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✴ Introduction
✴ Event selection
✴ Background estimation
✴ Systematic uncertainties
✴Results
✴ Interpretation of the results
- Limits and p-value
- Mass and signal strength measurement
- Coupling measurement
- Spin/CP measurement
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Golden channel
1. Low branching ratio, but high S/B ratio ~1
2. Clear mass peak with good resolution, 

~2%
3. Four fully reconstructed leptons provide 

all the angular information needed for the 
spin studies

4. The challenge is to maximize the 
acceptance while keeping backgrounds 
under control

5. Update the analysis with full 7 TeV and 
8TeV data (~25/fb) in ATLAS
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Lepton energy calibration

4

CERN Seminar, 15 April 2013 ATLAS Higgs 

Energy scale and resolution
Muon energy scale (and resolution) corrections and systematic uncertainties 
determined from from large Z, J/psi (20M) and Υ samples

- Resolution corrections (0.2 -1.3%), scale corrections (<0.1%)
- Independent measurements from the muon system and inner detector
- Probe global and local scale biases, overall uncertainty on 4µ scale 0.2%

Good control of single resonant process from relaxed analysis selection

22

Comparison to PDG value
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The uncertainties of lepton energy 
calibration is ~0.1%
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Event Selection
o  Using both single-lepton and di-lepton triggers!
o  Electron selections!

o  pt > 7 GeV and |�| < 2.47!
o  optimized cut-based identification!

o  Muon selections!
o  pt > 6 GeV and |�| < 2.7!
o  Inner Detector requirements!

o  The mass of the leading same-flavor-opposite-charge lepton pair, m12, in 
[50,106]GeV!

o  The other lepton pair mass, m34,  [12 - 115]GeV.!
o  four channels: 4e, 4�, 2e2�, 2�2e!
o  Apply isolation and impact parameter cuts on all four leptons!
o  Add FSR photons to muon final states and apply Z-mass constraint to 

further improve the resolution of the four-lepton mass!
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Categorization
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•  to enhance the sensitivity to the individual production modes, 
for the first time, add VBF-like and VH-like categories 

•  Jet Selections: 
•  pt > 25 GeV (|η|<2.4); pt > 30 GeV (2.4<|η|<2.5) 
•  loose jet quality requirements 

•  VBF-like:  Njets ≥ 2, the two highest pt jets should satisfy  
|η1-η2| >3 and mjj > 350 GeV; (60% Higgs production from VBF) 
•  VH-like:  not VBF-like, if addtional lepton with pT>8 GeV, pass 

isolation and impact parameter cuts (70% Higgs production 
from VH) 

•  ggF-like: the rest 
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Background Estimation(I)

•   CR for ll +��, 
by reversing one of 
the isolation and 
impact parameter 
cuts!
•   A fit is used to 
obtain the yields of 
Z +jet and tt!
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�  Irreducible ZZ background, estimated from MC (PowHeg, gg2ZZ)!
�  The Z+jets and tt estimate from control regions (CR) in data!
�  The transfer factor (from control region to signal region)  

obtained in a background-enriched region in MC, cross 
checked with data, is a function of pt and �.!

�  The$shapes$obtained$from$CR$
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✴ In ll+ee, three different CRs are built to cross check 
the results

✴ CR is classified into different reconstruction 
categories and for each category the relative truth 
compositions are estimated from MC

✴ The transfer factor is obtained from a background-
enriched control region in MC, cross checked with 
data.

✴ It’s a function of pt, eta and the source of the leptons

Background Estimation(II)
The same procedure for backgrounds in VBF-like, VH-like categories
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Systematics
Table 6: For mH = 125 GeV and the 8 TeV data analysis, the impact of
the main sources of systematic uncertainties specific to the H → ZZ∗
channel on the signal yield, estimated reducible background, event
migration between categories and mass measurement. Uncertainties
common to all channels are listed in Table 1.

