
Higgs Boson Production and 
Decays in ATLAS 

Haifeng Li (李海峰) 
haifeng.li@cern.ch 

State University of New York at Stony Brook 

International Symposium on Higgs Boson and BSM Physics 
Weihai, Shandong, China, August 15-19, 2016 

On behalf of the ATLAS Collaboration 



Introduction 
•  The Higgs boson, predicted by 

Brout-Englert-Higgs mechanism, 
was discovered at LHC by ATLAS 
and CMS in July 2012 

•  Nobel prize was awarded to 
François Englert and Peter Higgs 
in 2013 

•  With LHC Run 2 data at 13 TeV, 
need to re-discover the Higgs 
boson and measure Higgs 
couplings and other properties 

•  Use Higgs boson as a tool to 
probe new physics (not in this 
talk) 
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF

production processes.
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Figure 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq ! VH and

(b, c) gg! ZH production processes.
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Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and

qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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ggF: dominant,  
larger initial state 
radiation from 
gluons 

VBF: two forward 
jets with high 
mass and large 
rapidity gap 

VH: vector boson 
(lv, ll’, qq’) 

ttH: many b-jets, 
leptons, ET

miss 

LHC Higgs Cross Section Working Group 
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mH=125 
GeV 
[pb] 

8 TeV (Run 1, CERN 
Report 3) 

13 TeV (Run 2, CERN 
Report 4) 

σ(13 TeV)/
σ(8 TeV) 

ggF 19.27 NNLO QCD + NLO EW 48.58 N3LO QCD and NLO EW  2.52 
VBF 1.58 NNLO QCD + NLO EW 3.78 NNLO QCD + NLO EW 2.40 
WH 0.70 NNLO QCD + NLO EW 1.37 NNLO QCD + NLO EW 1.95 
ZH 0.43 NNLO QCD + NLO EW 0.88 NNLO QCD + NLO EW 2.13 
ttH 0.13 (NLO QCD) 0.51 NLO QCD + NLO EW 3.92 

•  From 8 TeV to 13 TeV, the cross sections increase by a factor of 
2-4. 

•  Uncertainties of ggF:  
•  CERN Report 3: 8% (QCD scale), 7.5% (PDF) 
•  CERN Report 4: 4% (QCD scale), 3.2% (PDF) 

 
N3LO ggF: Anastasiou et at., JHEP 1605 (2016) 058  
PDF4LHC, Butterworth et al., J.Phys. G43 (2016) 023001  

LHC Higgs Cross Section Working Group 
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Table 1: Standard Model predictions for the Higgs boson production cross sections together with their theoretical
uncertainties. The value of the Higgs boson mass is assumed to be mH = 125.09 GeV and the predictions are
obtained by linear interpolation between those at 125.0 and 125.1 GeV from Ref. [32] except for the tH cross
section, which is taken from Ref. [77]. The pp ! ZH cross section, calculated at NNLO in QCD, includes both
the quark-initiated, i.e. qq ! ZH or qg ! ZH, and the gg ! ZH contributions. The contribution from the
gg ! ZH production process, calculated only at NLO in QCD and indicated separately in brackets, is given
with a theoretical uncertainty assumed to be 30%. The uncertainties in the cross sections are evaluated as the sum
in quadrature of the uncertainties resulting from variations of the QCD scales, parton distribution functions, and
↵s. The uncertainty in the tH cross section is calculated following the procedure of Ref. [78]. The order of the
theoretical calculations for the di↵erent production processes is also indicated. In the case of bbH production, the
values are given for the mixture of five-flavour (5FS) and four-flavour (4FS) schemes recommended in Ref. [73].

Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD) + NLO(EW)
VBF 1.22 ± 0.03 1.58 ± 0.04 NLO(QCD+EW) + approx. NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD) + NLO(EW)
ZH 0.334 ± 0.013 0.414 ± 0.016 NNLO(QCD) + NLO(EW)
[ggZH] 0.023 ± 0.007 0.032 ± 0.010 NLO(QCD)
ttH 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)
tH 0.012 ± 0.001 0.018 ± 0.001 NLO(QCD)
bbH 0.156 ± 0.021 0.203 ± 0.028 5FS NNLO(QCD) + 4FS NLO(QCD)

Total 17.4 ± 1.6 22.3 ± 2.0

Table 2: Standard Model predictions for the decay branching fractions of a Higgs boson with a mass of 125.09 GeV,
together with their uncertainties [32]. Included are decay modes that are either directly studied or important for the
combination because of their contributions to the Higgs boson width.

Decay mode Branching fraction [%]
H ! bb 57.5 ± 1.9
H ! WW 21.6 ± 0.9
H ! gg 8.56 ± 0.86
H ! ⌧⌧ 6.30 ± 0.36
H ! cc 2.90 ± 0.35
H ! ZZ 2.67 ± 0.11
H ! �� 0.228 ± 0.011
H ! Z� 0.155 ± 0.014
H ! µµ 0.022 ± 0.001

6
•  Low BR channels (ZZ→4l, γγ, Zγ and µµ) have better mass 

resolutions but small rate 
•  Channels with higher BRs (the rest) are challenging 

experimentally 
•  Note: BR (H→µµ) = 2.19E-4; BR(H→ZZ→4l) = 1.26E-4 

LHC Higgs Cross Section Working Group 
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Status Run 1 Run 2 
H→γγ  ✔ ✔ 

H→ZZ*→4l ✔ ✔ 

γγ & ZZ combination ✔ ✔ 

H→WW*→lvlv  ✔ 

H→ττ  ✔ 

VH, H→bb  ✔ ✔ 

VBF, H->bb + γ ✔ 

ttH, H->bb ✔ ✔ 

ttH, H->multi-leptons ✔ ✔ 

LHC Run 1: data taking in 2011 and 
2012 with √s = 7 TeV (~4.5 fb-1) and 
√s = 8 TeV (~20 fb-1) 

LHC Run 2: data taking in 2015 and 2016 
with √s = 13 TeV (~20.7 fb-1). 
13.2 fb-1 to 14.8 fb-1 are used for the results 

H→µµ will be covered by Liang Li 



Higgs Mass Measurement from ATLAS and CMS at Run 1 

•  Higgs mass is the only free parameter in BEH mechanism 
•  Mass combination using γγ and ZZ channels gives: 

mH=125.09 ± 0.24 GeV 

15/8/16 Haifeng Li (Stony Brook) - Higgs results in ATLAS 

PRL 114, 191803 (2015) 

for the prefit case and

δmHpostfit ¼ "0.22 GeV

¼ "0.19 ðstatÞ " 0.10 ðsystÞ GeV ð7Þ

for the postfit case, which are both very similar to the
observed uncertainties reported in Eq. (3).
Constraining all signal yields to their SM predictions

results in an mH value that is about 70 MeV larger than the
nominal result with a comparable uncertainty. The increase
in the central value reflects the combined effect of the
higher-than-expected H → ZZ → 4l measured signal
strength and the increase of theH → ZZ branching fraction
with mH. Thus, the fit assuming SM couplings forces the
mass to a higher value in order to accommodate the value
μ ¼ 1 expected in the SM.
Since the discovery, both experiments have improved

their understanding of the electron, photon, and muon
measurements [16,30–34], leading to a significant reduc-
tion of the systematic uncertainties in the mass measure-
ment. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the
individual measurements and their combination. The com-
bined analysis incorporates approximately 300 nuisance
parameters. Among these, approximately 100 are fitted
parameters describing the shapes and normalizations of the
background models in the H → γγ channel, including a
number of discrete parameters that allow the functional
form in each of the CMS H → γγ analysis categories to
be changed [35]. Of the remaining almost 200 nuisance
parameters, most correspond to experimental or theoretical
systematic uncertainties.
Based on the results from the individual experiments, the

dominant systematic uncertainties for the combined mH
result are expected to be those associated with the energy or

momentum scale and its resolution: for the photons in the
H → γγ channel and for the electrons and muons in the
H → ZZ → 4l channel [14–16]. These uncertainties are
assumed to be uncorrelated between the two experiments
since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which
are fully independent except for negligible effects due to
the use of the common Z boson mass [36] to specify
the absolute energy and momentum scales. Other exper-
imental systematic uncertainties [14–16] are similarly
assumed to be uncorrelated between the two experiments.
Uncertainties in the theoretical predictions and in the
measured integrated luminosities are treated as fully and
partially correlated, respectively.
To evaluate the relative importance of the different

sources of systematic uncertainty, the nuisance parameters
are grouped according to their correspondence to three
broad classes of systematic uncertainty: (1) uncertainties in
the energy or momentum scale and resolution for photons,
electrons, and muons (“scale”), (2) theoretical uncertain-
ties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM
background processes (“theory”), (3) other experimental
uncertainties (“other”).
First, the total uncertainty is obtained from the full profile-

likelihood scan, as explained above. Next, parameters
associated with the scale terms are fixed and a new scan
is performed. Then, in addition to the scale terms, the
parameters associated with the theory terms are fixed and
a scan performed. Finally, in addition, the other parameters
are fixed and a scan performed. Thus the fits are performed
iteratively, with the different classes of nuisance parameters
cumulatively held fixed to their best-fit values. The uncer-
tainties associated with the different classes of nuisance
parameters are defined by the difference in quadrature

 (GeV)Hm
123 124 125 126 127 128 129

Total Stat SystCMS and ATLAS
 Run 1LHC       Total            Syst      Stat    

l+4γγCMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15

γγCMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07

l4→ZZ→HCMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59

l4→ZZ→HATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51

γγ→HCMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70

γγ→HATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02

FIG. 2 (color online). Summary of Higgs boson mass measurements from the individual analyses of ATLAS and CMS and from the
combined analysis presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands), and total
(black error bars) uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column indicate the central value
and the total uncertainty of the combined measurement, respectively.
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Uncertainty is at the level of 0.2% 



                  H→γγ (Run 2) 
•  Signal: small BR, but good 

mass resolution 
•  Select 2 tight isolated photons 

with cut on pT/mγγ > 0.35 (0.25) 
•  Background composition: 

continuum di-photon (about 
79%), γ-jet and jet-jet fake 
(about 21%) 

•  Signal extraction by fitting the 
mγγ distribution 

15/8/16 Haifeng Li (Stony Brook) - Higgs results in ATLAS 
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                  H→γγ (Run 2) 
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Table 5: The measured cross sections in the baseline, VBF-enhanced and single-lepton fiducial regions, which are
defined in section 7. The gluon fusion contribution to the Standard Model prediction in the baseline region is taken
to be the N3LO prediction of Ref. [25] corrected for the H ! �� branching ratio and the fiducial acceptance as
defined in the text. The contributions to the Standard Model prediction from VBF, VH and tt̄H production mech-
anisms are determined using the particle-level predictions from the Powheg+Pythia and Pythia8 event generators
normalised to state-of-the-art theoretical calculations as discussed in section 4, and are collectively referred to as
XH.

