assumptions, the numbers of sig-
nal events in each channel and for each tested hypothe-
sis are treated as an independent nuisance parameters in
the likelihood.

The test statistic q used to distinguish between the
two signal spin–parity hypotheses is based on a ratio of
likelihoods:

q = log
L(JP = 0+, ˆ̂µ0+ ,

ˆ̂✓0+ )

L(JP
alt,

ˆ̂µJP
alt
, ˆ̂✓JP

alt
)
, (2)

where L(JP, ˆ̂µJP , ˆ̂✓JP ) is the maximum likelihood esti-
mator, evaluated under either the 0+ or the JP

alt spin–
parity hypothesis. The ˆ̂µJP , ˆ̂✓JP represent the values
of the signal strength and nuisance parameters fitted

1As explained in the following sections, the sensitivity for spin–
parity separation is improved by a simultaneous fit to two discrim-
inants in the H! �� and H ! WW⇤ decay modes, while in the
H ! ZZ⇤ channel only one discriminant is used.

to the data under each JP hypothesis. The distribu-
tions of the test statistics for each of the two hypothe-
ses are obtained using ensemble tests (Monte Carlo
pseudo-experiments). The generation of the pseudo-
experiments uses the numbers of signal and background
events in each channel obtained from maximum likeli-
hood fits to data. In the fits of each pseudo-experiment,
these and all other nuisance parameters are profiled, i.e.
fitted to the value that maximises the likelihood for each
value of the parameter of interest. When generating the
distributions of the test statistics for a given spin–parity
hypothesis, the signal strength µ is fixed to the value ob-
tained in the fit to the data under the same spin–parity
assumption. The distributions of q are used to deter-
mine the corresponding p0-values p0(0+) and p0(JP

alt).
For a tested hypothesis JP

alt, the observed (expected)
p0-values are obtained by integrating the corresponding
test-statistic distributions above the observed value of q
(above the median of the JP = 0+ q distribution). When
the measured data are in agreement with the tested hy-
pothesis, the observed value of q is expected to be close
to the median, corresponding to a p0-value around 50%.
Very small values of the integral of the JP

alt distribution,
corresponding to large values of q, are interpreted as the
data being in disagreement with the tested hypothesis
in favour of the SM hypothesis. An example of such
distributions is shown in Section 7 for the 0+ and 0�
hypotheses.

The exclusion of the alternative JP
alt hypothesis in

favour of the Standard Model 0+ hypothesis is evaluated
in terms of the corresponding CLs(JP

alt), defined as:

CLs(JP
alt) =

p0(JP
alt)

1 � p0(0+)
. (3)

4. H! �� Analysis

The H! �� decay mode is sensitive to the spin of
the Higgs boson through the measurement of the po-
lar angular distribution of the photons in the resonance
rest frame. For this channel, the SM spin hypothesis
is compared only to the JP = 2+ hypothesis. Spin in-
formation can be extracted from the distribution of the
absolute value of the cosine of the polar angle ✓⇤ of the
photons with respect to the z-axis of the Collins–Soper
frame [27]:

| cos ✓⇤| = | sinh(�⌘��)|
q

1 + (p��T /m��)2

2p�1T p�2T

m2
��

, (4)

where m�� and p��T are the invariant mass and the trans-
verse momentum of the photon pair, �⌘�� is the separa-
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The test statistic is the ratio of profiled likelihoods (LLR) between the two hypotheses, 
nuisance parameters profiled separately for each hypothesis

The test statistic distribution for each hypothesis is extracted from ensemble tests
(pseudo-experiments using the profiled values for nuisance parameters) and the CLs is built

Note: µSΜ and µJP profiled independently 
(ie no assumptions on production rates)
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3. Statistical method
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Discriminating variable: polar angle of the photons with respect 
to the z-axis of the Collins-Soper frame (minimize effect of ISR)

Before acceptance requirements:
- spin 0 : isotropic decay
- spin 2 : distribution depends on the qq/gg fractions:

- Background : peaking in the forward-backward direction

- Analysis similar to “rate/mass” analysis but optimized selection: 
- pTγ1>0.35 mγγ and pTγ2>0.25 mγγ
[Minimize mγγ and cosθ* correlations for background]

5 

Hγγ Analysis 

Higgs Couplings 2013. Freiburg 14-16 October 2013.                                                     Yesenia Hernández  

• Landau-Yang theorem forbids the decay of spin-1 particle into a 
pair of photons  Test spin-0 vs spin-2 
 

• Discriminant: polar angle ϴ* of the photons with respect to the 
z-axis of the Collins-Soper frame 
 

      Spin-0                      is uniform 
      Spin-2  depends on qq contribution  
           100% gg   
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Fit assuming 0+ Fit assuming 2+ (100% gg)

Data differ slightly, owing to the background being determined separately for each spin hypothesis

Background subtracted distributions



q
-15 -10 -5 0 5 10 15

N
or

m
al

is
ed

 to
 u

ni
ty

0

0.05

0.1

0.15

0.2

0.25

0.3
Data

+ = 0PJ
+ = 2PJ

 = 0%)
qq

(f

ATLAS
aa AH 

-1Ldt = 20.7 fb0 = 8 TeV  s

K. Nikolopoulos November 18th, 2013Higgs boson physics with ATLAS

Η→γγ: LLR 0+ vs 2+

59

Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007
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100% 0.013 3.6 · 10�4 0.541 1.7 · 10�4 3.6 · 10�4