Source Uncertainty (%)

Signal yield 4µ 2µ2e 2e2µ 4e
Muon reconstruction and identification ±0.8 ±0.4 ±0.4 -
Electron reconstruction and identification - ±8.7 ±2.4 ±9.4

Reducible background (inclusive analysis) ±24 ±10 ±23 ±13
Migration between categories

ggF/VBF/VH contributions to VBF-like category ±32/11/11
ZZ∗ contribution to VBF-like category ±36
ggF/VBF/VH contributions to VH-like category ±15/5/6
ZZ∗ contribution to VH-like category ±30

Mass measurement 4µ 2µ2e 2e2µ 4e
Lepton energy and momentum scale ±0.2 ±0.2 ±0.3 ±0.4

The background uncertainty is dominated by the un-624

certainty on the transfer factors from the CR to the sig-625

nal region and the available number of events in the con-626

trol regions.627

The uncertainty on the population of the various cate-628

gories (migration) comes mainly from the knowledge of629

the theoretical cross sections for the various production630

processes, the modelling of the underlying event and the631

the knowledge of the jet energy scale.632

The H → ZZ∗ → 4! mass measurement is dis-633

cussed in Section 7.2. The main sources contributing634

to the electron energy scale uncertainty are described635

in Section 4.4; the largest impact (±0.4%) is on the 4e636

final state. Systematic uncertainties from the knowl-637

edge of the muon momentum scale (discussed in detail638

in Ref. [99]) are smaller. Mass scale uncertainties re-639

lated to FSR and background contamination are below640

±0.1%.641

5.5. Results642

The reconstructed four-lepton mass spectrum after all643

selections of the inclusive analysis is shown in Fig. 3.644

The data are compared to the expected Higgs boson sig-645

nal for mH = 125 GeV and the estimated backgrounds.646

At the maximum deviation from the background-only647

expectation, which occurs for mH = 124.3 GeV, the sig-648

nificance of the observed peak is 6.6σ for the combined649

7 TeV and 8 TeV data (with 4.4σ expected from SM650

Higgs boson production at this mass), which establishes651

a discovery-level signal in the 4! channel alone.652

Table 7 presents the numbers of observed and ex-653

pected events in the peak region. Out of a total of 32654

events selected in the data, one and zero candidates are655

found in the VBF-like and VH-like categories, respec-656

tively, to be compared with an expectation of 0.7 and657
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Figure 3: The distribution of the four-lepton invariant mass, m4!, for
the selected candidates in the data. The estimated background and
the expected SM Higgs boson signal for mH = 125 GeV are also
shown. The single-resonant peak at m4! ∼ 90 GeV includes contribu-
tions from s-channel Z/γ∗ and t-channel (Z∗/γ∗)(Z∗/γ∗) production.

0.1 events from the signal and 0.14 and 0.04 from the658

background.659

Additional interpretation of these results is presented660

in Section 7.661

Table 7: For the H→ ZZ∗→ 4! analysis, the number of expected
signal (mH = 125 GeV) and background events, together with the
number of events observed in the data, in a window of size ±5 GeV
around m4! = 125 GeV, for the combined

√
s = 7 TeV and

√
s =

8 TeV data.

Signal ZZ∗ Z + jets, tt̄ Observed
4µ 6.3±0.8 2.8±0.1 0.55±0.15 13

2e2µ/2µ2e 7.0±0.6 3.5±0.1 2.11±0.37 13
4e 2.6±0.4 1.2±0.1 1.11±0.28 6

6. The H→WW∗→ !ν!ν channel662

This decay mode provides direct access to the Higgs663

boson couplings to W bosons. Its rate is large, but a664

narrow mass peak cannot be reconstructed due to the665

presence of two neutrinos in the final state. The recon-666

structed topology consists of two oppositely-charged667

leptons and a large momentum imbalance from the neu-668

trinos. The dominant SM backgrounds are WW (which669

includes WW∗), tt̄ and Wt, all of which produce two670

W bosons. The classification of events by jet multiplic-671

ity (Njet) allows the control of the background from top672

9

Main  source of experimental and theoretical uncertainties 
on the signal expectation common to the four channels 
considered in this study !
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Results with 2011+2012 data
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Table 7: For the H→ ZZ∗→ 4! analysis, the number of expected
signal (mH = 125 GeV) and background events, together with the
number of events observed in the data, in a window of size ±5 GeV
around m4! = 125 GeV, for the combined