Fiducial region Measured cross section (fb) SM prediction (fb)
Baseline 43.2 ± 14.9 (stat.) ± 4.9 (syst.) 62.8 +3.4

�4.4 [N3LO + XH]
VBF-enhanced 4.0 ± 1.4 (stat.) ± 0.7 (syst.) 2.04 ± 0.13 [NNLOPS + XH]
single lepton 1.5 ± 0.8 (stat.) ± 0.2 (syst.) 0.56 ± 0.03 [NNLOPS + XH]
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Figure 10: The di↵erential cross section for pp ! H ! �� as a function of the diphoton transverse momentum
(left) and the absolute rapidity of the diphoton system (right). The data are shown as filled (black) circles. The
vertical error bar on each data point represents the total uncertainty in the measured cross section and the shaded
(grey) band is the systematic component. The SM prediction, defined using the NNLOPS prediction for gluon
fusion and the default MC samples for the other production mechanisms, is presented as a hatched (blue) band,
with the depth of the band reflecting the total theoretical uncertainty.

the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,659

with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The660

NNLOPS calculation is normalised to the N3LO prediction of Ref. [25] using a K-factor of KggH = 1.1.661

For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement662

with the Standard Model predictions.663

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and664

rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse665

momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder666

Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !667

�� and H ! ZZ⇤ ! 4l decay channels [10, 77].668
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•  Results consistent with SM 
expectations 

•  Run 2 signal strength 
measurement have smaller 
uncertainty compared with 
Run 1 

ATLAS-CONF-2016-067 

•  Fiducial cross section measurement: 
reasonable agreement between data and 
theory  



           H→ZZ*→4l (Run 2) 
•  Good signal mass resolution and  

S/B. Small rate.  
•  Lepton pT1,2,3,4 > 20, 15, 10, (5)7 

GeV (mu)e 
•  FSR correction and kinematic fit with 

Z mass constraint improve the signal 
mass resolution by 15% 

•  Background: continuum ZZ*: 
normalization and shape taken from 
MC simulation. Z+jets, ttbar 
(normalized from data control 
regions) 
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Figure 4: (a) The m4` distribution of the selected candidates, compared to the background expectation in the low
mass region. (b) The distribution of data (filled circles) and the expected signal and backgrounds events in the
m34 – m12 plane with the requirement of m4` in 115–130 GeV . The projected distributions are shown for (c) m12
and (d) m34. The signal contribution is shown for mH = 125 GeV as blue histograms in (a), (c) and (d). The
expected background contributions, ZZ⇤ (red histogram), Z+ jets plus tt̄ (purple histogram) and tt̄V plus VVV
(yellow histogram), are shown in (a), (c) and (d); the systematic uncertainty associated to the total signal plus
background contribution is represented by the hatched areas. The expected distributions of the Higgs signal (blue)
and total background (red) are superimposed in (b), where the box size (signal) and colour shading (background)
represent the relative density.
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Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed

full mass range ttV ,V V V , WZ

4µ 8.8± 0.6 8.2± 0.6 3.11± 0.30 0.31± 0.04 2.4 11.6± 0.7 16

2e2µ 6.1± 0.4 5.5± 0.4 2.19± 0.21 0.30± 0.04 2.2 8.0± 0.4 12

2µ2e 4.8± 0.4 4.4± 0.4 1.39± 0.16 0.47± 0.05 2.3 6.2± 0.4 10

4e 4.8± 0.5 4.2± 0.4 1.46± 0.18 0.46± 0.05 2.2 6.1± 0.4 6

Total 24.5± 1.8 22.3± 1.6 8.2± 0.8 1.54± 0.18 2.3 32.0± 1.8 44

118 <m4l<129 GeV 
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m4l [118-129] GeV!

0jet! 1jet!

2 or more jets!

pT, j > 30 GeV!

Discriminant!
BDT-ZZ!

mjj<120 GeV! mjj>120 GeV!

Discriminant!
BDT-1j!

Discriminant!
BDT-2jVBF!

Discriminant!
BDT-2jVH!

!

>=1 leptons 
(pT, l > 8 GeV)!

Just counting !

BDT_ZZ:!
•  pT4l   
•  η4l!
•  KD = 

log(MEHZZ/
MEZZ)!

BDT_1jet:!
•  pT,j!
•  ηj!
•  ΔR4lj!

BDT_2jet_VH:!
•  pT,j1!
•  pT,j2!
•  ηj1!
•  Δηjj!
•  Δη4ljj!
•  mjj!
•  min(ΔRZj)!

BDT_2jet_VBF:!
•  pT,j1!
•  pT,j2!
•  pT,4ljj!
•  Δηjj!
•  Δη4ljj!
•  mjj!
•  min(ΔRZj)!

•  Take the events between 
118<m4l<129 GeV 

•  Boosted Decision Tree 
(BDT) method is used to 
improve the sensitivity 

•  Signal extraction by fitting 
the BDT output.  

•  Use mH=125.09 GeV 
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Compatible to SM prediction 
•  1.1 sigma for σggF,bbH,ttH 
•  1.4 sigma for σVBF,VH 

ATLAS-CONF-2016-079 
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Build combined likelihood 
using the categories from 
individual analyses 

Table 2 gives an overview of the event categories for both decay modes used for the measurement of the
simplified template cross sections and the inclusive signal strength, which is described in more detail in
the following Sections.

Table 2: Categories entering in the combined measurements for the H ! ZZ⇤ ! 4` and H ! �� decay modes as
described in [2] and [1] respectively. Each category is designed to separate a specific set of production processes,
as summarised in the columns named target.

H ! ZZ⇤ ! 4`
Category Target
VH-leptonic VHlep
0-jet ggF
1-jet ggF
2-jet VBF-like VBF
2-jet VH-like VHhad

H ! ��
Category Target
tt̄H leptonic top
tt̄H hadronic top
VH dilepton VHlep
VH one-lepton VHlep
VH Emiss VHlep
VH hadronic loose VHhad
VH hadronic tight VHhad
VBF loose VBF
VBF tight VBF
ggH central low-pTt ggF
ggH central high-pTt ggF
ggH fwd low-pTt ggF
ggH fwd high-pTt ggF

2.3.1 H ! ZZ⇤ ! 4`

The H ! ZZ⇤ ! 4` analysis [1] reconstructs the Z and the Z⇤ bosons in their decays to electrons
and muons. It uses five event categories to separate the di↵erent Higgs boson production modes. The
VH leptonic category requires the presence of at least one additional lepton. The remaining events are
categorised according to their jet multiplicity into categories with zero, exactly one and at least two jets,
and the two-jet category is split into a VBF- and a VH-enriched region using the dijet invariant mass.
In the jet-multiplicity based categories boosted decision trees (BDTs) based on the kinematic variables
of jets and Z bosons are used to separate the di↵erent Higgs production processes from the SM ZZ⇤

background. In the two-jet VH category, the BDT discriminant is designed to separate VH production
from VBF and gluon fusion production, in the two-jet VBF category, the BDT is trained to separate
VBF production from gluon fusion production, in the one-jet category the BDT discriminant is built to
separate VBF production from gluon fusion production and SM ZZ⇤ background, and in the zero-jet
category the BDT is trained to separate the Higgs signal, dominated by gluon fusion production, from
SM ZZ⇤ background.

Only events with an invariant four-lepton mass between 118 and 129 GeV are considered in the analysis.
In the jet categories, the signal is extracted through a binned fit to the BDT discriminant, while the signal
estimation in the VH leptonic category is based on event counting. The remaining ZZ⇤ ! 4` background
is estimated from the Monte Carlo simulation, while the Z+jets and tt̄ backgrounds are estimated from
control regions in the data.

5

Input: 13.3 fb-1 γγ & 14.8 fb-1 ZZ   

not used because of the overwhelming QCD background while the VBF mode has low sensitivity and
is not included in this combination, although CMS recently published their first result in this specific
channel [71].

The signal yield in a category k, nsignal(k), can be expressed as a sum over all possible Higgs boson
production processes i, with cross section �i , and decay channels f , with branching ratio BR f :

nsignal(k) = L(k) ⇥
X

i

X

f

(
�i ⇥ Af

i (k) ⇥ " fi (k) ⇥ BR f
)
,

= L(k) ⇥
X

i

X

f

µi µ
f
(
�SM
i ⇥ Af

i (k) ⇥ " fi (k) ⇥ BR f
SM

) (7)

where L(k) represents the integrated luminosity, Af
i (k) the detector acceptance, and " fi (k) the overall

selection and analysis e�ciency for the signal category k. The symbols µi and µf are the production and
decay signal strengths defined in Section 2.3, respectively. As Eq. 7 shows, the measurements considered
in this paper are only sensitive to the products of the cross sections and branching ratios, �i ⇥ BR f .
Additional information or assumptions are needed to determine the cross sections and branching ratios
separately.

In the ideal case, each category would only select signal events from a given production process and decay
channel. Most decay channels approach this ideal case, but, in the case of the production processes, the
categories are much less pure and there is important cross-contamination in most channels.

3.2. Statistical treatment

The overall statistics methodology used in the combination to extract the parameters of interest in various
parameterisations is that adopted also for the individual ATLAS and CMS combinations, as published
in Refs. [13,14]. It has been developed by the ATLAS and CMS Collaborations in the context of the LHC
Higgs Combination Group and is described in Ref. [72]. Some details of this procedure are important for
this combination and are briefly reviewed here.

The statistical treatment of the data is based on the standard LHC data modelling and handling toolkits,
RooFit [73], RooStats [74] and HistFactory [75]. The parameters of interest ~↵, e.g. signal strengths
(µ), coupling modifiers (), production cross sections, branching ratios or ratios of the above quantities,
are estimated with their corresponding confidence intervals via the profile likelihood ratio test statistic
⇤(~↵) [76]. The latter depends on one or more parameters of interest, as well as on the nuisance parameters
~✓, which reflect various experimental or theoretical uncertainties.

⇤(~↵) =
L
�
~↵ ,

ˆ̂
~✓(~↵)
�

L(~̂↵, ~̂✓)
(8)

The likelihood functions in the numerator and denominator of this equation are built using products of
signal and background probability density functions (pdfs) in the discriminating variables. The pdfs are
derived from simulation for the signal and from both data and simulation for the background, as described
in Refs. [13, 14]. The vectors ~̂↵ and ~̂✓ denote the unconditional maximum likelihood estimates of the
parameter values, and

ˆ̂
~✓ denotes the conditional maximum likelihood estimate for given fixed values of

13

POI 

•  All systematic uncertainties (nuisance) are varied to 
maximize the profile likelihood (profiled)  

•  Nuisance parameters: about 200 
•  Signal normalization uncertainties and experimental 

uncertainties between the two analyses are 
correlated 
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measurements at 7 and 8 TeV are taken from Ref. [63]. The measured cross sections probe the properties336

of the Higgs boson and can be compared to state-of-the-art theoretical calculations at the three di↵erent337

centre-of-mass energies.338
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Figure 6: Total pp ! H + X cross sections measured at di↵erent centre-of-mass energies compared to Standard
Model predictions at up to N3LO in QCD. The red triangles show the measurements from the H ! �� channel, the
green rectangles show the measurements from the H ! ZZ⇤ ! 4` channel, and the black dots show the combina-
tions of these two channels. The grey bands on the combined measurements represent the systematic uncertainty,
while the black lines are the total uncertainty. The SM predictions (for a Higgs boson mass of 125.09 GeV [9])
are shown as a smooth curve, which is obtained by applying a third-order polynomial fit to the values available
in Ref. [7]. The light (dark) blue band shows the uncertainty from missing higher-order QCD corrections (total
uncertainty). The theoretical uncertainties are partially correlated between di↵erent values of the centre-of-mass
energy.