75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020
0% 0.086 0.054 0.731 0.013 0.048

Table 5: Expected and observed p0-values for the JP = 0+ and JP = 2+ hypotheses as a function of the fraction fqq̄ of the qq̄ spin-2 production
mechanism. The values are tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.
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2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 3.0 · 10�3 8.8 · 10�5 0.81 1.6 · 10�6 0.8 · 10�5

75% 9.5 · 10�3 8.8 · 10�4 0.81 3.2 · 10�5 1.7 · 10�4

50% 1.3 · 10�2 2.7 · 10�3 0.84 8.6 · 10�5 5.3 · 10�4
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87.6%
66.3%
74.0%
94.6%
99.3%

The 2+ hypothesis is disfavored with respect to the 0+ hypothesis. 



 [GeV]4lm
100 150 200 250

Ev
en

ts
/5

 G
eV

0

5

10

15

20

25

30

35

40

-1Ldt = 4.6 fb0 = 7 TeV  s
-1Ldt = 20.7 fb0 = 8 TeV  s

4lAZZ*AH
Data 2011+ 2012
SM Higgs Boson

=124.3 GeV (fit)H m
Background Z, ZZ*

tBackground Z+jets, t
Syst.Unc.

ATLAS

K. Nikolopoulos November 18th, 2013Higgs boson physics with ATLAS

Η→ZZ→4l: Introduction

60

For 115 GeV < m4l < 130 GeV
43 candidate events

16 background events
18 SM Higgs boson events expected

Ideal channel for spin/CP studies
- Complete reconstruction of the event topology
- Clean (S/B ~1 to 2 depending on final state)
- Several observable depending on spin/CP available

Split signal region [in GeV] → 6% sensitivity improvement:
- High S/B [121,127]

- Low S/B (115,121) ∪ (127,130) 

Two approaches:
- Train BDT separately for each hypothesis

- Use ME corrected for acceptance and pairing effects
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97.4%
96.1%
96.5%
96.4%
83.1%

Table 1: Summary of results for the 0+ versus 0� test in the H ! ZZ⇤ channel. The expected p0-values for rejecting the 0+ and 0� hypotheses
(assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while
the CLs value for excluding the 0� hypothesis is given in the last column.

Channel 0� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 0�) CLs(JP = 0�)
Exp. p0(JP = 0+) Exp. p0(JP = 0�)

H ! ZZ⇤ 1.5 · 10�3 3.7 · 10�3 0.31 0.015 0.022

Table 2: Summary of results for the JP = 0+ versus 1+ test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1+ hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1+ hypothesis are given in the last column.

Channel 1+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1+) CLs(JP = 1+)
Exp. p0(JP = 0+) Exp. p0(JP = 1+)

H ! ZZ⇤ 4.6 · 10�3 1.6 · 10�3 0.55 1.0 · 10�3 2.0 · 10�3

H ! WW⇤ 0.11 0.08 0.70 0.02 0.08
Combination 2.7 · 10�3 4.7 · 10�4 0.62 1.2 · 10�4 3.0 · 10�4

Table 3: Summary of results for the JP = 0+ versus 1� test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1� hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1� hypothesis are given in the last column.

Channel 1� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1�) CLs(JP = 1�)
Exp. p0(JP = 0+) Exp. p0(JP = 1�)

H ! ZZ⇤ 0.9 · 10�3 3.8 · 10�3 0.15 0.051 0.060
H ! WW⇤ 0.06 0.02 0.66 0.006 0.017

Combination 1.4 · 10�3 3.6 · 10�4 0.33 1.8 · 10�3 2.7 · 10�3
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Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007

H ! ZZ⇤

fqq̄
2+ assumed assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.102 0.082 0.962 0.001 0.026
75% 0.117 0.099 0.923 0.003 0.039
50% 0.129 0.113 0.943 0.002 0.035
25% 0.125 0.107 0.944 0.002 0.036
0% 0.099 0.092 0.532 0.079 0.169

H ! WW⇤

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.013 3.6 · 10�4 0.541 1.7 · 10�4 3.6 · 10�4

75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020
0% 0.086 0.054 0.731 0.013 0.048

Table 5: Expected and observed p0-values for the JP = 0+ and JP = 2+ hypotheses as a function of the fraction fqq̄ of the qq̄ spin-2 production
mechanism. The values are tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.
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2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 3.0 · 10�3 8.8 · 10�5 0.81 1.6 · 10�6 0.8 · 10�5

75% 9.5 · 10�3 8.8 · 10�4 0.81 3.2 · 10�5 1.7 · 10�4

50% 1.3 · 10�2 2.7 · 10�3 0.84 8.6 · 10�5 5.3 · 10�4

25% 6.4 · 10�3 2.1 · 10�3 0.80 0.9 · 10�4 4.6 · 10�4

0% 2.1 · 10�3 5.5 · 10�4 0.63 1.5 · 10�4 4.2 · 10�4

15

97.8%

94.0%

99.8%

Main Systematic:
- High S/B vs Low S/B regions normalization (~10%) 
owing to the uncertainty on mH