√
s = 7 TeV and

√
s =

8 TeV data.

Signal ZZ∗ Z + jets, tt̄ Observed
4µ 6.3±0.8 2.8±0.1 0.55±0.15 13

2e2µ/2µ2e 7.0±0.6 3.5±0.1 2.11±0.37 13
4e 2.6±0.4 1.2±0.1 1.11±0.28 6

6. The H→WW∗→ !ν!ν channel662

This decay mode provides direct access to the Higgs663

boson couplings to W bosons. Its rate is large, but a664

narrow mass peak cannot be reconstructed due to the665

presence of two neutrinos in the final state. The recon-666

structed topology consists of two oppositely-charged667

leptons and a large momentum imbalance from the neu-668

trinos. The dominant SM backgrounds are WW (which669

includes WW∗), tt̄ and Wt, all of which produce two670

W bosons. The classification of events by jet multiplic-671

ity (Njet) allows the control of the background from top672
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number of expected signal and background, together 
with data in a window of ±5GeV around 125GeV
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Limits and P-value
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Figure 5: Distributions of the (a) m34 versus the m12 invariant mass for the selected candidates for events
with 120 GeV< m4` < 130 GeV and of (b) m4` versus m12 for the selected candidates with 90 GeV< m4` <
135 GeV for the combined

p
s = 7 TeV and

p
s = 8 TeV data samples. In both plots the expected

distributions for a SM Higgs boson with mH = 125 GeV (the sizes of the boxes indicate the relative
density) and for the total background (the intensity of the shading indicates the relative density) are
superimposed. All masses are calculated without applying the Z-mass constraint.

Table 8: Summary of the observed and expected p0-values for the
p

s = 7 TeV,
p

s = 8 TeV data sets
and their combination. The expected p0-value is quoted at the mass of the observed minimum.

observed expected
data set min p0 significance mH(p0) min p0(mH) significance

[�] [�]p
s = 7 TeV 2.5 ⇥ 10�3 2.8 125.6 GeV 3.5 ⇥ 10�2 1.8p
s = 8 TeV 8.8 ⇥ 10�10 6.0 124.1 GeV 2.8 ⇥ 10�5 4.0

combined 2.7 ⇥ 10�11 6.6 124.3 GeV 5.7 ⇥ 10�6 4.4
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Mass and signal strength

6.2 Mass measurement

The method introduced for signal modelling in this note is intended for the measurement of Higgs boson
properties. The mass distributions are described using smooth, non-parametric, unbinned estimates [85]
of the relevant probability density functions obtained from simulation. The signal shape, normalisation
and corresponding uncertainties are parametrised as a function of mH . The form of the background
shapes are varied from the nominal expectation to allow for shape systematics.

In Figure 9(a) the profile likelihood is shown as a function of mH for the combined 2011 and 2012
data samples. It is shown with the mass scale systematic uncertainties from electrons (MSS(e)) and
muons (MSS(µ)) applied (solid curve) and without applying them, i.e. with the corresponding nuisance
parameters fixed to their best fit values (dashed curve). Figure 9(b) shows the corresponding profile
likelihood curves as a function of mH for the four channels separately. The value for the fitted mass
from the profile likelihood is mH = 124.3+0.6

�0.5 (stat)+0.5
�0.3 (syst) GeV, where the systematic uncertainty is

dominated by the energy and momentum scale uncertainties. The channels where muons dominate the
mass scale (4µ and 2µ2e) agree reasonably well with the channels where electrons dominate the mass
scale (4e and 2e2µ) within their total uncertainties.

The mass measurement presented in this note is compatible within its statistical uncertainty with the
previous result [8]. The di↵erence originates from the additional candidates obtained due to the increased
integrated luminosity and the optimisation of the analysis, which leads to an increased e�ciency for the
4µ and 2e2µ/2µ2e channels and a higher purity for the 4e and 4µ channels.
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Figure 9: The profile likelihood as a function of mH (a) for the combination of all channels and for (b)
for the individual channels for the combined

p
s = 8 TeV and

p
s = 7 TeV data samples. The profile

likelihoods are shown with the mass scale systematics for electrons (MSS(e)) and muons (MSS(µ))
applied (solid curve) and without applying them (dashed curve). The 68% (95%) CL uncertainty is
determined by the points where the profile likelihood curve crosses 1 (4).
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6.3 Signal strength

The global signal strength factor µ acts as a scale factor on the total number of events predicted by the
Standard Model for each of the Higgs boson signal processes. Figure 10 presents the best µ and mH fit
values and the profile likelihood ratio contours that, in the asymptotic limit, would correspond to 68%
and 95% confidence levels both with mass scale systematics applied (dark colour curves) and without
applying them (lighter colour curves). The value of the signal strength µ at the best fit value for mH
(124.3 GeV) is µ = 1.7+0.5

�0.4. For a value of mH = 125.5 GeV [86], the signal strength is found to be
µ = 1.5 ± 0.4.
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Figure 10: Likelihood ratio contours in the (µ, mH) plane that, in the asymptotic limit, correspond to 68%
and 95% level contours, shown with (dark colour curves) and without mass scale uncertainties (MSS(e)
and MSS(µ)) applied (lighter colour curves).