The total pp! H + X cross sections at centre-of-mass energies of 7, 8 and 13 TeV measured in H ! ��339

and H ! ZZ⇤ ! 4` are shown in Table 8 and Figure 6, along with their combination. For comparison,340

the SM predictions for the total cross section at the three centre-of-mass energies are given. To derive the341

breakdown of the uncertainties, the statistical uncertainties are obtained by fixing all nuisance parameters342

for the systematic uncertainties to their best-fit values and taking the quadratic di↵erence with respect to343

the result of the fit where all parameters are allowed to vary. The systematic uncertainties are smaller344

than the statistical uncertainties for the measurements at all three center-of-mass energies. The results345

of the two decay channels are compatible within the quoted uncertainties, and no deviation from the SM346

predictions is observed.347

7 Conclusions348

Combined measurements based on Higgs boson production cross sections and branching ratios using349

proton-proton collision data produced by the LHC at
p

s = 13 TeV and recorded by the ATLAS detector350

7th August 2016 – 14:52 16
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Table 8: Total pp ! H + X cross sections measured using H ! �� and H ! ZZ⇤ ! 4` decays, and their
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [7] are computed for a Higgs
boson mass of 125.09 GeV [9].

Decay channel Total cross section (pp! H + X)
p

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 37+14
�13 pb

H ! ZZ⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 81+18
�16 pb

Combination 34 ± 10 (stat.) +4
�2 (syst.) pb 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) pb 59.0+9.7

�9.2 (stat.) +4.4
�3.5 (syst.) pb

SM predictions [7] 19.2 ± 0.9 pb 24.5 ± 1.1 pb 55.5+2.4
�3.4 pb

are presented. The analysis is based on the measurements performed in the individual H ! �� and
H ! ZZ⇤ decay channels.

Higgs boson production is observed in the 13 TeV dataset with a local significance of about 10� (8.6�
expected), and evidence for production via vector boson fusion is seen with a local significance of about
4� (1.9� expected).

Products of Higgs boson production cross sections and branching ratios are measured for a Higgs boson
rapidity |yH | <2.5 for five sets of production processes, ggF, VBF, VHhad, VHlep, and top. In addition,
production cross sections are measured by assuming the SM Higgs branching ratios to �� and ZZ⇤, and
by concurrently determining the ratio of the branching ratios to �� and ZZ⇤.

The global signal strength, defined as as the ratio of the observed total signal yield to the SM expectation,
is measured to be µ = 1.13 +0.18

�0.17.

The cross section of pp ! H + X in the full phase space is determined from fiducial cross section
measurements to be 59.0+9.7

�9.2 (stat.) +4.4
�3.5 (syst.) pb. Using also previous measurements at 7 and 8 TeV,

the centre-of-mass dependence of the total Higgs production cross section is compared to theoretical
predictions.

No significant deviation from the Standard Model predictions is observed.
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Combined signal strength:  

•  Higgs boson production is observed in the 13 TeV dataset with a local 
significance of about 10 σ (8.6 σ expected) 

•  No significant deviation from the Standard Model predictions is 
observed 

Parameter value norm. to SM value

5− 4− 3− 2− 1− 0 1 2 3 4 5

topσ

VHlepσ

VHhadσ

VBFσ

ggFσ

ATLAS Preliminary =125.09 GeVHm
 (ZZ)-1), 14.8 fbγγ (-1=13 TeV, 13.3 fbs

Observed 68% CL SM Prediction

Figure 4: Cross sections for ggF, VBF, VHhad, VHlep and top measured with the assumption of SM branching
fractions. The fit results are normalised to the SM predictions for the various parameters and the grey bands
indicate the theoretical uncertainties in these predictions. The blue error bars show the full uncertainty, including
experimental uncertainties and theoretical uncertainties that impact the measurements.

4.3 Parameterisation using ratios of cross sections and of branching fractions

The third model provides measurements of ratios of cross sections and of branching fractions extracted
from a combined fit to the data by normalising the production cross section for process i to ggF and
the branching ratio for final state f to BZZ . The product of the cross section and the branching fraction
(� · B) f

i can then be expressed using the ratios as:

(� · B) f
i = (� · B)ZZ

ggF ·
 
�i

�ggF

!
·
 

B f

BZZ

!
, (2)
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contribution to the zero-jet category but represents a
significant fraction of the total background in categories
with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and
“ggF-enriched”). The VBF process is characterized by
two quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These and
other event properties are inputs to a boosted decision tree
(BDT) algorithm [16] that yields a single-valued discrimi-
nant to isolate the VBF process. A separate analysis based
on a sequence of individual selection criteria provides a
cross-check of the BDT analysis. The ggF-enriched sample
contains all events with two or more jets that do not pass
either of the VBF selections.
Due to the large Drell-Yan and top-quark backgrounds in

events with same-flavor leptons or with jets, the most
sensitive signal region is in the eμ zero-jet final state. The
dominant background to this category is WW production,
which is effectively suppressed by exploiting the properties
of W boson decays and the spin-0 nature of the Higgs
boson (Fig. 3). This property generally leads to a lepton
pair with a small opening angle [17] and a correspondingly
low invariant mass mll, broadly distributed in the range
below mH=2. The dilepton invariant mass is used to select
signal events, and the signal likelihood fit is performed in
two ranges of mll in eμ final states with nj ≤ 1.
Other background components are distinguished by pl2

T ,
the magnitude of the transverse momentum of the lower-pT

lepton in the event (the “subleading” lepton). In the signal
process, one of the W bosons from the Higgs boson decay
is off shell, resulting in relatively low subleading lepton pT
(peaking near 22 GeV, half the difference between the
Higgs and W boson masses). In the background from W
bosons produced in association with a jet or photon
(misreconstructed as a lepton) or an off-shell photon
producing a low-mass lepton pair (where one lepton is
not reconstructed), the pl2

T distribution falls rapidly with
increasing pT. The eμ sample is therefore subdivided into
three regions of subleading lepton pT for nj ≤ 1. The jet
and photon misidentification rates differ for electrons and
muons, so this sample is further split by subleading lepton
flavor.
Because of the neutrinos produced in the signal process,

it is not possible to fully reconstruct the invariant mass of
the final state. However, a “transverse mass”mT [18] can be
calculated without the unknown longitudinal neutrino
momenta:

mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll

T þ pνν
T Þ2 − jpllT þ pννT j2

q
; ð1Þ

where Ell
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpll

T Þ2 þ ðmllÞ2
p

, pννT (pllT ) is the vector
sum of the neutrino (lepton) transverse momenta, and pνν

T
(pll

T ) is its modulus. The distribution has a kinematic upper
bound at the Higgs boson mass, effectively separating
Higgs boson production from the dominant nonresonant
WW and top-quark backgrounds. For the VBF analysis, the
transverse mass is one of the inputs to the BDT distribution
used to fit for the signal yield. In the ggF and cross-check
VBF analyses, the signal yield is obtained from a direct fit
to the mT distribution for each category.
Most of the backgrounds are modeled using Monte Carlo

samples normalized to data, and include theoretical uncer-
tainties on the extrapolation from the normalization region

FIG. 2. Analysis divisions in categories based on jet multiplic-
ity (nj) and lepton-flavor samples (eμ and ee=μμ). The most
sensitive signal region for ggF production is nj ¼ 0 in eμ, while
for VBF production it is nj ≥ 2 in eμ. These two samples are
underlined. The eμ samples with nj ≤ 1 are further subdivided as
described in the text.

FIG. 3. Illustration of the H → WW decay. The small arrows
indicate the particles’ directions of motion and the large double
arrows indicate their spin projections. The spin-0 Higgs boson
decays toW bosons with opposite spins, and the spin-1W bosons
decay into leptons with aligned spins. TheH andW boson decays
are shown in the decaying particle’s rest frame. Because of the
V − A decay of the W bosons, the charged leptons have a small
opening angle in the laboratory frame. This feature is also present
when one W boson is off shell.
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contribution to the zero-jet category but represents a
significant fraction of the total background in categories
with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and
“ggF-enriched”). The VBF process is characterized by
two quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These and
other event properties are inputs to a boosted decision tree
(BDT) algorithm [16] that yields a single-valued discrimi-
nant to isolate the VBF process. A separate analysis based
on a sequence of individual selection criteria provides a
cross-check of the BDT analysis. The ggF-enriched sample
contains all events with two or more jets that do not pass
either of the VBF selections.
Due to the large Drell-Yan and top-quark backgrounds in

events with same-flavor leptons or with jets, the most
sensitive signal region is in the eμ zero-jet final state. The
dominant background to this category is WW production,
which is effectively suppressed by exploiting the properties
of W boson decays and the spin-0 nature of the Higgs
boson (Fig. 3). This property generally leads to a lepton
pair with a small opening angle [17] and a correspondingly
low invariant mass mll, broadly distributed in the range
below mH=2. The dilepton invariant mass is used to select
signal events, and the signal likelihood fit is performed in
two ranges of mll in eμ final states with nj ≤ 1.
Other background components are distinguished by pl2

T ,
the magnitude of the transverse momentum of the lower-pT

lepton in the event (the “subleading” lepton). In the signal
process, one of the W bosons from the Higgs boson decay
is off shell, resulting in relatively low subleading lepton pT
(peaking near 22 GeV, half the difference between the
Higgs and W boson masses). In the background from W
bosons produced in association with a jet or photon
(misreconstructed as a lepton) or an off-shell photon
producing a low-mass lepton pair (where one lepton is
not reconstructed), the pl2

T distribution falls rapidly with
increasing pT. The eμ sample is therefore subdivided into
three regions of subleading lepton pT for nj ≤ 1. The jet
and photon misidentification rates differ for electrons and
muons, so this sample is further split by subleading lepton
flavor.
Because of the neutrinos produced in the signal process,

it is not possible to fully reconstruct the invariant mass of
the final state. However, a “transverse mass”mT [18] can be
calculated without the unknown longitudinal neutrino
momenta:

mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll

T þ pνν
T Þ2 − jpllT þ pννT j2

q
; ð1Þ

where Ell
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpll

T Þ2 þ ðmllÞ2
p

, pννT (pllT ) is the vector
sum of the neutrino (lepton) transverse momenta, and pνν

T
(pll

T ) is its modulus. The distribution has a kinematic upper
bound at the Higgs boson mass, effectively separating
Higgs boson production from the dominant nonresonant
WW and top-quark backgrounds. For the VBF analysis, the
transverse mass is one of the inputs to the BDT distribution
used to fit for the signal yield. In the ggF and cross-check
VBF analyses, the signal yield is obtained from a direct fit
to the mT distribution for each category.
Most of the backgrounds are modeled using Monte Carlo

samples normalized to data, and include theoretical uncer-
tainties on the extrapolation from the normalization region

FIG. 2. Analysis divisions in categories based on jet multiplic-
ity (nj) and lepton-flavor samples (eμ and ee=μμ). The most
sensitive signal region for ggF production is nj ¼ 0 in eμ, while
for VBF production it is nj ≥ 2 in eμ. These two samples are
underlined. The eμ samples with nj ≤ 1 are further subdivided as
described in the text.