All alternative hypotheses 
are disfavored with respect 

to the 0+ hypothesis. 
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- Restricted to “different flavour” (eµ) events and no jets
- pTl1>25 GeV and pTl2>15 GeV
- pTj>25 GeV for |η|<2.5 (pTj>30 GeV for 2.5<|η|<4.5)

- Rate analysis already exploits spin-0 nature of SM Higgs boson
- Relax spin-sensitive requirements 
(allow spin study while keeping backgrounds under control)
- ETMissRel > 20 GeV
- mll < 80 GeV
- pTll > 20 GeV
- Δφll < 2.8 

- mll, Δφll, pTll, mT sensitive to spin
- Two BDT classifiers are used:
     - BDT0+: SM Higgs signal against the sum of all backgrounds
     - BDTJP: JP signal against the sum of all backgrounds
     - Perform 2D-fit in (BDT0+,BDTJP)
- pT spectrum uncertainties found to have small effect

BDT0+

BDTJP

Background

JP 0+
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After full selection
3615 candidate events
3300 exp. background

170 exp. SM Higgs boson 
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Visualization of the results in the post-fit background-subtracted plots
Data more consistent with spin-0 with respect to spin-2

The (BDT0,BDTJP) distribution is remapped into an 1D 
distribution by ordering the bins by increasing expected signal. 

Empty bins (expected content <0.1) are removed.

BDT0+

BDTJP

Background

JP 0+

Data described better by spin-0 with respect to spin-2 (100% qqbar)
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Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
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75% 0.319 0.305 0.902 0.033 0.337
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25% 0.052 0.039 0.609 0.021 0.054
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Table 5: Expected and observed p0-values for the JP = 0+ and JP = 2+ hypotheses as a function of the fraction fqq̄ of the qq̄ spin-2 production
mechanism. The values are tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.
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Table 1: Summary of results for the 0+ versus 0� test in the H ! ZZ⇤ channel. The expected p0-values for rejecting the 0+ and 0� hypotheses
(assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while
the CLs value for excluding the 0� hypothesis is given in the last column.

Channel 0� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 0�) CLs(JP = 0�)
Exp. p0(JP = 0+) Exp. p0(JP = 0�)

H ! ZZ⇤ 1.5 · 10�3 3.7 · 10�3 0.31 0.015 0.022

Table 2: Summary of results for the JP = 0+ versus 1+ test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1+ hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1+ hypothesis are given in the last column.

Channel 1+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1+) CLs(JP = 1+)
Exp. p0(JP = 0+) Exp. p0(JP = 1+)

H ! ZZ⇤ 4.6 · 10�3 1.6 · 10�3 0.55 1.0 · 10�3 2.0 · 10�3

H ! WW⇤ 0.11 0.08 0.70 0.02 0.08
Combination 2.7 · 10�3 4.7 · 10�4 0.62 1.2 · 10�4 3.0 · 10�4

Table 3: Summary of results for the JP = 0+ versus 1� test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1� hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1� hypothesis are given in the last column.
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Exp. p0(JP = 0+) Exp. p0(JP = 1�)
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14

Table 1: Summary of results for the 0+ versus 0� test in the H ! ZZ⇤ channel. The expected p0-values for rejecting the 0+ and 0� hypotheses
(assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while
the CLs value for excluding the 0� hypothesis is given in the last column.

Channel 0� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 0�) CLs(JP = 0�)
Exp. p0(JP = 0+) Exp. p0(JP = 0�)

H ! ZZ⇤ 1.5 · 10�3 3.7 · 10�3 0.31 0.015 0.022

Table 2: Summary of results for the JP = 0+ versus 1+ test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1+ hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1+ hypothesis are given in the last column.

Channel 1+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1+) CLs(JP = 1+)
Exp. p0(JP = 0+) Exp. p0(JP = 1+)

H ! ZZ⇤ 4.6 · 10�3 1.6 · 10�3 0.55 1.0 · 10�3 2.0 · 10�3

H ! WW⇤ 0.11 0.08 0.70 0.02 0.08
Combination 2.7 · 10�3 4.7 · 10�4 0.62 1.2 · 10�4 3.0 · 10�4

Table 3: Summary of results for the JP = 0+ versus 1� test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1� hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1� hypothesis are given in the last column.