6.4 Higgs boson couplings

Applying the categorisation criteria described in Section 4.2 to the selected four lepton candidates, eight
VBF-like candidates and one VH-like candidate are selected. One VBF-like candidate is found in a
window of ±5 GeV around 125 GeV. Its invariant mass is 123.5 GeV. In this mass window, 0.71 ± 0.10
events are expected from a SM Higgs boson signal at 125 GeV. About 60% of the signal is coming from
VBF production, and after profiling the nuisance parameters the signal-to-background ratio is estimated
to be about 5. This corresponds to approximately 0.4 VBF events expected in the mass window with S/B
around 1 if ggF Higgs boson production is counted as background. Above 160 GeV, there are six VBF-
like candidates in agreement with 3.8 ± 1.3 events expected from ZZ(⇤) production. The one observed
VH candidate has a mass of 270.3 GeV, and 0.9 ± 0.3 ZZ(⇤) events are expected from ZZ(⇤) production.

The measurement of a global signal strength factor can be extended to measure the signal strength
factors for specific production modes. In this analysis, the production mechanisms are grouped into
the “fermionic” and the “bosonic” ones. The first group consists of ggF and tt̄H, while the latter one
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!  Higgs mass: !
!  Signal strength �: (normalize production rate to the SM)!
!  � = 1.7 +0.5 -0.4 at 124.3 GeV (best-fit mass from 4l)!
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•  Sepearate signal strength into vector-boson-mediated process, VBF and VH 
from gluon-mediated process, ggF and ttH, involving fermion loops or legs!

13

production strengths
includes the VBF and VH modes. In Figure 11(a) the best fit values µggF+t�tH ⇥ B/BSM and µVBF+VH ⇥
B/BSM are presented. The factor B/BSM, the scale factor of the branching ratio with respect to theSM
value, is included since with a single channel analysis, the source of potential deviations from the SM
expectation cannot be resolved between production and decay. The profile likelihood ratio contours
that, asymptotically, correspond to the 68% and 95% confidence levels are also shown. Themeasured
values for µggF+t�tH ⇥ B/BSM and µVBF+VH ⇥ B/BSM are1.8+0.8�0.5 and 1.2

+3.8
�1.4, respectively. Theambiguity

between production and decay is removed in Fig. 11(b), where the ratio µVBF+VH/µggF+t�tH is presented.
Themeasured value of this ratio is 0.7+2.4�1.0. In both cases, mH is treated as a nuisance parameter and is
profiled.
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Figure 11: (a) Likelihood contours in the (µggF+t�tH , µVBF+VH) plane including the branching ratio factor
B/BSM. The quantity µggF+t�tH (µVBF+VH) is a common scale factor for the ggF and t�tH (VBF and VH)
production cross sections. Only the part of the plane where the expected numbers of signal events in
each category is positive is considered. The best fit to the data (⇥) and �2ln⇤ < 2.3 (full) and 6.0
(dashed) contoursarealso indicated, aswell as theSM expectation (+). (b) Results of a likelihood scan
for µVBF+VH/µggF+t�tH. Thebranching ratio factor B/BSM cancelsout in this ratio.