FIG. 3. Illustration of the H → WW decay. The small arrows
indicate the particles’ directions of motion and the large double
arrows indicate their spin projections. The spin-0 Higgs boson
decays toW bosons with opposite spins, and the spin-1W bosons
decay into leptons with aligned spins. TheH andW boson decays
are shown in the decaying particle’s rest frame. Because of the
V − A decay of the W bosons, the charged leptons have a small
opening angle in the laboratory frame. This feature is also present
when one W boson is off shell.
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•  Large rate but worse mass 
resolution due to the two missing 
neutrinos 

•  Categorization: split by lepton 
flavor and number of jets due to 
different background composition 

•  Use transverse mass (mT) or BDT 
score as discriminants:  
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Electron identification is based on a likelihood technique
[23] that improves background rejection. An improved
definition of missing transverse momentum, pmiss

T based on
tracks, is introduced in the analysis since it is robust against
pile-up and provides improved resolution with respect to
the true value of missing transverse momentum.
Signal acceptance is increased by 75% (50%) in the

nj ¼ 0 (1) category. This is achieved by lowering the pl2
T

threshold to 10 GeV. Dilepton triggers are included in
addition to single lepton triggers, which allows reduction of
the pl1

T threshold to 22 GeV. The signal kinematic region in
the nj ≤ 1 categories is extended from 50 to 55 GeV. The
total signal efficiency, including all signal categories and
production modes, at 8 TeVand for a Higgs boson mass of
125.36 GeV increased from 5.3% to 10.2%.

Themethods used to estimate nearly all of the background
contributions in the signal region are improved. These
improvements lead to a better understanding of the normal-
izations and thus the systematic uncertainties. The rejection
of the top-quark background is improved by applying a veto
on b-jets with pT > 20 GeV, which is below the nominal
25 GeV threshold in the analysis. A new method of
estimating the jet b-tagging efficiency is used. It results
in the cancellation of theb-tagging uncertainties between the
top-quark control region and signal regions in the nj ¼ 1
categories. The Z=γ" → ττ background process is normal-
ized to the data in a dedicated high-statistics control region in
the nj ≤ 1 and nj ≥ 2 ggF-enriched categories. The VV
backgrounds are normalized to the data using a new control
region, based on a sample with two same-charge leptons.
Introducing this new control region results in the cancella-
tion of most of the theoretical uncertainties on the VV
backgrounds. The multijet background is now explicitly
estimated with an extrapolation factor method using a
sample with two anti-identified leptons. Its contribution is
negligible in the nj ≤ 1 category, but it is at the same level as
W þ jets background in the nj ≥ 2 ggF-enriched category.
A large number of improvements are applied to the estima-
tion of the W þ jets background, one of them being an
estimation of the extrapolation factor using Z þ jets instead
of dijet data events.
Signal yield uncertainties are smaller than in the previous

analysis. The uncertainties on the jet multiplicity distribu-
tion in the ggF signal sample, previously estimated with the
Stewart-Tackmann technique [80], are now estimated with
the jet-veto-efficiency method [79]. This method yields
more precise estimates of the signal rates in the exclusive
jet bins in which the analysis is performed.
The nj ≥ 2 sample is divided into VBF- and ggF-

enriched categories. The BDT technique, rather than a
selection-based approach, is used for the VBF category.
This improves the sensitivity of the expected VBF results
by 60% relative to the previously published analysis. The
ggF-enriched category is a new subcategory that targets
ggF signal production in this sample.
In summary, the analysis presented in this paper brings

a gain of 50% in the expected significance relative to the
previous published analysis [5].

IX. RESULTS AND INTERPRETATIONS

Combining the 2011 and 2012 data in all categories, a
clear excess of signal over the background is seen in
Fig. 35. The profile likelihood fit described in Sec. VII B is
used to search for a signal and characterize the production
rate in the ggF and VBF modes. Observation of the
inclusive Higgs boson signal, and evidence for the VBF
production mode, are established first. Following that, the
excess in data is characterized using the SM Higgs boson
as the signal hypothesis, up to linear rescalings of the
production cross sections and decay modes. Results include
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FIG. 35 (color online). Postfit combined transverse mass
distributions for nj ≤ 1 and for all lepton-flavor samples in the
7 and 8 TeV data analyses. The plot in (b) shows the residuals of
the data with respect to the estimated background compared
to the expected distribution for an SM Higgs boson with
mH ¼ 125 GeV; the error bars on the data are statistical
(

ffiffiffiffiffiffiffiffiffi
Nobs

p
). The uncertainty on the background (shown as the

shaded band around 0) is at most about 25 events per mT bin
and partially correlated between bins. Background processes are
scaled by postfit normalization factors and the signal processes by
the observed signal strength μ from the likelihood fit to all
regions. Their normalizations also include effects from the pulls
of the nuisance parameters.
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Figure 9. The value of the test statistic as a function of µWH and µZH , for mH = 125.36 GeV.
The contours correspond to the values of (µWH , µZH) associated with the 68%, 90% and 95%
confidence levels. The black cross indicates the best fit to the data and the open circle represents
the SM expectation (µWH , µZH)=(1,1).

Signal significance Z0

Category Exp. Obs. Obs.

Z0 Z0 Z0

ggF 4.4 4.2

VBF 2.6 3.2

V H 0.93 2.5

WH only 0.77 1.4

ZH only 0.30 2.0

ggF+VBF+V H 5.9 6.5

0 1 2 3 4 5 6 7

Observed signal strength µ

µ Tot. err. Syst. err. µ

+ − + −

0.98 0.29 0.26 0.22 0.18

1.28 0.55 0.47 0.32 0.25

3.0 1.6 1.3 0.95 0.65

2.1 1.9 1.6 1.2 0.79

5.1 4.3 3.1 1.9 0.89

1.16 0.24 0.21 0.18 0.15

0 1 2 3 4 5 6 7 8 9 10

Table 15. The signal significance Z0, and the signal strength µ evaluated for the different pro-
duction modes: ggF, VBF and V H for mH = 125.36GeV, for the 8TeV and 7TeV data combined.
The two plots represent the observed significance and the observed µ. In the µ plot the statistical
uncertainty (stat.) is represented by the thick line, the total uncertainty (tot.) by the thin line.
Combinations of different categories (in red) are shown too. All values are computed for a Higgs
boson mass of 125.36GeV.

8.5 Measurement of the couplings to vector bosons and fermions

The values of µggF, µVBF and µV H can be used to test the compatibility of the bosonic

and fermionic couplings of the Higgs boson with the SM prediction using the formalism

developed in ref. [21]. Assuming the validity of the SU(2) custodial symmetry and a

universal scaling of the fermion couplings relative to the SM prediction, two parameters

are defined: the scale factor for the SM coupling to the vector bosons (κV ) and the scale

factor for the coupling to the fermions (κF ). Loop-induced processes are assumed to scale

as in the SM. The H → ττ contribution is treated as signal and its yield is parameterised

as a function of κV and κF . The total width of the Higgs boson can be expressed as the

– 39 –

ggF: 4.4 σ 

VBF: 2.6 σ 

Combined: 6.5 σ 
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Figure 12. Distributions of the reconstructed invariant ττ mass, mMMC
ττ , where events are

weighted by ln(1 + S/B) for all channels. These weights are determined by the signal (S) and
background (B) predictions for each BDT bin. The bottom panel in each plot shows the difference
between weighted data events and weighted background events (black points), compared to the
weighted signal yields. The background predictions are obtained from the global fit with the
mH = 125 GeV signal hypothesis (signal strength µ = 1.4). The mH = 125 GeV signal is plotted
with a solid red line, and, for comparison, signals for mH = 110 GeV (blue) and mH = 150 GeV
(green) are also shown. The signal normalisations are taken from fits to data with the corresponding
signal mass hypotheses, and the fitted µ values are given in the figure. The signal strengths are
shown for the Standard Model expectations (µ = 1) in (a), while in (b) the best-fit values are used.

uncertainties on the inclusive cross section due to the QCD scale and the PDF choice as well

as the uncertainty on the branching ratio H → ττ ; however, theoretical uncertainties on the

acceptance of the signal regions from the QCD scale and PDF choice are retained, along

with the uncertainties due to underlying event and parton shower, and the electroweak

correction on VBF production. Table 14 gives the measured values for the total cross

section at 7 and at 8 TeV, as well as the measured values at 8 TeV for gluon fusion

production and for VBF and V H production separately.

10 Cross-check with cut-based analysis

The search for the SM Higgs boson presented above is cross-checked for the dataset collected

at
√
s = 8 TeV in an analysis where cuts on kinematic variables are applied. This search

uses improved definitions of event categories and an improved fit model with respect to

results previously published for the
√
s = 7 TeV dataset [21]. To allow a straightforward

comparison of results, the multivariate and cut-based analyses have common components.

The two analyses are performed for the same three channels, τlepτlep, τlepτhad and τhadτhad,

they use the same preselection and share the same strategy for the estimation of background

contributions and systematic uncertainties. As in the multivariate analysis, the irreducible

– 43 –

H→ττ (Run 1) 
•  ττ has 3 final states: 

–  Fully leptonic: 12.4% 
–  Semi-leptonic: 45.6% 
–  Hadronic: 42% 

•  Experimentally challenging 
•  Boosted ggF and VBF are most 

sensitive categories 
•  Z→ττ is estimated using Z→µµ data 

where µ is replace by simulated τ 
(2015 JINST 10 P09018) 

•  Data-driven method to estimate τ-
fakes 

•  mττ is reconstructed with kinematic fit 
method (missing mass calculator) 
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Figure 1. The reconstructed invariant ττ mass, mMMC
ττ for H → ττ (mH = 125 GeV) and Z → ττ

events in MC simulation and embedding respectively, for events passing (a) the VBF category
selection and (b) the boosted category selection in the τlepτhad channel.

space into multiple regions where signal or background purities are enhanced. Boosting

is a method which improves the performance and stability of decision trees and involves

the combination of many trees into a single final discriminant [25, 26]. After boosting,

the final score undergoes a transformation to map the scores on the interval −1 to +1.

The most signal-like events have scores near 1 while the most background-like events have

scores near −1.

Separate BDTs are trained for each analysis category and channel with signal and

background samples, described in section 6, at
√
s = 8 TeV. They are then applied to

the analysis of the data at both centre-of-mass energies. The separate training naturally

exploits differences in event kinematics between different Higgs boson production modes.

It also allows different discriminating variables to be used to address the different back-

ground compositions in each channel. A large set of potential variables was investigated, in

each channel separately, and only those variables which led to an improved discrimination

performance of the BDT were kept. For the training in the VBF category, only a VBF

Higgs production signal sample is used, while training in the boosted category uses ggF,

VBF, and V H signal samples. The Higgs boson mass is chosen to be mH = 125 GeV for

all signal samples. The BDT input variables used at both centre-of-mass energies are listed

in table 5. Most of these variables have straightforward definitions, and the more complex

ones are defined in the following.

• ∆R(τ1, τ2): the distance ∆R between the two leptons, between the lepton and τhad,

or between the two τhad candidates, depending on the decay mode.

• pTotalT : magnitude of the vector sum of the transverse momenta of the visible tau

decay products, the two leading jets, and Emiss
T .

– 14 –
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Figure 10. The best-fit value for the signal strength µ in the individual channels and their
combination for the full ATLAS datasets at

√
s = 7 TeV and

√
s = 8 TeV. The total ±1σ uncer-

tainty is indicated by the shaded green band, with the individual contributions from the statistical
uncertainty (top, black), the experimental systematic uncertainty (middle, blue), and the theory
uncertainty (bottom, red) on the signal cross section (from QCD scale, PDF, and branching ratios)
shown by the error bars and printed in the central column.

The normalisation uncertainties on the Z → ττ embedded sample are correlated across

the categories in each respective channel. The global fit also constrains the normalisation

for Z → ττ more strongly than for the Z → ## and top-quark background components, as

the low BDT-score region is dominated by Z → ττ events.