Channel 1� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1�) CLs(JP = 1�)
Exp. p0(JP = 0+) Exp. p0(JP = 1�)

H ! ZZ⇤ 0.9 · 10�3 3.8 · 10�3 0.15 0.051 0.060
H ! WW⇤ 0.06 0.02 0.66 0.006 0.017

Combination 1.4 · 10�3 3.6 · 10�4 0.33 1.8 · 10�3 2.7 · 10�3

14

>99.9%
99.7%
99.2%
98.0%
95.2%

92%

98.3%

All alternative hypotheses are disfavored with respect to the 0+ hypothesis. 
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Combination

71

A note on systematic uncertainties: 
- e/µ reconstruction,identification and trigger efficiencies and energy/momentum 
resolution uncertainties correlated between H→ZZ∗→4l and H→WW∗→lvlv
- e/γ energy scale correlated across all channels 
- effect of mass measurement uncertainty negligible
- overall impact (by comparing results w/ and w/o profiling) estimated to be <0.3σ
- Higgs boson pT spectrum small effect <0.1σ
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Combination: The case of 0+ vs 2+

72
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“Rare” Higgs boson decays

73

-loop induced → sensitive to new physics
-small BR; S/B~0.01
-signature: same-flavour opposite-charge 
isolated leptons + photon
-mH=125 GeV: 

95% CL upper limit 18.5 (13.5) x SM

-probe directly the coupling to muons
-small BR; S/B ~ 0.002
-select two opposite-charge muons (pT>25,15 GeV, pTµµ>15 GeV) 
-backgrounds: Z/γ*→µµ, top, dibosons
-mH=125 GeV: 95% CL upper limit 9.8 (8.2) x SM

Δm = mllγ - mll

mµµ

more channels being looked at: 
ttH, with H→bb, H→γγ, 

VBF H→bb, etc

H→Zγ 

H→µµ 



Expected SM Backgrounds Observed

7 TeV/4.7 fb-1 32.7 ± 1.0 (stat) ± 2.6 (syst) 27

8 TeV/13.0 fb-1 78.0 ± 2.0 (stat) ± 6.5 (syst) 71
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“Invisible” Higgs boson decays

74

“Invisible” decays are suppressed in SM → Observation would be direct indication of New Physics!

• Signature : Z→ee/µµ + large MET
• Main Backgrounds: ZZ→llvv, WZ→lvll, WW→lvlv
• Require MET > 90 GeV and optimize selection for ZH-like events

95% CL Upper Limit on the BR(H→invisible) for mH=125 GeV:
is <65% with <84% expected



Convinced, beyond reasonable doubt, of the observation of a boson with mH~125.5 GeV
Production rates in channels involving vector bosons in good agreement with Standard Model expectation.

[Large couplings with W± and Z0, coupling through loops to the photon]
Studies of its spins strongly disfavor the hypothesis of non 0+ pure state

The new particle is a Higgs boson
τ-leptons coupling direct evidence, b-quarks coupling indications and top-quark coupling indirect evidence

It’s a Standard Model-like Higgs boson

K. Nikolopoulos November 18th, 2013Higgs boson physics with ATLAS 75

The new particle is a SM-like Higgs boson
[Not the end of the story... just a new window to understand Nature!]
 Do its properties deviate from SM predictions? At which level?    

The only Higgs boson? Does it couple to dark matter? 
Future LHC (Run 2/3, HL) could provide answers!

Summary
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Summary
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Even further!
The now-completed Standard Model is not the “final theory”.

- Does not incorporate gravity
- There is no explanation for the Higgs field Vacuum Expectation Value 

or the Higgs boson mass
- Why the masses of the fermions are so different?
- What is dark matter composed of? Dark energy?
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Additional Slides
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An analogy

78

The Higgs boson has been the holy grail of particle physics for the last four decades!
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Evolution of the H→ZZ(*)→4l excess
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Future of LHC
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D Charlton / Birmingham – 26 April 2013 57

The landscape in the next decade(s)The landscape in the next decade(s)

Run-1

Run-2

LS1=Now

LS2

LS3

“HL-LHC”
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(Z→µµ Tag-and-Probe)
Muons
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Muons and Electrons

81

Electrons

Η→ΖΖ*→4µ Η→ΖΖ*→4e

Average Interactions per bunch crossing
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Photons

82

Stable photon reconstruction vs pile-up (within 1%)

• Excellent stability of the EM calorimeter response!
• Studied with Z,J/ψ→ee and W→eν events
• Energy scale at mZ known to ~0.3%
• Uniformity ~1% (2.5% for 1.37< |η|<1.8)
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Handling pileupHandling pileup

Pileup levels of ~35 were 
routine at starts of fills at the 

end of Run-1

Impact of pileup substantially 
reduced by inventive performance 
work – e.g using ambient energy 

subtraction for jets

Jet p
T
 resolution

Jet p
T
 scale error

improvement

K. Nikolopoulos January, 2014Higgs Boson Physics

Jets and Missing ET
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Number of reconstructed vertices in event

Jet PT scale uncertainty

W→µv candidate



Identifying τ-leptons & Tagging b-jets

• Jets + tracks used to form τhad candidates

➡ energy from MC

➡ energy scale from isolated hadron data

• Analyses presented here use 60% 

working point - selects 60% of τhad

• selects few% of QCD jets and <1% of 

electrons 

• Exploit multivariant techniques to identify b-jets and hadronically decaying τ-leptons

b-jet tagging
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated tt̄ events.