6 . 5 U p p e r l i m i ts o n p ro d u c ti o n c ro ss se c ti o n s

To search for a Higgs-like boson in addition to the one seen at 124.3GeV, themass distribution above
m4` = 200GeV is analysed. Upper limits are set on the production cross sections times branching ratio
of H ! ZZ(⇤) ! 4` (` = e, µ) asa function of mH up to 1TeV. Thesignal is assumed to haveaSM-like
width, estimated using the complex-pole-scheme (CPS). For this analysis, the event classification into
ggF-like, VBF-like and VH-like categories is employed. To allow for constraints on a new resonance
which may have di↵erent production rates in the ggF and VBF modes, the upper limits are estimated
separately for theggF and thecombined VBF/VH productionmechanisms. In each case, theparameters
associated to the other production mechanism are treated as nuisance parameters which are profiled.
The 95% CL upper limits on the ggF and VBF/VH production mechanisms times branching ratio are
presented in Figs. 12(a) and (b), respectively.
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Figure 26: Likelihood contours in the (µggF+tt̄H , µVBF+VH) plane including the branching ratio factor
B/BSM. The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the ggF and tt̄H (VBF and VH)
production cross sections. The Higgs mass is profiled in the likelihood scan. Only the part of the plane
where the expected number of events in the categories is positive is considered. The best fit to the data
(⇥) and �2 ln⇤ < 2.3 (full) and 6.0 (dashed) contours are also indicated, as well as the SM expectation
(+). The colour shading indicates the fitted value of mH at each point.
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Figure 27: Likelihood scans of (a) µggF+tt̄H ⇥ B/BSM and (b) µVBF+VH ⇥ B/BSM. The quantity µggF+tt̄H
(µVBF+VH) is a common scale factor for the ggF and tt̄H (VBF and VH) production cross sections. The
branching ratio factor B/BSM is also included.
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branching ratio factor B/BSM is also included.
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•  Left: likelihood contour as a function of the �VH+VBF and �ggF+ttH !
•  Right: likelihood distribution as a function of the ratio of�VH+VBF and�ggF+ttH !
•  The Higgs mass is profiled!
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Couplings to Fermions and Bosons
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Figure28: (a) Likelihood contoursasa function of thecoupling strengthsV and F, which are theratios
of theHiggs couplings to weak vector bosons and fermions to their respectiveSM expectations. These
are probed in a benchmark model in which all weak bosons are assumed to couple to the Higgs-like
bosonwith asinglestrength V, and all fermionsareassumed to couplewith asinglestrength F [88,89].
The photon and gluon loop couplings are derived from the tree-level couplings to the massive gauge
bosons and fermions, and it is assumed there are no non-SM contributions to the total decay width. (a)
The two-dimensional likelihood contours for �2ln⇤(V , F) < 2.3 and 6.0 are indicated, as well as the
SM expectation at F = V = 1. (b) One-dimensional likelihood asa function of the ratio of fermion and
weak vector boson couplings, �FV = F/V, in the samebenchmark model but where no assumption on
the total decay width ismade. Thebranching ratio of theHiggs-likeboson to apair of Z bosonscancels
in the ratio. In both cases theHiggsmass isprofiled over thescan.
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Figure 28: (a) Likelihood contours as a function of the coupling strengths V and F, which are the ratios
of the Higgs couplings to weak vector bosons and fermions to their respective SM expectations. These
are probed in a benchmark model in which all weak bosons are assumed to couple to the Higgs-like
boson with a single strength V, and all fermions are assumed to couple with a single strength F [88,89].
The photon and gluon loop couplings are derived from the tree-level couplings to the massive gauge
bosons and fermions, and it is assumed there are no non-SM contributions to the total decay width. (a)
The two-dimensional likelihood contours for �2ln⇤(V, F) < 2.3 and 6.0 are indicated, as well as the
SM expectation at F = V = 1. (b) One-dimensional likelihood as a function of the ratio of fermion and
weak vector boson couplings, �FV = F/V, in the same benchmark model but where no assumption on
the total decay width is made. The branching ratio of the Higgs-like boson to a pair of Z bosons cancels
in the ratio. In both cases the Higgs mass is profiled over the scan.
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!  Left: likelihood ratio contour as a function of the coupling strength kv and 
kf, assuming no non-SM contributions to the total width!

!  Right: likelihood ratio as a function of the ratio of fermion and weak 
vector boson couplings, no assumption on the total decay width!

!  The Higgs mass is a free parameter!
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Spin/CP measurement
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May 21, 2013 – 19 : 57 DRAFT 4

Figure 1: Definitions of production and decay angles in X → ZZ(∗) → 4l decay

For a system with significant transverse momentum, the axes of colliding partons in the four lepton rest160

frame will not be collinear. To compensate for this effect, it is common to express production angles in161

the Collins-Soper frame [8], placing the z axis half way between the axes of two Z bosons. In the current162

analysis, the corresponding study was performed. The effect of introducing the Collins-Soper frame was163

found to be negligible within the signal region considered.164

This document is organised in the following way: In Section 2 we present the general idea behind this165

measurement and introduce the spin and parity states under study. In Section 3 we discuss the production166

of the Monte Carlo samples and present corresponding validation studies. In Section 4 we outline the167

event selection and define the signal region. In Section 5 the core of the analysis is presented. Here, in168

sections 5.4 and 5.6, the two approaches, using respectively a multi-variate discriminant and a matrix169

element based one that are used to separate different spin/parity hypotheses, are defined. Results are170

presented in Section 6.171
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Figure 3: Distributions of (a) cos(✓1) and (b) m34 for events pass-
ing the full selection in the signal mass window 115 GeV < m4` <
130 GeV for the combined

p
s = 7 TeV and

p
s = 8 TeV datasets.