The measurement of the overall signal strength discussed above does not give direct

information on the relative contributions of the different production mechanisms. There-

fore, the signal strengths of different production processes contributing to the H → ττ

decay mode are determined, exploiting the sensitivity offered by the use of the event cat-

egories in the analyses of the three channels. The data are fitted separating the vector-

boson-mediated VBF and V H processes from gluon-mediated ggF processes. Two signal

strength parameters, µττ
ggF and µττ

VBF+VH, which scale the SM-predicted rates to those ob-
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H→ττ (Run 1) 
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•  Use BDT method to improve 
sensitivity 

•  Signal extraction by fitting 
the BDT score  
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Channel and Category Expected Significance (σ) Observed Significance (σ)

τlepτlep VBF 1.15 1.88

τlepτlep Boosted 0.57 1.72

τlepτlep Total 1.25 2.40

τlepτhad VBF 2.11 2.23

τlepτhad Boosted 1.11 1.01

τlepτhad Total 2.33 2.33

τhadτhad VBF 1.70 2.23

τhadτhad Boosted 0.82 2.56

τhadτhad Total 1.99 3.25

Combined 3.43 4.54

Table 12. The expected and observed significances of the signal in each channel and category for
the combined 7 and 8 TeV datasets.

Source of Uncertainty Uncertainty on µ

Signal region statistics (data) +0.27
−0.26

Jet energy scale ± 0.13

Tau energy scale ± 0.07

Tau identification ± 0.06

Background normalisation ± 0.12

Background estimate stat. ± 0.10

BR (H → ττ) ± 0.08

Parton shower/Underlying event ± 0.04

PDF ± 0.03

Total sys. +0.33
−0.26

Total +0.43
−0.37

Table 13. Important sources of uncertainty on the measured signal-strength parameter µ. The
contributions are given as absolute uncertainties on the best-fit value of µ = 1.43. Various sub-
components are combined assuming no correlations.

As discussed in section 8, the dominant uncertainties on the measurement of the signal-

strength parameters include statistical uncertainties on the data from the signal regions,

uncertainties on the jet and tau energy scales, uncertainties on the normalisation of the

Z → ττ and tt̄ background components as well as theoretical uncertainties. The contribu-

tions of each of these significant sources to the uncertainty of the measured signal strength

are summarised in table 13.

– 40 –
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Lep, had channel is the most sensitive channel 



            VH, H→bb (Run 2) 
•  Largest BR (~58%). ggF events can not trigger 

detector. Rely on VH production to trigger 
•  Signal mass resolution is worse.  
It includes  
•  0-lepton (ZH, Z→νν),  

–  Missing ET > 150 GeV 
•  1-lepton (WH, W→lν) 

–  Electron or muon, pT > 25 GeV 
–  Tight isolation 
–  Missing ET > 30 GeV 
–  pT

V>150 GeV 
•  2-lepton (ZH, Z→ll) channels 

–  Isolated di-electron or di-muon 
–  Leading lepton pT > 25 GeV, sub-leading lepton  

pT > 7 GeV 
–  71 < mll < 121 GeV 
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ATLAS-CONF-2016-091 
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            VH, H→bb (Run 2) 

•  For 0-lepton and 2-lepton channels, the main background is 
Z + heavy flavor production 

•  For 1-lepton channel, W and top are main backgrounds 
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Figure 1: The Emiss
T (top left), mW

T (middle left), mll (bottom left) and mbb (right) post-fit distributions in the
0-lepton (top) 1-lepton (middle) and 2-lepton (bottom) channels for 2-jet, 2 b-tag events in the high pVT region. The
background contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal
(mH = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds as expected from the SM (indicated
as µ = 1.0). The dashed histogram shows the total background as expected from the pre-fit MC simulation. The size
of the combined statistical and systematic uncertainty on the sum of the signal and fitted background is indicated by
the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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Figure 1: The Emiss
T (top left), mW

T (middle left), mll (bottom left) and mbb (right) post-fit distributions in the
0-lepton (top) 1-lepton (middle) and 2-lepton (bottom) channels for 2-jet, 2 b-tag events in the high pVT region. The
background contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal
(mH = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds as expected from the SM (indicated
as µ = 1.0). The dashed histogram shows the total background as expected from the pre-fit MC simulation. The size
of the combined statistical and systematic uncertainty on the sum of the signal and fitted background is indicated by
the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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Figure 1: The Emiss
T (top left), mW

T (middle left), mll (bottom left) and mbb (right) post-fit distributions in the
0-lepton (top) 1-lepton (middle) and 2-lepton (bottom) channels for 2-jet, 2 b-tag events in the high pVT region. The
background contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal
(mH = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds as expected from the SM (indicated
as µ = 1.0). The dashed histogram shows the total background as expected from the pre-fit MC simulation. The size
of the combined statistical and systematic uncertainty on the sum of the signal and fitted background is indicated by
the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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For all lepton channels combined the observed limit on the ratio of the cross section times branching ratio
with respect to the SM expectation for mH = 125 GeV is 1.2, to be compared to an expected limit, in
the absence of signal, of 1.0+0.4

�0.3. The probability p0 of obtaining from background alone a result at least
as signal-like as the observation is 34% for a tested Higgs boson mass of 125 GeV. In the presence of a
Higgs boson with that mass and the SM signal strength, the expected p0 value is 3%. This corresponds to
an observed excess with a significance of 0.42 standard deviations, to be compared to an expectation of
1.94 standard deviations. Table 8 shows the expected and observed 95% CL limits, p0 and significance
values for the seperate lepton channel fits and for the lepton channels combined in the global fit. For all

Dataset
Limit p0 Significance

Exp. Obs. Exp. Obs. Exp. Obs.
0-lepton 1.4+0.6

�0.4 2.0 0.07 0.15 1.45 1.02
1-lepton 2.0+0.8

�0.6 2.1 0.15 0.46 1.04 0.10
2-lepton 1.8+0.7

�0.5 1.7 0.13 0.57 1.14 �0.17
Combined 1.0+0.4

�0.3 1.2 0.03 0.34 1.94 0.42

Table 8: The expected and observed 95% CL limits on the ratio of the cross-section times branching ratio with respect
to the SM expectation and p0 and significance values for the individual lepton channels and their combination. The
expected limits are evaluated assuming the absence of signal and the expected p0 and significance assuming a Higgs
boson of 125 GeV mass with the SM signal strength.

channels combined the fitted value of the signal-strength parameter is µ = 0.21+0.36
�0.35(stat.) ± 0.36(syst).

Fits are also performed in the case of the three lepton channels combined, where the signal strengths are
floated independently for (i) the W H and Z H production processes, or (ii) the three lepton channels, but
leaving all other NPs with the same correlations as the nominal result. The results of these fits are shown
in Fig. 3. Figure 4 shows the data, background and signal yields, where final-discriminant bins in all
signal regions are combined into bins of log(S/B). Here, S is the expected signal yield and B is the fitted
background yield.

The ranking of the systematic uncertainties in the global likelihood fit are shown in Fig. 5. The NPs are
ordered by decreasing post-fit impact on µ. The five systematic uncertainties with the largest impact are
the two leading b-jet e�ciency uncertainties, the leading c-jet e�ciency uncertainty, the W + HF and
Z + HF normalisations.

8.2. Diboson validation

As outlined in Section 4, BDTs have also been trained to select V Z diboson as the signal to validate the
techniques and modelling used in the Higgs boson analysis. The validation results are obtained using
the maximum likelihood fits described in Section 7 in an identical manner as for the signal fit, but using
the BDTVZ output as the final discriminant and with the V Z signal-strength parameter, µVZ , freely
floating. The diboson and Higgs boson BDTs provide su�cient separation between the V Z and V H
processes such that they only have a weak correlation in their results. The Higgs boson signal-strength
parameter, µ, is set to the SM prediction with a 50% uncertainty assigned on the normalisation. A value
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•  Observed (expected) 
significance is 0.42 
(1.94) σ 

ATLAS-CONF-2016-091 
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Figure 3: The fitted values of the Higgs boson signal-strength parameter, µ, for mH = 125 GeV for the W H and Z H
processes and their combination (left) and for the 0-, 1- and 2-lepton channels and their combination (right). The
individual µ values in either the case of the (W/Z )H processes or individual lepton channels are obtained from a
simultaneous fit with the signal strength for each of the processes or lepton channels floated independently.
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Figure 4: Event yields as a function of log(S/B) for data, background and Higgs boson signal with mH = 125 GeV.
Final-discriminant bins in all signal regions are combined into bins of log(S/B). The signal S and background B
yields are the expected and fitted values, respectively. The Higgs boson signal contribution is shown as expected for
the SM cross section (indicated as µ = 1.0). The pull of the data with respect to the background-only prediction is
shown without systematic uncertainties. The solid red line indicates the pull of the prediction for signal (µ = 1.0)
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Results H®bb in association with a W or Z

➢ Combined signal strength with 13.2 fb-1 of 
pp collisions at √s= 13 TeV

➢

➢

➢

➢ Systematic and statistical uncertainties of 
the same size

➢ Dominant systematics from b-tagging and 
background normalization & modelling 
(W+jets, Z+jets, top)

μVH , H → bb=0.21−0.50
+0.51

➢ Fit cross checked with di-boson signal 

(WZ+ZZ with Z→bb) 
➢ Observed significance: 3.2s  

μVZ=0.91±0.17(stat)−0.23
+0.32(sys)
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•  Single photon is used to 
trigger detector at the 
first level (L1) 

•  Use BDT method to 
separate the events into 
three categories 
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Figure 8: Invariant mass distributions for each of the three BDT regions considered in the likelihood fit. Contributions
are included from the Higgs boson signal, Z + � production through strong and electroweak processes, and non-
resonant bb̄ background. The Higgs boson signal distributions are scaled to signal strength µ = 10. The blue line
in the lower panels shows the statistical and systematic uncertainties combined.
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7 Results

A test statistic based on the profile likelihood function in Equation 3 is used to quantify the compatibility
of the dataset with the signal hypothesis of Higgs boson or Z boson production. Distributions of the test
statistic under the signal and null hypotheses are estimated using asymptotic approximations [36]. In the
absence of an observation in this dataset, a 95% CL upper limit is defined and presented using the CLs

technique [37].

Two di�erent fit configurations are used to perform independent searches for H ! bb̄ + � and Z ! bb̄ +
� production. When H + � is the signal of interest, the electroweak Z� j j contribution, the strong Z� j j
contribution, and the non-resonant bb� j j contribution are all treated as background. In the search for
Z+�, both the electroweak and strong production comprise the signal of interest, while the H� j j and non-
resonant production are treated as background. In this case, the Higgs boson signal-strength parameter
µ is set to the SM prediction with a 50% uncertainty on the normalisation. The relative contributions
of signal and background are controlled in the fit by the signal strength parameter, µ, which multiplies
the signal sample yield in each analysis bin. The results for the signal significance and production cross
section limit use bins defined in two dimensions:

• BDT discriminant output: three bins between �1.0 and 1.0 with boundaries at �0.1 and 0.1,

• mbb : bins 10 GeV wide in di�erent ranges for each BDT region: 50 to 450 GeV (low), 50 to
350 GeV (medium), 50 to 250 GeV (high).

Invariant mass distributions from the three BDT bins are shown in Figure 8.