40 GeV, 40 GeV ! pT < 50 GeV, 50 GeV ! pT < 60 GeV, 60 GeV ! pT < 75 GeV, 75 GeV ! pT <
90 GeV, 90 GeV! pT < 110 GeV, 110 GeV! pT < 140 GeV and 140 GeV ! pT < 200 GeV, while the
! bins are 0! |! |< 0.6, 0.6 ! |! | < 1.2, 1.2 ! |! |< 1.8 and 1.8 ! |! |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |! |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb"1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prelT analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prelT (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in "R(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The

2

• Uses secondary & subsequent 

vertices along b-hadron line of 

flight

• Analyses presented here use 70% 

working point

➡ selects 70% of b-jets

➡ mistag rate for light jets ~1% 
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τh identification 

5 Moriond EW, March 2013 Valentina Dutta, MIT 

π± ρ±→π±π0 

a1→π±π0π0 
a1→π±π∓π± 

Identification: 
 Reconstructed based on decay modes: charged 

hadrons + ECAL deposits 

Isolation: 
 Multivariate isolation using relative ΣpT of particle-

flow candidates in concentric rings around τ 

Real τh Fake τh 

New in 2012 

ΣpT(charged hadrons)/pT(τ) vs. ΔR 
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τ-leptons and b-jets

84

cτ = 492 µm

The τ-lepton is special!
Mass of 1.78 GeV and cτ = 87.1 µm, 
the only lepton that decays in our 

detector, in various ways...
τ → lvv ~35%
τ → hadrons ~ 65%
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An analogy
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In the SM electromagnetic and weak interactions unified through SU(2)L⊗U(1)Y, with massless carriers
Symmetry spontaneously broken through the non-vanishing vacuum expectation value of the Higgs field.

Three of the four degrees of freedom of the Higgs field are becoming the longitudinal polarizations of the vector 
bosons, the fourth is the Higgs boson → excitation of the vacuum needs energy, it’s a massive particle.

The fermions couple to Higgs boson proportionally to their mass through Yukawa couplings.

The Higgs boson has been the holy grail of particle physics for quite the last three decades!
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Η→γγ: Results
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Most significant deviation from background only hypothesis at mH =126.5 GeV: 
• Local significance: 7.4σ (with 4.1σ expected) @ mH=126.5 GeV
• Inclusive analysis: 6.1σ (with 2.9σ expected) 

• Mass measurement: 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV
• Main systematics: γ energy scale from Z→ee, material modeling and presampler energy scale →  0.6 GeV

• Rate with respect to Standard Model: 1.65 ± 0.24 (stat)+0.25−0.85
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Η→γγ: Signal Strength
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• Best-fit value for mH =126.8 GeV: µ=1.65+0.34-0.30

• 2.3σ deviation from the Standard Model

Signal strength (µ) = (signal rate from data) / (expected SM signal rate at mH)

Fiducial cross-section defined for the kinematic range 
Eγ1T> 40 GeV, Eγ2T> 30 GeV, |ηγ| < 2.37, measured 

using 20.7 fb−1 of data at √s = 8 TeV, is 
56.2 ± 10.5(stat) ± 6.5(syst) ± 2.0(lumi) fb.
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Η→ZZ(*)→4l: Couplings
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• The couplings of the Higgs boson can be probed by further categorising the observed events.
• VBF-like events : Events with at least two jets in VBF topologyTwo jets with 
• VH-like events : Events with additional leptons in the final state
• ggF-like events: All remaining events
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Higgs boson mass: H→WW*→lvlv and H→ττ
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H→WW*→lvlv
Very poor sensitivity to the Higgs boson mass

H→ ττ 
Small sensitivity to the Higgs boson mass

Mass 120+9-7 GeV
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Η→ZZ(*)→4l: Mass Measurement
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• Mass: 124.3+0.6-0.5(stat)+0.5-0.3(syst) GeV
• Main systematics: electron/muon energy/momentum scale uncertainties

• Muon and electron dominated final states in agreement within the (large) statistical uncertainties
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H→WW(*)→lvlv

91



K. Nikolopoulos January, 2014Higgs Boson Physics

H→WW(*)→evµv +2 jet Event Display
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mjj = 1.5 TeV, |Δyjj| = 6.6, mll = 21 GeV, mT = 95 GeV
pTe= 51 GeV, pTµ=15 GeV pTjets= 68,33 GeV, MET=33 GeV
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H→WW(*)→lvlv: Results 2011+2012
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• Local significance at mH=140GeV is 4.1σ 

• Local significance at mH=125GeV is 3.8σ
• Rate with respect to SM: 1.01 ± 0.31 @ mH=125 GeV



Event categories 

18 Moriond EW, March 2013 Valentina Dutta, MIT 

0-jet, high pT 
 High background, 

constrains nuisance 
parameters 

 No fit for signal 

0-jet, low pT 
 High background, 

constrains nuisance 
parameters 

 No fit for signal 

1-jet, low pT 
 Enhancement from 

jet requirement 
 
 

1-jet, high pT 
 Enhancement from 

jet and pT 
requirement 

 

2-jet (VBF) 
 ≥2  jets,  no  jet  in  

rapidity gap 
 m(jj) > 500 GeV, 

|Δη(jj)| > 3.5 
 
 
 
 
 
 

number of jets 

τ p
T 

eτh, μτh, eμ, μμ 

1-jet 
1 jet, high pT(H) 

requirement 
 

2-jet (VBF) 
2 jets, high pT(H) 

requirement, m(jj) > 
250 GeV, |Δη(jj)| > 2.5 

τhτh τhτh 

H→ττ 
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H→ττ
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• Most promising channel to directly probe Higgs boson 
coupling to leptons 
• Observables: mττ