The expected contributions from the JP = 0+ (solid line) and JP = 0�
(dashed line) signal hypotheses, and the irreducible ZZ⇤ background
are shown, together with the measured contribution from reducible
non-ZZ⇤ backgrounds. The hatched areas represent the uncertainty
on the background yields from statistical, experimental, and theoreti-
cal sources.
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Figure 4: Distributions of the BDT output for data (points with error
bars) and expectations based on MC simulation (histograms). The
distribution of each discriminant is shown for a pair of spin and parity
hypotheses for the signal: JP = 0+ (solid line) and JP = 0� (dashed
line) in (a), JP = 0+ (solid line) and JP = 1+ (dashed line) in (b). The
signal contribution for each of the two hypotheses is scaled using the
profiled value of the signal strength. The hatched areas represent the
uncertainty on the background yields from statistical, experimental,
and theoretical sources.
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•  Spin%hypotheses%of%the%SM%Higgs:%0+,%
Alterna8ve%hypothesises:%0:,%1+,1:,2+%

•  4l%is%the%only%channel%in%ATLAS%which%is%able%to%
reject%the%0:%

•  Gluon:fusion%process%simulated%using%JHU%
generator,%interfaced%to%PYTHIA%for%parton%
showering%and%hadronisa8on%

•  Pt%spectrum%is%reweighted%to%reproduce%the%
POWHEG+PYTHIA%spectrum%

•  VBF%and%associated%produc8on%is%not%
considered%

•  BDT%used%to%discriminate%spin%hypothesis,%
combining%the%angular%variables%and%m12%and%
m34%

•  Use%[115:130]GeV,%further%separated%into%two%
regions%high/low%S/B%
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Figure 18: Variation of the medians of the log-likelihood ratio distribution generated for varying frac-
tions of qq̄ in a mixed qq̄ and ggF production for testing the 2+m hypothesis when assuming the spin-0+

hypothesis. Each distribution is generated with more than 500k Monte Carlo experiments. In each exper-
iment the expected numbers of signal and background events are fixed to the observed yields. The blue
and red data points correspond to the median values for the 0+ and 2+m hypotheses, respectively, for each
fraction. The black points represent the log-likelihood values observed in data. The lines connecting the
points are there to guide the eye.

Table 9: For an assumed 0+ hypothesis H0, the values for the expected and observed p0-values of the
di↵erent tested spin and parity hypotheses H1 for the BDT and JP-MELA analyses. The results are given
combining the

p
s = 8 TeV and

p
s = 7 TeVdata sets. Also given is the observed p0-value where 0+ is the

test hypothesis and the other spins states are the assumed hypothesis (observed⇤). These two observed
p0-values are combined to provide the CLS confidence level for each test hypothesis. The production
mode is assumed to be 100% ggF.

BDT analysis JP-MELA analysis
tested JP for tested 0+ for tested JP for tested 0+ for

an assumed 0+ an assumed JP CLS an assumed 0+ an assumed JP CLS
expected observed observed⇤ expected observed observed⇤

0� p0 0.0037 0.015 0.31 0.022 0.0011 0.0022 0.40 0.004
1+ p0 0.0016 0.001 0.55 0.002 0.0031 0.0028 0.51 0.006
1� p0 0.0038 0.051 0.15 0.060 0.0010 0.027 0.11 0.031
2+m p0 0.092 0.079 0.53 0.168 0.064 0.11 0.38 0.182
2� p0 0.0053 0.25 0.034 0.258 0.0032 0.11 0.08 0.116

from the observed p0-values for each alternative JP hypothesis when 0+ is assumed and the p0-value of
the 0+ hypothesis when assuming the alternatives, i.e. as CLS = p0(alternative JP)/(1 � p0(0+)). The
results are shown for both the BDT analysis and for the JP-MELA analysis. These results correspond to
the combined statistics of

p
s = 8 TeV and

p
s = 7 TeV data sets. The profile likelihood is computed

including all sources of systematic uncertainty, and allowing the signal strength µ to vary.
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•  The$likelihood$func.on:$L(JP,μ,θ)$=$ΠP(μ*S(θ)+B(θ))$×$Α(θ)$
•  The$test$sta.s.c$q:$

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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6.2 Mass measurement

The method introduced for signal modelling in this note is intended for the measurement of Higgs boson
properties. The mass distributions are described using smooth, non-parametric, unbinned estimates [85]
of the relevant probability density functions obtained from simulation. The signal shape, normalisation
and corresponding uncertainties are parametrised as a function of mH . The form of the background
shapes are varied from the nominal expectation to allow for shape systematics.