Results from the likelihood fit to the mbb distributions are shown in Table 2. Fewer events than expected
are observed near 125 GeV in the high-BDT signal region, while the numbers of events in the other BDT
regions are consistent with expectations. This observation leads to a negative value of µ̂ and an observed
limit stronger than the expected limit. A similar e�ect is observed in the Z + � fit. The results are
consistent whether the fit is performed independently for the H + � and Z + � signal strengths or the fit is
performed for both signals simultaneously.

Result H (! bb̄) + � j j Z (! bb̄) + � j j

Expected significance 0.4 1.3
Expected p-value 0.4 0.1
Observed p-value 0.9 0.4
Expected limit 6.0 +2.3

�1.7 1.8 +0.7
�0.5

Observed limit 4.0 2.0
Observed signal strength µ ≠3.9 +2.8

�2.7 0.3 ±0.8

Table 2: Results from the statistical interpretation of search results, combining the three BDT bins.
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ttH (Run 2) 
•  Direct probe of top Yukawa coupling 
•  Search for the ttH production in 

–  ttH, H->bb: largest branching ratio (58%) 
–  ttH, H->multi-leptons (contributions from WW/ZZ/ττ 

decays, including τ leptonic and hadronic decays)  
–  ttH, H→γγ 
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF
production processes.
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Figure 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq ! VH and
(b, c) gg! ZH production processes.
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Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and
qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although

4

Representative LO diagrams 
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•  Main background is ttbar + heavy 
flavor production 

•  Events are classified with BDT or  
Neural Network (NN) methods 

ATLAS-CONF-2016-080 

divided into four, five, or six or more jets, and two, three, or four or more b-tagged jets, as illustrated in
Figure 3. In this case, the signal regions are chosen to be (5j, � 4b), (� 6j, 3b), and (� 6j, � 4b). The
background is dominated by tt̄ events in all regions, while tt̄ events with additional heavy-flavour jets are
especially important in the signal regions. Figure 4 shows the data compared to the background prediction
in each of these regions. A discrepancy is observed in regions with a large fraction of tt̄ +HF events. It is
discussed in Section 6 and addressed in the fit model.
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Events yields at different analysis 
bins ordered by log10(S/B) 
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ATLAS-CONF-2016-058 

Signature: 2-4 leptons 
Categories: 
•  Two same-charge light leptons 

+ no τhad 
•  Two same-charge light leptons 

+ one τhad 
•  Three light leptons 
•  Four light leptons 
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Figure 16: Additional characteristics of events in the 2`1⌧had signal region: (a) number of jets; (b) number of tracks
in the ⌧had candidate. The signal is set to the SM expectation (µt t̄H = 1) and the background expectation is pre-fit
(using initial values of the background systematic uncertainty nuisance parameters). The hatched region shows the
total uncertainty on the background plus SM signal prediction in each bin. Charge misreconstruction backgrounds
are indicated as “QMisReco.”
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Figure 17: Expected contribution to the background in each channel from various sources, using values of the
background estimates before the fit. Charge misreconstruction backgrounds are indicated as “QMisReco.”
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Main backgrounds: 
•  ttW, ttZ: estimated from simulation 
•  Di-boson: estimated from simulation 
•  Non-prompt light leptons: estimated from data control regions 
•  Electron charge mis-identification: estimated from data Z events 
•  Hadronic τ mis-reconstruction:  estimated from simulation and 

normalized to data control region 
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Figure 4: Pre-fit background and signal predictions and observed data yields for each signal region. The tt̄H
prediction corresponds to the SM expectation (µt t̄H = 1). Charge misreconstruction backgrounds are indicated as
“QMisReco.”

CLs value [57]. Production of tt̄H is assumed to be SM-like in kinematic distributions. Single top-Higgs
boson associated production is fixed to the SM rate.

The best-fit value of µt t̄H , combining all channels, is 2.5 ± 0.7 (stat) +1.1
�0.9 (syst). The best-fit value of and

95% CL upper limit on µt t̄H for each individual channel and the combination of all channels are shown
in Figures 5 and 6 and Table 8. For the 4` channel, the observation of zero events makes it di�cult to
quote a best-fit result with meaningful uncertainties, and a 68% confidence level CLs upper limit is shown
instead. In the presence of the SM tt̄H signal, the fit is expected to return µt t̄H = 1.0 +0.7

�0.6 (stat) +0.9
�0.8 (syst).

The p-value associated with the no-tt̄H hypothesis is 0.015 (2.2�), and the p-value associated with the
SM expectation µt t̄H = 1 is 0.09 (1.3�).

Figures 7, 8, and 9 show the lepton flavor composition, jet, and b-tagged jet multiplicity of the events in
the 2`0⌧had, 2`1⌧had, and 3` signal regions.
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QMisReco: charge mis-ID 
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Summary of the ttH signal strength measurements (left) and upper limits (right).

Expected and observed significance with respect to background-only hypothesis.

ttH analyses: combination

J. Keller (DESY) 18

ATLAS-CONF-2016-068

ATLAS-CONF-2016-068 

Summary of the ttH signal strength measurements (left) and upper limits (right).

Expected and observed significance with respect to background-only hypothesis.

ttH analyses: combination

J. Keller (DESY) 18

ATLAS-CONF-2016-068

Signal strength measurement:  
•  Central value is compatible 

with Run 1  measurement 
•  Uncertainty is smaller 

compared with Run 1 



Summary 
•  Most of Higgs results have been updated to use Run 2 data 
•  With 13 TeV data, Higgs boson is observed again 

(significance is ~10 σ) 
•  No significant deviation from the Standard Model 

expectations is observed.  

Outlook for Run 2: 
•  It is expected to have 100 fb-1 for the whole LHC Run 2 (by 

2018). We are going to measure the Higgs boson with higher 
precision using established channels and keep searching for 
the channels which are not observed yet 
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ATLAS Detector 

15/8/16 Haifeng Li (Stony Brook) - Higgs results in ATLAS 

ATLAS Detector JINST 3 (2008) S08003

Inner Detector;
|⌘| < 2.5
Solenoid 2 T
Tracking and vertexing
�/pT ⇠ 0.05%·pT �1%

Calorimeter;
|⌘| < 4.9
EM : Pb-LAr; �/E ⇠ 10%/

p
E � 0.7%

Had : Fe-Scint.; �/E ⇠ 50%/
p

E �4%

Muon Spectrometer;
|⌘| < 2.7
Air-core toroidal & gas
chambers
�/pT ⇠ 2% @ 50 GeV
�/pT ⇠ 10% @ 1 TeV

40 m long, 25 m high. 100 M read-out channels

Haifeng Li (Stony Brook University) ATLAS High Mass Higgs October 12, 2015 3 / 47
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LHC Run 1 and Run 2 
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ATLAS Upgrade during Shutdown 

•  Innermost silicon pixel 
detector layer (IBL) 

•  33 mm from beam 
•  Improve tracking and bjet 

tagging (~4 times better for light 
flavor jet rejection) 

15/8/16 Haifeng Li (Stony Brook) - Higgs results in ATLAS 
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Table 1: The summary of the selection criteria that define the fiducial regions.
diphoton baseline VBF enhanced single lepton

Photons |⌘| < 1.37 or 1.52 < |⌘| < 2.37
p�1

T > 0.35 m�� and p�2
T > 0.25 m��

Jets - pT > 30 GeV, |y| < 4.4 -
- m j j > 400 GeV, |�y j j| > 2.8 -
- |����, j j| > 2.6 -

Leptons - - pT > 15 GeV
|⌘| < 2.47

the background model with the least number of parameters is chosen. The background distribution is
found to be well modelled in all regions by the exponential of a first- or second-order polynomial, or by
a third- or fourth-order Bernstein polynomial. Exceptions to the procedure above are needed for some
event categories and are discussed further in Section 8.1.

7 Measurement of fiducial and di↵erential cross sections

7.1 Definition of fiducial regions and di↵erential distributions

Fiducial and di↵erential cross sections are measured in several phase space regions. For these measure-
ments, jets are required to have transverse momentum greater than 30 GeV and |y| < 4.4, and electron and
muon candidates are required to have transverse momentum greater than 15 GeV.

Three fiducial phase space regions are defined by the criteria shown in Table 1, they are:

1. Diphoton baseline: The diphoton event selection presented in Section 5.

2. VBF-enhanced: The baseline selection plus at least two jets that have m j j > 400 GeV, �y j j > 2.8,
and ����, j j > 2.6, where m j j is the invariant mass of the dijet system, �⌘ j j is the separation of the
two jets in rapidity, ����, j j is the azimuthal angle between the dijet and the diphoton systems, and
the quantities are computed using the two highest transverse momentum jets in the event.

3. Single-lepton: The baseline selection plus at least one charged lepton. This region is mainly sensi-
tive to the VH production mechanism.

Di↵erential cross sections are measured in bins of the diphoton transverse momentum, the rapidity of the
diphoton system, the cosine of the angle between the beam axis and the photons in the Collins–Soper
frame, the jet multiplicity, the transverse momentum of the leading jet for events with at least one jet
(H + 1jet events), and the azimuthal angle between the leading two jets and the invariant mass of the
leading two jets in events with at least two jets (H + 2jet events). The binning in each variable is chosen
such that each bin has similar expected signal significance.
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Figure 9: The nuisance parameters ranking and pulls on the gluon fusion signal strength (top) and the vector boson
fusion signal strength (bottom) at mH = 125.09±0.24 GeV. The pulls (black dots and bars) correspond to the bottom
axis, while the top axis describes the pre- and post-fit impact on the signal strength (yellow and blue bands).
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Extrac2on	of	Higgs	boson	signal	

•  Signal	extracted	by	fiang	the	diphoton	invariant	mass	(m
γγ
)	spectum	

–  Selec2on:	two	isolated	photons	with	p
T,1
	>	0.35	m

γγ
,	p

T,2
	>	0.25	m

γγ	
and	|η|<	2.37			

(excuding	1.37<|η|<1.52)		

	

–  Signal	model:	double-sided	Crystal	Ball	(parameters	from	simula2on)	

–  Background	model:	exponen2al	of	polynomial,	or	Bernstein	polynomial	

–  Dominant	systema2c:	photon	energy	resolu2on	and	background	choice	bias.		 5	
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Table 2: The expected signal e�ciencies times acceptances, denoted as ✏, and the expected signal event fractions
f per production mode for each category, given for the full phase space (no requirement on |yH |). The number of
expected signal events per production process is also given. The category names denote the particular production
process or kinematic properties the category targets. The statistical uncertainties on the e�ciencies and event
fractions are typically a few percent.

ggH VBF WH ZH tt̄H bb̄H tH jb tWH
Category ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%)
Central low-pTt 12.7 92.7 6.9 3.9 6.3 1.3 6.0 0.8 3.5 0.3 14.2 1.0 4.6 0.1 3.8 0.0
Central high-pTt 1.2 78.2 2.4 12.8 2.1 4.0 1.8 2.2 2.9 2.0 0.4 0.3 3.7 0.4 5.1 0.2
Forward low-pTt 22.0 92.1 12.5 4.1 13.0 1.5 12.7 1.0 5.1 0.2 24.9 1.0 9.5 0.1 4.8 0.0
Forward high-pTt 1.9 76.8 4.1 13.4 3.9 4.6 3.7 2.8 3.6 1.5 0.8 0.3 6.6 0.4 4.8 0.1
VBF loose 0.5 46.3 7.3 51.6 0.2 0.6 0.2 0.4 0.3 0.3 0.4 0.3 3.4 0.5 0.6 0.0
VBF tight 0.1 23.8 5.4 75.5 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 1.2 0.3 0.1 0.0
VH hadronic loose 0.4 64.6 0.4 4.3 3.9 16.5 4.1 11.0 1.7 2.6 0.5 0.6 1.0 0.2 2.2 0.2
VH hadronic tight 0.1 48.9 0.1 2.5 1.8 28.1 1.6 16.9 0.5 3.1 0.0 0.1 0.3 0.2 0.7 0.2
VH Emiss