• Backgrounds: Z→ττ, top
• Separate final states: 

• τ-decays: µe, µµ, eτh, µτh, τhτh 
• jet multiplicities: 1, 2

• Relatively poor mass resolution due to the neutrinos

mττ estimation 

16 Moriond EW, March 2013 Valentina Dutta, MIT 

 Maximum likelihood method used 
 Estimated on event-by-event basis using four-momenta of visible decay 

products, Ex
miss, Ey

miss, expected ET
miss resolution 

 Nuisance parameters integrated out 
 15-20% resolution on reconstructed mττ 

visible mass estimated mττ 

H→ττ 

• Maximum likelihood method used to 
improve resolution

• Using on event-by-event basis the four-
momenta of the visible decay products, 
MET, and expected MET resolution
• Integrating over unconstrained d.o.f.

• Obtain 15-20% resolution on mττ
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H→ττ: Results
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Local significance at mH=120GeV is 2.93σ (2.65σ)
Local significance at mH=125GeV is 2.85σ (2.62σ)

Consistent picture across different channels
Rate with respect to SM: 1.1 ± 0.4 @ mH=125 GeV
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H→bb
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Similar to VH but with x5 in cross-section
 (W/Z)(Z→bb) observation significance : 4.0σ

µD = 1.09 ± 0.20 (stat) ± 0.22 (syst)
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Overview: Mass measurement
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mH = 125.5 ± 0.2 (stat)+0.5-0.6 (syst) GeV mH = 125.7 ± 0.3 (stat) ± 0.3 (syst) GeV

Using the high resolution channels only
The ATLAS and CMS mass combinations are in good agreement
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Overview: Coupling studies
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Assumptions
- the resonance corresponds to a CP-even boson

- no contributions beyond the Standard Model
- deviations of vector boson couplings to the Higgs described by one overall scaling  (κV)

- deviations of fermion couplings to the Higgs described by one overall scaling  (κF)
Data compatible with the Standard Model expectation for both experiments
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Overview: Coupling studies
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Assuming that: 
- the resonance corresponds to a CP-even boson

- no contributions beyond the Standard Model
- deviations of vector boson couplings to the Higgs described by one overall scaling  (κV)

- deviations of fermion couplings to the Higgs described by one overall scaling  (κF)
Data compatible with the Standard Model expectation for both experiments



Expected SM Backgrounds Observed

7 TeV/4.7 fb-1 32.7 ± 1.0 (stat) ± 2.6 (syst) 27

8 TeV/13.0 fb-1 78.0 ± 2.0 (stat) ± 6.5 (syst) 71
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“Invisible” Higgs boson decays
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“Invisible” decays are suppressed in SM → Observation would be direct indication of New Physics!

• Signature : Z→ee/µµ + large MET
• Main Backgrounds: ZZ→llvv, WZ→lvll, WW→lvlv
• Require MET > 90 GeV and optimize selection for ZH-like events

95% CL Upper Limit on the BR(H→invisible) for mH=125 GeV:
is <65% with <84% expected
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An analogy for the Higgs mechanism
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An analogy for the Higgs mechanism
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In the SM the electromagnetic and weak interactions are unified through the symmetry SU(2)L⊗U(1)Y,  
where the carriers are massless.

This symmetry is spontaneously broken through the non-vanishing vacuum expectation value of the Higgs field.
Three of the four degrees of freedom of the Higgs field are becoming the longitudinal polarizations of the vector 

bosons, the fourth is the Higgs boson → excitation of the vacuum needs energy.
The fermions couple to the Higgs boson proportionally to their mass through Yukawa couplings.

The Higgs boson has been the holy grail of particle physics for quite the last three decades!



τh identification 

5 Moriond EW, March 2013 Valentina Dutta, MIT 

π± ρ±→π±π0 

a1→π±π0π0 
a1→π±π∓π± 

Identification: 
 Reconstructed based on decay modes: charged 

hadrons + ECAL deposits 

Isolation: 
 Multivariate isolation using relative ΣpT of particle-

flow candidates in concentric rings around τ 

Real τh Fake τh 

New in 2012 

ΣpT(charged hadrons)/pT(τ) vs. ΔR 

Identifying τ-leptons & Tagging b-jets

• Jets + tracks used to form τhad candidates

➡ energy from MC

➡ energy scale from isolated hadron data

• Analyses presented here use 60% 

working point - selects 60% of τhad

• selects few% of QCD jets and <1% of 

electrons 

• Exploit multivariant techniques to identify b-jets and hadronically decaying τ-leptons

b-jet tagging
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated tt̄ events.

40 GeV, 40 GeV ! pT < 50 GeV, 50 GeV ! pT < 60 GeV, 60 GeV ! pT < 75 GeV, 75 GeV ! pT <
90 GeV, 90 GeV! pT < 110 GeV, 110 GeV! pT < 140 GeV and 140 GeV ! pT < 200 GeV, while the
! bins are 0! |! |< 0.6, 0.6 ! |! | < 1.2, 1.2 ! |! |< 1.8 and 1.8 ! |! |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |! |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb"1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prelT analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prelT (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in "R(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The
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cτ = 492 µm

The τ-lepton is special!
Mass of 1.78 GeV and cτ = 87.1 µm, 
the only lepton that decays in our 

detector, in various ways...