In Figure 9(a) the profile likelihood is shown as a function of mH for the combined 2011 and 2012
data samples. It is shown with the mass scale systematic uncertainties from electrons (MSS(e)) and
muons (MSS(µ)) applied (solid curve) and without applying them, i.e. with the corresponding nuisance
parameters fixed to their best fit values (dashed curve). Figure 9(b) shows the corresponding profile
likelihood curves as a function of mH for the four channels separately. The value for the fitted mass
from the profile likelihood is mH = 124.3+0.6

�0.5 (stat)+0.5
�0.3 (syst) GeV, where the systematic uncertainty is

dominated by the energy and momentum scale uncertainties. The channels where muons dominate the
mass scale (4µ and 2µ2e) agree reasonably well with the channels where electrons dominate the mass
scale (4e and 2e2µ) within their total uncertainties.

The mass measurement presented in this note is compatible within its statistical uncertainty with the
previous result [8]. The di↵erence originates from the additional candidates obtained due to the increased
integrated luminosity and the optimisation of the analysis, which leads to an increased e�ciency for the
4µ and 2e2µ/2µ2e channels and a higher purity for the 4e and 4µ channels.
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Figure 9: The profile likelihood as a function of mH (a) for the combination of all channels and for (b)
for the individual channels for the combined

p
s = 8 TeV and

p
s = 7 TeV data samples. The profile

likelihoods are shown with the mass scale systematics for electrons (MSS(e)) and muons (MSS(µ))
applied (solid curve) and without applying them (dashed curve). The 68% (95%) CL uncertainty is
determined by the points where the profile likelihood curve crosses 1 (4).
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σ�  6.6    observation of the Higgs boson in the !
4-lepton channel using 25fb-1 in ATLAS.!

�  Higgs boson mass from 4l: !
�  The signal strength of individual production 

modes is compatible with SM, so is the coupling 
to fermions and bosons!

�  The data favors SM expectation of 0+ over the 
alternatives. The 0- is excluded at 97.8% 
confidence level.!
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Figure 30: Mass distribution of Z ! µ+µ� events in data before FSR correction (triangles) and after
FSR correction (bullets). Two opposite sign muons are selected with pT > 20 GeV and normalised track
isolation less than 0.1 inside a cone of �R < 0.2. The FSR photons satisfy the same selection as the
H ! ZZ(⇤) ! 4` analysis : f1 > 0.1 and �R < 0.15 if ET > 3.5 GeV or f1 > 0.2 and �R < 0.08
if ET < 3.5 GeV. Only events in the mass window 66 GeV < mµµ < 89 GeV and mµµ� < 100 GeV are
corrected for FSR. The MC prediction is shown before correction (red histogram) and after correction
(blue histogram). The MC prediction for events without FSR photons at generator level normalised to
the same number of entries is shown as the black histogram.
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Figure 31: Mass distribution of simulated H ! ZZ⇤ ! 4µ events with mass mH = 125 GeV in which
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histogram) and after the FSR photon is recovered (black dashed histogram). The e↵ect of applying the
mZ constraint for these two cases is also shown (purple dotted and red solid histograms, respectively).
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Table 3: Summary of the estimated numbers of Z + jets and tt̄ background events for the 20.7 fb�1 ofp
s = 8 TeV data and for the 4.6 fb�1 of

p
s = 7 TeV data for the full mass range of the analysis after the

kinematic selections described in the text. The sub-leading same sign full analysis event counts are given
only for m4` < 160 GeV to avoid contamination from the irreducible ZZ(⇤) background with an incorrect
charge measurement. Approximately 80% of the reducible background has m4` < 160 GeV. The “†”
symbol indicates the estimates used for the background normalisation, the others being cross-checks.
The first uncertainty is statistical, the second is systematic.