T 0.0 2.4 0.0 0.6 0.6 28.5 1.9 55.8 0.6 10.9 0.0 0.0 0.3 0.7 1.2 1.0
VH one-lepton 0.0 0.2 0.0 0.0 1.3 83.7 0.1 3.0 0.4 10.4 0.0 0.0 0.4 1.3 1.1 1.3
VH dilepton 0.0 0.0 0.0 0.0 0.0 0.0 1.2 95.1 0.1 4.5 0.0 0.0 0.0 0.0 0.2 0.4
tt̄H hadronic 0.0 3.8 0.0 0.5 0.0 0.3 0.1 0.8 11.5 88.1 0.0 0.2 2.2 2.5 10.1 3.8
tt̄H leptonic 0.0 0.3 0.0 0.1 0.0 0.7 0.0 0.4 8.4 89.3 0.0 0.2 3.1 4.8 8.3 4.3
Total e�ciency (%) 38.9 - 39.2 - 33.2 - 33.5 - 38.6 - 41.2 - 36.2 - 43.1 -
Events 568.8 44.6 13.7 8.9 5.9 5.6 0.8 0.3

8.1.4 Untagged categories

The remaining events are split into four categories, which contain mostly events produced through gluon
fusion. The categorisation separates events with di↵erent expected diphoton invariant mass resolution and
signal-to-background ratio to improve the precision with which the gluon fusion production cross section
is measured.

The central high-pTt and low-pTt categories require both photons to be within |⌘| < 0.95 and select events
with pTt > 70 GeV and pTt < 70 GeV, respectively. The forward high-pTt and low-pTt categories require
at least one photon to have |⌘| > 0.95 and select events with pTt > 70 GeV and pTt < 70 GeV, respectively.
The high-pTt categories improve the separation of gluon fusion and vector boson fusion production due
to the on average higher pTt in vector boson fusion events.

8.1.5 Categorisation summary

The predicted signal e�ciencies, including geometric and kinematic acceptances, and the event fractions
per production mode for each category are given in Table 2, along with the expected number of signal
events per category.

8.2 Statistical procedure to measure simplified template and total production process
cross sections and signal strengths

The statistical procedure follows very closely that of previous analyses [13]. The signal yield in a category
k can be written as a sum over all Higgs boson production processes i with cross section �i,

Nsig
k =

X

i

�i · B(H ! ��) · ✏ik · Aik ·
Z

L dt (3)
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Fraction of each signal process per category
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Figure 15: The expected composition of the event categories for the full kinematic phase space.

Table 6: The e↵ective signal mass resolutions �68 and �90 in each event category, where �68 (�90) is defined as half
of the smallest interval expected to contain 68% (90%) of the signal events for a mass mH = 125.09 GeV.

�68 [GeV] �90 [GeV]
Central low-pTt 1.60 2.72
Central high-pTt 1.39 2.36
Forward low-pTt 2.07 3.65
Forward high-pTt 1.84 3.22
VBF loose 1.68 2.96
VBF tight 1.53 2.73
VH hadronic loose 1.65 2.90
VH hadronic tight 1.49 2.61
VH Emiss

T 1.65 2.86
VH one-lepton 1.68 2.99
VH dilepton 1.73 2.99
tt̄H hadronic 1.60 2.87
tt̄H leptonic 1.65 2.85
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Figure 11: The di↵erential cross section for pp ! H ! �� as a function of the jet multiplicity. The left panel
shows the cross section in bins of exclusive jet multiplicity and the data and theoretical predictions are presented
the same way as in Figure 10. The right panel shows the cross section in bins of inclusive jet multiplicity and the
data are compared to a variety of state-of-the-art calculations for gluon fusion, after correcting for the H ! ��
branching ratio and the fiducial acceptance as defined in the text.
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Figure 12: The di↵erential cross section for pp ! H ! �� as a function of the leading jet transverse momentum
(left) and the dijet invariant mass in H + 2jet events (right). The data and theoretical predictions are presented the
same way as in Figure 10.
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Figure 13: The di↵erential cross section for pp ! H ! �� as a function of the cosine of the angle between the
beam axis and the photons in the Collins–Soper frame (left) and the dijet azimuthal separation in H + 2jet events
(right). The data and theoretical predictions are presented the same way as in Figure 10.

where the leading jet transverse momentum is shown for events containing at least one jet, as well as the
dijet invariant mass for events containing two or more jets. Aside from the undershoot compared to the
theoretical prediction in the low-p j1

T region, the data agree well the theoretical prediction.

The di↵erential cross sections for pp ! H ! �� as a function of |cos ✓⇤| and |�� j j| are shown in
Figure 13. These distributions are sensitive to the spin-CP nature of the Higgs boson and the data are in
reasonable agreement with the Standard Model prediction for a CP-even scalar particle.

The compatibility between the extracted number of signal events from the baseline selection and from
summing over all bins of a given di↵erential distribution has been investigated. For the p��T distribution,
which shows the largest discrepancy in this respect, the compatibility is found to be 2.3� taking into
account statistical and background modelling uncertainties.

10.2 Production mode cross sections

The production mode event categories are used to determine simplified template cross sections and total
production mode cross sections, as well as the corresponding signal strengths. In these fits, the cross
section of the bb̄H and tH production processes are fixed to the expected values from the SM.

With the present dataset, the observed significance of the H ! �� signal is 4.7�, while 5.4� is expected
for a SM Higgs boson.

10.2.1 Simplified template cross sections

The ’stage 0’ simplified template cross sections for gluon fusion, vector boson fusion production, and
production in association with a vector boson or a tt̄ pair for mH = 125.09 ± 0.24 GeV are measured to
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events are needed to constrain the slope of the exponential
background model, the categories with low expected yields
are assumed to have the same shape parameters for the
7-TeV and the 8-TeV data. The VH Emiss

T , one-lepton, and
dilepton categories are defined to have low yield since the
probabilities to observe two events in the 7 TeV data are
less than 1% based on the numbers of events observed in
the corresponding 8-TeV data categories.
To test the signal strengths of individual production

processes or groups of them, the hypothesized number of
signal events and invariant mass distribution are decom-
posed into individual contributions,

μNS;c →
X

p

μpNp;c; ð6Þ

where μp is the hypothesized signal strength for production
process p ∈ fggF;VBF; ZH;WH; tt̄H; bb̄H; tHg andNp;c
is the number of signal events predicted by the SM in
category c for production process p [the nuisance param-
eters are not shown in Eq. (6), but they follow the
decomposition]. In several of the results in the next section
some of the signal strengths are required to have the same
value, such as for the measurement of the combined signal
strength where all seven are set equal. For the measure-
ments of individual signal strengths and signal strength
ratios, μbb̄H and μtH are held constant at 1, thus treating
them effectively as backgrounds.
The total uncertainty þδμþ

−δμ− at the 68% confidence level
(C.L.) of a measured signal strength μX with best-fit value μ̂X
is estimated by finding the points where Λðμ̂X þ δμþÞ ¼
Λðμ̂X − δμ−Þ ¼ 1. The statistical component of the total
uncertainty is estimated by fixing all the 146 constrained
nuisance parameters associated with systematic uncertainties
summarized in Table XIII to their maximum likelihood
values and finding the new points where ΛstatðμXÞ ¼ 1.
The total systematic uncertainty is given by the quadratic
difference between the total and statistical uncertainties. The
separate contributions of the total experimental and total
theoretical uncertainties are estimated by finding the points
where Λstat⊕exptðμXÞ ¼ 1 and Λstat⊕theoryðμXÞ ¼ 1, respec-
tively, when fixing the 123 (23) constrained nuisance
parameters associated with experimental (theoretical) uncer-
tainty to their maximum likelihood values, and subtracting
the resulting uncertainties in quadrature from the total
uncertainty. For cases where the confidence intervals are
approximately symmetric around the best fit value of μX, the
positive and negative uncertainty contributions are reported
as a single value %δμ.

X. RESULTS

The observed diphoton invariant mass distribution for
the sum of the 7-TeV and 8-TeV data is shown in Figs. 13
and 14 for the sums of categories most sensitive to different
production modes. In all cases, for illustration purposes,

each event is weighted according to the expected signal-to-
background ratio S90=B90 for the relevant category and
center-of-mass energy. The results of signal plus back-
ground fits to these spectra with mH set to 125.4 GeV are
shown together with the separate signal and background
components. Both the signal plus background and back-
ground-only curves reported here are obtained from the
sum of the individual curves in each category weighted in
the same way as the data points.
The signal strengths are measured with the extended

likelihood analysis described in Sec. IX. The profile of the
negative log-likelihood ratio λðμÞ [Eq. (5)] of the combined
signal strength μ for mH ¼ 125.4 GeV is shown in Fig. 15.
The local significance Z of the observed combined excess
of events, given by

ffiffiffiffiffiffiffiffiffi
λð0Þ

p
, is 5.2σ (4.6σ expected). The

best-fit value of μ, determined by the minimum of λðμÞ, is
found to be

μ ¼ 1.17% 0.23ðstatÞþ0.10
−0.08ðsystÞþ0.12

−0.08ðtheoryÞ
¼ 1.17% 0.27;
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FIG. 13 (color online). Diphoton invariant mass mγγ spectrum
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5.2σ  

the cross section times branching ratio versus mH in the
same region (about 2%=GeV).
The signal strengths measured in the individual event

categories are shown in Fig. 17. The signal strengths
measured in the four production mode–based groups of
categories described in Sec. VI are presented in Fig. 18. All
of these individual and grouped signal strengths are
compatible with the combined signal strength.
The impacts of the main sources of systematic uncer-

tainty presented in Sec. VIII on the combined signal
strength parameter measurement are presented in
Table XIV. They are determined from the difference in

µ
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FIG. 15. The profile of the negative log-likelihood ratio λðμÞ of
the combined signal strength μ for mH ¼ 125.4 GeV. The
observed result is shown by the solid curve, the expectation
for the SM by the dashed curve. The intersections of the solid and
dashed curves with the horizontal dashed line at λðμÞ ¼ 1 indicate
the 68% confidence intervals of the observed and expected
results, respectively.
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dashed line at signal strength 1 indicates the SM expectation. The
vertical dashed red line indicates the limit below which the fitted
signal plus background mass distribution for the combination of
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by still fixing both μtH and μbb̄H to 1 and profiling3 the
remaining signal strengths μZH, μWH, and μtt̄H. The best-fit
values of μggF and μVBF and the 68% and 95% C.L.
contours are shown in Fig. 20.
Compared with the measured tt̄H signal strength param-

eter μtt̄H ¼ 1.3þ2.5
−1.7ðstatÞþ0.8

−0.4ðsystÞ in Ref. [96], μtt̄H

measured in this analysis profits from the contribution of
tt̄H events in other categories such as VH Emiss