  7M.Bachtis (U. Wisconsin)

Tau Identification
Decay mode based Tau ID used

 Combines Particle Flow 
candidates 

Builds individual decay modes 

 Accounts for conversions 
 strip of EM objects

Energy measured only by the 
tau constituents

Well commissioned in data

Fake rates in di-jets 

Fake rates in W + jets and 
inclusive muon sample

Data driven efficiency 
measurement  on sample of 
real taus

 

hadron hadron+strip 3 hadrons

Cut based,
“Loose”

τ → lvv ~35%
τ → hadrons ~ 65%

3.1 HPS Algorithm 3

Table 1: Branching fractions of the dominant hadronic decays of the t lepton and the sym-
bol and mass of any intermediate resonance [9]. The h stands for both p and K, but in this
analysis the p mass is assigned to all charged particles. The table is symmetric under charge
conjugation.

Decay mode Resonance Mass (MeV/c2) Branching fraction (%)
t

� ! h�n

t

11.6%
t

� ! h�p

0
n

t

r

� 770 26.0%
t

� ! h�p

0
p

0
n

t

a�1 1200 9.5%
t

� ! h�h+h�n

t

a�1 1200 9.8%
t

� ! h�h+h�p

0
n

t

4.8%

3.1 HPS Algorithm

The HPS algorithm gives special attention to photon conversions in the CMS tracker material.
The bending of electron/positron tracks in the magnetic field of the CMS solenoid broadens
the calorimeter signatures of neutral pions in the azimuthal direction. This effect is taken into
account in the HPS algorithm by reconstructing photons in “strips”, objects that are built out of
electromagnetic particles (PF photons and electrons). The strip reconstruction starts by center-
ing a strip on the most energetic electromagnetic particle within the PF jet. The algorithm then
searches for other electromagnetic particles within a window of size Dh = 0.05 and Df = 0.20
centered on the strip center. If other electromagnetic particles are found within that window,
the most energetic one gets associated with the strip and the strip four-momentum is recalcu-
lated. The procedure is repeated until no further particles are found that can be associated with
the strip. Strips satisfying a minimum transverse momentum requirement of pstrip

T > 1 GeV/c
are finally combined with the charged hadrons to reconstruct individual th decay modes.

The decay topologies that are considered by the HPS tau identification algorithm are

1. Single hadron corresponds to h�n

t

and h�p

0
n

t

decays in which the neutral pions have too
little energy to be reconstructed as strips.

2. One hadron + one strip reconstructs the decay mode h�p

0
n

t

in events in which the photons
from p

0 decay are close together on the calorimeter surface.

3. One hadron + two strips corresponds to the decay mode h�p

0
n

t

in events in which photons
from p

0 decays are well separated.

4. Three hadrons corresponds to the decay mode h�h+h�n

t

. The three charged hadrons are
required to come from the same secondary vertex.

There are no separate decay topologies for the h�p

0
p

0 and h�h+h�p

0
n

t

decay modes. They
are reconstructed via the existing topologies. All charged hadrons and strips are required to
be contained within a cone of size DR = (2.8 GeV/c)/pth

T , where pth
T is the transverse mo-

mentum of the reconstructed th. The reconstructed tau momentum ~pth is required to match
the (h, f) direction of the original PF jet within a maximum distance of DR = 0.1, where
DR =

p
(Dh)2 + (Df)2.

The four-momenta of charged hadrons and strips are reconstructed according to the respective
th decay topology hypothesis, assuming all charged hadrons to be pions, and are required
to be consistent with the masses of the intermediate meson resonances listed in Table 1. The
following invariant mass windows are allowed for candidates: 50 – 200 MeV/c2 for p

0, 0.3 –

dominant hadronic decay modes
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• Excellent stability of the EM calorimeter response!
• Studied with Z,J/ψ→ee and W→eν events
• Energy scale at mZ known to ~0.3%
• Uniformity ~1% (2.5% for 1.37< |η|<1.8)

• Resolution of inclusive sample ~1.6 GeV
• ~90% of events within ±2σ

• Mass resolution immune to pile-up

m2γγ=2Ε1Ε2(1-cosα)
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m2γγ=2Ε1Ε2(1-cosα)
• LHC beam spot σz~5-6 cm and O(20) vertices → identify “primary” vertex challenging
Use the strengths of the detector!
• Build likelihood to identify the primary vertex using

• longitudinal/lateral segmentation of EM calorimeter (photon pointing) → σz~1.5 cm 
• use beam-spot constraint/converted photon tracks
• reconstructed vertex Σ(pT)2

• pile-up robust 
• contribution of angular term to mγγ resolution negligible
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Statistics Treatment
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Statistics Treatment:
• profile likelihood ratio [Eur.Phys.J.C71:1554,2011] 

→ nuisance parameters for systematic uncertainties
• exclusion limits using CLS [J. Phys. G 28 (2002) 2693-2704]
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8 TeV (90% signal window)