method estimate at
p

s = 8 TeV estimate at
p

s = 7 TeV
4µ 4µ

m12 fit: Z + jets contribution 2.4 ± 0.5 ± 0.6† 0.22 ± 0.07 ± 0.02†

m12 fit: tt̄ contribution 0.14 ± 0.03 ± 0.03† 0.03 ± 0.01 ± 0.01†

tt̄ from eµ + µµ 0.10 ± 0.05 ± 0.004 -
2e2µ 2e2µ

m12 fit: Z + jets contribution 2.5 ± 0.5 ± 0.6† 0.19 ± 0.06 ± 0.02†

m12 fit: tt̄ contribution 0.10 ± 0.02 ± 0.02† 0.03 ± 0.01 ± 0.01†

tt̄ from eµ + µµ 0.12 ± 0.07 ± 0.005 -
2µ2e 2µ2e

`` + e±e⌥ relaxed cuts 5.2 ± 0.4 ± 0.5† 1.8 ± 0.3 ± 0.4
`` + e±e⌥ inverted cuts 3.9 ± 0.4 ± 0.6 -

3` + ` (same-sign) 4.3 ± 0.6 ± 0.5 2.8 ± 0.4 ± 0.5†

sub-leading same sign full analysis events 4 0
4e 4e

`` + e±e⌥ relaxed cuts 3.2 ± 0.5 ± 0.4† 1.4 ± 0.3 ± 0.4
`` + e±e⌥ inverted cuts 3.6 ± 0.6 ± 0.6 -

3` + ` (same-sign) 4.2 ± 0.5 ± 0.5 2.5 ± 0.3 ± 0.5†

sub-leading same sign full analysis events 3 2

11
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7 Measurement of the Spin and Parity

For X ! ZZ(⇤) ! 4` decays, the observables sensitive to the spin and parity of X are the masses of the
two Z bosons, a production angle, ✓⇤, and four decay angles, �1, �, ✓1 and ✓2. The production and decay
angles are illustrated in Figure 13 and are defined as:

� ✓1 (✓2) is the angle between the negative final state lepton and the direction of flight of Z1 (Z2) in
the Z rest frame.

� � is the angle between the decay planes of the four final state leptons expressed in the four lepton
rest frame.

� �1 is the angle defined between the decay plane of the leading lepton pair and a plane defined
by the vector of the Z1 in the four lepton rest frame and the direction of the parton following the
positive z axis.

� ✓⇤ is the production angle of the Z1 defined in the four lepton rest frame.2

Figure 13: Definition of the production and decay angles in an X ! ZZ(⇤) ! 4` decay. The illustration
is drawn with the beam axis in the lab frame, the Z1 and Z2 in the X rest frame and the leptons in their
corresponding parent rest frames (see text for further description).

In the case of a spin zero boson, the production cross-section does not depend on the production
angle ✓⇤ nor the decay angle �1 since X has no spin axis with which one can define these angles. In this
case, di↵erent parities can be distinguished by studying the decay angles �, ✓1, ✓2. On the other hand,
all the angles are important when discriminating between the cases of non-zero integer spin. Finally, it
should be noted that for mH below around 180 GeV the shapes of the m12 and m34 distributions become
sensitive to spin and parity.

In this study, six hypotheses for spin/parity states are tested, namely JP 0+, 0�, 1+, 1�, 2+, 2�.
The spin-1 hypotheses are included for completeness because, as mentioned in Section 1, spin-1 is dis-
favoured under the assumption that the same particle is decaying to both �� and four leptons. The spin-2
states correspond to a graviton-like tensor with minimal couplings (2+m), equivalent to a Kaluza Klein

2A sixth angle, �⇤, is the azimuthal angle of Z1 in the four lepton rest frame. This angle can be arbitrarily defined and does
not carry any information about the process.

26

May 21, 2013 – 19 : 57 DRAFT 4

Figure 1: Definitions of production and decay angles in X → ZZ(∗) → 4l decay

For a system with significant transverse momentum, the axes of colliding partons in the four lepton rest160

frame will not be collinear. To compensate for this effect, it is common to express production angles in161

the Collins-Soper frame [8], placing the z axis half way between the axes of two Z bosons. In the current162

analysis, the corresponding study was performed. The effect of introducing the Collins-Soper frame was163

found to be negligible within the signal region considered.164

This document is organised in the following way: In Section 2 we present the general idea behind this165

measurement and introduce the spin and parity states under study. In Section 3 we discuss the production166

of the Monte Carlo samples and present corresponding validation studies. In Section 4 we outline the167

event selection and define the signal region. In Section 5 the core of the analysis is presented. Here, in168

sections 5.4 and 5.6, the two approaches, using respectively a multi-variate discriminant and a matrix169

element based one that are used to separate different spin/parity hypotheses, are defined. Results are170

presented in Section 6.171