Signal Model
Crystal-Ball + Broad Gaussian
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Η→γγ: BDT Response
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BDT: mjj, ηj1, ηj2, ∆ηjj, pTt, ∆φγγ;jj, η*=ηγγ −(ηj1+ηj2)/2 ∆Rminγj  
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Background-dominated Control Region
→ Remove isolation/impact parameter 
requirements on sub-leading di-lepton
→ Normalize to data-driven estimates
→ Normalization/shape of reducible 
backgrounds well described
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Table 2: Selection listing for 8 TeV data. The criteria specific to eµ+ µe and ee+ µµ are noted as such;

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

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

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

Category Njet = 0 Njet = 1 Njet ! 2

Pre-selection

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

sublead
T > 15

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

Missing transverse
momentum and
hadronic recoil

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

T,rel
> 25 eµ+ µe: EmissT > 20

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

T,rel
> 45 ee+ µµ: EmissT > 45

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

T,rel
> 45 ee+ µµ: EmissT,STVF > 35

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

General selection
- Nb-jet = 0 Nb-jet = 0
|!"!!,MET |> #/2 - ptotT < 45
p!!T > 30 eµ+ µe: Z/$# $%% veto eµ+ µe: Z/$#$ %% veto

VBF topology

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

H$WW (#)$ !&!&

topology

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

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

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

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

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

mT = ((E
!!
T
+ Emiss

T
)2 " |p!!

T
+Emiss

T
|2)1/2 with E!!

T
= (|p!!

T
|2 +m2

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

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

background for the di"erent Njet analyses and decay channels. The details of the normalisation of the

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

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

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

4 Background estimation

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

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

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

9



K. Nikolopoulos January, 2014Higgs Boson Physics

H→bb: Event Selection

114

Table 1: The basic event selection of the three channels. The details of the cuts on the individual objects

are summarised in the text.

Object 0-lepton 1-lepton 2-lepton

Leptons
0 loose leptons 1 tight lepton 1 medium lepton

+ 0 loose leptons + 1 loose lepton

Jets

2 b-tags 2 b-tags 2 b-tags

p1T > 45 GeV p1T > 45 GeV p1T > 45 GeV

p2T > 20 GeV p2T > 20 GeV p2T > 20 GeV

+ ! 1 extra jets + 0 extra jets -

Missing ET
Emiss
T
> 120 GeV - Emiss

T
< 60 GeV

pmiss
T
> 30 GeV

!!(Emiss
T
, pmiss

T
) < "/2

Min[!!(Emiss
T
, jet)] > 1.5

!!(Emiss
T
, bb̄) > 2.8

Vector Boson - mW
T
< 120 GeV 83 < m## < 99 GeV

Table 2: Further topological cuts for the three channels in separate pV
T
intervals.

0-lepton channel

Emiss
T

(GeV) 120-160 160-200 >200

!R(b, b̄) 0.7-1.9 0.7-1.7 <1.5

1-lepton channel

pW
T
(GeV) 0-50 50-100 100-150 150-200>200

!R(b, b̄) >0.7 0.7-1.6 <1.4

Emiss
T

(GeV) > 25 > 50

mW
T
(GeV) > 40 -

2-lepton channel

pZT(GeV) 0-50 50-100 100-150 150-200>200

!R(b, b̄) >0.7 0.7-1.8 <1.6

5
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µτh candidate
mττ = 120.3GeV

PTµ=31.9GeV

PTτh=44.0GeV

PTj=80.5,36.3GeV
mjj = 1.2TeV
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A small deviation: The World Wide Web
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The World Wide Web, invented in 1989 and 
implemented in 1990, by Tim Berners-Lee, was an 
effort to facilitate the communication of physicists. 

Today, as we all know, it’s way beyond that!
The first web-page to come on-line:

http://info.cern.ch/

A screen shot on the NeXT screen, the computer of Tim Berners-Lee 
with HyperText application used to browse the WWW in 1990.

http://info.cern.ch/
http://info.cern.ch/
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A Toroidal LHC ApparatuS
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ATLAS

CMS

LHC

ALICE

LHCb

⇒ General purpose detector designed for the harsh LHC environment

ATLAS

Magnets 2T solenoid, 3 air-core toroids

Tracking silicon + transition radiation tracker

EM Calorimetry sampling LAr technology

Hadron Calorimetry plastic scintillator (barrel) 
LAr technology (endcap)

Muon independent system
with trigger capabilities
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Signal Efficiency 
for mH=125 GeV (8 TeV)

4µ ~36%
2e2µ/2µ2e ~22%

4e ~20%
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Higgs Boson Width
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The limits presented in this search assume cross sections based on on-shell Higgs boson production and decay 
and use Monte Carlo generators with an ad-hoc Breit-Wigner Higgs line shape. Recently potentially important 

effects related to off-shell Higgs boson production and interference effects between the Higgs boson signal and 
backgrounds have been discussed [arXiv:1107.0683]. The inclusion of such effect may affect limits at very high 

Higgs masses (mH > 400 GeV).
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Effective Lagrangian
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J. R. Espinosa et al. Higgs Hunting 2012 (arXiv:1207.1717[hep-ph])

κF

κV