T and VH
one-lepton. In addition, in this measurement the other
contributions to the signal strength are profiled, whereas
they are fixed at the SM predictions in Ref. [96].
As mentioned in the introduction, in order to test the

production through VBF and associated production with a
W or Z boson or a tt̄ pair, independently of the H → γγ
branching ratio, the ratios μVBF=μggF, μVH=μggF, and
μtt̄H=μggF are fitted separately by fixing μtH and μbb̄H to
1 and profiling the remaining signal strengths. The mea-
sured ratios

μVBF=μggF ¼ 0.6þ0.8
−0.5 ;

μVH=μggF ¼ 0.6þ1.1
−0.6 ;

μtt̄H=μggF ¼ 1.2þ2.2
−1.4 ;

although not significantly different from zero, are consis-
tent with the SM predictions of 1.0. Likelihood scans of
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FIG. 21 (color online). Measurements of the μVBF=μggF,
μVH=μggF and μtt̄H=μggF ratios and their total errors for a Higgs
boson mass mH ¼ 125.4 GeV. For a more complete illustration,
the log-likelihood curves from which the total uncertainties are
extracted are also shown: the best-fit values are represented by the
solid vertical lines, with the total %1σ and %2σ uncertainties
indicated by the dark- and light-shaded band, respectively. The
likelihood curve and uncertainty bands for μVH=μggF stop at zero
because below this the hypothesized signal plus background mass
distribution in the VH dilepton channel becomes negative
(unphysical) for some mass in the fit range.
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FIG. 19 (color online). Measured signal strengths, for a Higgs
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different Higgs boson production modes and the combined signal
strength μ obtained with the combination of the 7-TeV and 8-TeV
data. The vertical dashed line at μ ¼ 1 indicates the SM expect-
ation. The vertical dashed line at the left end of the μZH result
indicates the limit below which the fitted signal plus background
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FIG. 20. The two-dimensional best-fit value of (μVBF, μggF) for
a Higgs boson of mass mH ¼ 125.4 GeV decaying via H → γγ
when fixing both μtH and μbb̄H to 1 and profiling all the other
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3Profiling here means maximizing the likelihood with respect
to all parameters apart from the parameters of interest μggF and
μVBF.
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Table 2: The list of the selections which define the fiducial region of the cross section measurement. Same-flavour
opposite-sign lepton pairs are denoted as SFOS, the leading lepton pair mass as m12, and the subleading lepton pair
mass as m34.

Lepton definition
Muons: pT > 5 GeV, |⌘| < 2.7 Electrons: pT > 7 GeV, |⌘| < 2.47

Pairing
Leading pair: SFOS lepton pair with smallest |mZ � m``|
Sub-leading pair: Remaining SFOS lepton pair with smallest |mZ � m``|

Event selection
Lepton kinematics: Leading leptons pT > 20, 15, 10 GeV
Mass requirements: 50 < m12 < 106 GeV; 12 < m34 < 115 GeV
Lepton separation: �R(`i, ` j) > 0.1(0.2) for same(opposite)-flavour leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

In order to minimize the model dependence of the cross section measurement, the fiducial phase space
definition follows closely the experimental requirements applied to the four leptons and is summarized in
Table 2. The selection is applied at simulation generator level to electrons and muons before they emit
photon radiation, referred to as Born-level leptons. No isolation requirement is applied in the fiducial
selection, so that any isolation ine�ciency is included in C. The small residual model dependence is
related to the in and out of acceptance corrections and to the few experimental selection criteria that are
not implemented in the fiducial phase space definition (e.g., the lepton isolation criteria).

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and
decay channel are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller for the
WH and ZH production modes due to the presence of the additional leptons from vector boson leptonic
decays that can be selected in the quadruplet, causing the event to fail the mass window cut. The lower
values of the correction factors for the tt̄H production mode are due to the presence of several jets that
can overlap with the Higgs boson decay leptons.

Table 3: The values of the acceptance factors in % per production mode and decay channel. They are computed for
a SM Higgs boson with a mass of 125.09 GeV and a signal mass window of 115 � 130 GeV.

Acceptance factorsA[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 50.9 55.0 43.8 46.5 53.6
4e 39.6 43.9 34.4 36.0 44.6
2µ2e 40.0 42.9 34.0 35.5 42.4
2e2µ 45.9 48.6 38.0 40.4 47.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the
signal mass window under di↵erent assumptions. The fit is based on the profiled likelihood test statistic
under the asymptotic approximation [28]. With the parameterisation described above, the fiducial cross
section in each final state can be defined as an independent parameter of interest. The total fiducial cross
section can be obtained by defining as parameter of interest the sum of the four final states, without any

7

Table 2: The list of the selections which define the fiducial region of the cross section measurement. Same-flavour
opposite-sign lepton pairs are denoted as SFOS, the leading lepton pair mass as m12, and the subleading lepton pair
mass as m34.

Lepton definition
Muons: pT > 5 GeV, |⌘| < 2.7 Electrons: pT > 7 GeV, |⌘| < 2.47

Pairing
Leading pair: SFOS lepton pair with smallest |mZ � m``|
Sub-leading pair: Remaining SFOS lepton pair with smallest |mZ � m``|

Event selection
Lepton kinematics: Leading leptons pT > 20, 15, 10 GeV
Mass requirements: 50 < m12 < 106 GeV; 12 < m34 < 115 GeV
Lepton separation: �R(`i, ` j) > 0.1(0.2) for same(opposite)-flavour leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

In order to minimize the model dependence of the cross section measurement, the fiducial phase space
definition follows closely the experimental requirements applied to the four leptons and is summarized in
Table 2. The selection is applied at simulation generator level to electrons and muons before they emit
photon radiation, referred to as Born-level leptons. No isolation requirement is applied in the fiducial
selection, so that any isolation ine�ciency is included in C. The small residual model dependence is
related to the in and out of acceptance corrections and to the few experimental selection criteria that are
not implemented in the fiducial phase space definition (e.g., the lepton isolation criteria).

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and
decay channel are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller for the
WH and ZH production modes due to the presence of the additional leptons from vector boson leptonic
decays that can be selected in the quadruplet, causing the event to fail the mass window cut. The lower
values of the correction factors for the tt̄H production mode are due to the presence of several jets that
can overlap with the Higgs boson decay leptons.

Table 3: The values of the acceptance factors in % per production mode and decay channel. They are computed for
a SM Higgs boson with a mass of 125.09 GeV and a signal mass window of 115 � 130 GeV.

Acceptance factorsA[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 50.9 55.0 43.8 46.5 53.6
4e 39.6 43.9 34.4 36.0 44.6
2µ2e 40.0 42.9 34.0 35.5 42.4
2e2µ 45.9 48.6 38.0 40.4 47.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the
signal mass window under di↵erent assumptions. The fit is based on the profiled likelihood test statistic
under the asymptotic approximation [28]. With the parameterisation described above, the fiducial cross
section in each final state can be defined as an independent parameter of interest. The total fiducial cross
section can be obtained by defining as parameter of interest the sum of the four final states, without any
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Signal ZZ* Z, ttbar Expected Observed 
16.2±1.6 7.41±0.40 2.95±0.33 26.5±1.7 37 

the cross sections for the different processes arise mainly
from the requirement on the jet multiplicity used in the
event categorization [102,103]. Because of event migra-
tions, this also affects the VH-leptonic enriched and ggF

enriched categories, where no explicit requirement on jets
is applied. The uncertainty accounting for a potential
mismodeling of the underlying event is conservatively
estimated with Z → μμ simulated events by applying the

TABLE XI. The number of events expected and observed for amH ¼ 125 GeV hypothesis for the four-lepton final states in a window
of 120 < m4l < 130 GeV. The second column shows the number of expected signal events for the full mass range, without a selection
on m4l. The other columns show for the 120–130 GeV mass range the number of expected signal events, the number of expected ZZ"

and reducible background events, and the signal-to-background ratio (S=B), together with the number of observed events, for 4.5 fb−1 atffiffiffi
s

p
¼ 7 TeV and 20.3 fb−1 at

ffiffiffi
s

p
¼ 8 TeV as well as for the combined sample.

Final state Signal full mass range Signal ZZ" Z þ jets, tt̄ S=B Expected Observed
ffiffiffi
s

p
¼ 7 TeV

4μ 1.00$ 0.10 0.91$ 0.09 0.46$ 0.02 0.10$ 0.04 1.7 1.47$ 0.10 2
2e2μ 0.66$ 0.06 0.58$ 0.06 0.32$ 0.02 0.09$ 0.03 1.5 0.99$ 0.07 2
2μ2e 0.50$ 0.05 0.44$ 0.04 0.21$ 0.01 0.36$ 0.08 0.8 1.01$ 0.09 1
4e 0.46$ 0.05 0.39$ 0.04 0.19$ 0.01 0.40$ 0.09 0.7 0.98$ 0.10 1
Total 2.62$ 0.26 2.32$ 0.23 1.17$ 0.06 0.96$ 0.18 1.1 4.45$ 0.30 6ffiffiffi

s
p

¼ 8 TeV
4μ 5.80$ 0.57 5.28$ 0.52 2.36$ 0.12 0.69$ 0.13 1.7 8.33$ 0.6 12
2e2μ 3.92$ 0.39 3.45$ 0.34 1.67$ 0.08 0.60$ 0.10 1.5 5.72$ 0.37 7
2μ2e 3.06$ 0.31 2.71$ 0.28 1.17$ 0.07 0.36$ 0.08 1.8 4.23$ 0.30 5
4e 2.79$ 0.29 2.38$ 0.25 1.03$ 0.07 0.35$ 0.07 1.7 3.77$ 0.27 7
Total 15.6$ 1.6 13.8$ 1.4 6.24$ 0.34 2.00$ 0.28 1.7 22.1$ 1.5 31ffiffiffi

s
p

¼ 7 TeV and
ffiffiffi
s

p
¼ 8 TeV

4μ 6.80$ 0.67 6.20$ 0.61 2.82$ 0.14 0.79$ 0.13 1.7 9.81$ 0.64 14
2e2μ 4.58$ 0.45 4.04$ 0.40 1.99$ 0.10 0.69$ 0.11 1.5 6.72$ 0.42 9
2μ2e 3.56$ 0.36 3.15$ 0.32 1.38$ 0.08 0.72$ 0.12 1.5 5.24$ 0.35 6
4e 3.25$ 0.34 2.77$ 0.29 1.22$ 0.08 0.76$ 0.11 1.4 4.75$ 0.32 8
Total 18.2$ 1.8 16.2$ 1.6 7.41$ 0.40 2.95$ 0.33 1.6 26.5$ 1.7 37
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FIG. 13 (color online). The distribution of the four-lepton invariant mass, m4l, for the selected candidates (filled circles) compared to
the expected signal and background contributions (filled histograms) for the combined

ffiffiffi
s

p
¼ 7 TeV and

ffiffiffi
s

p
¼ 8 TeV data for the mass

ranges: (a) 80–170 GeV, and (b) 80–600 GeV. The signal expectation shown is for a mass hypothesis ofmH ¼ 125 GeV and normalized
to μ ¼ 1.51 (see text). The expected backgrounds are shown separately for the ZZ" (red histogram), and the reducible Z þ jets and tt̄
backgrounds (violet histogram); the systematic uncertainty associated to the total background contribution is represented by the hatched
areas.

G. AAD et al. PHYSICAL REVIEW D 91, 012006 (2015)
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Parameter value norm. to SM value

4− 2− 0 2 4 6

γγ

top B)⋅ σ(

γγ

VHlep B)⋅ σ(

γγ

VHhad
 B)⋅ σ(

γγ

VBF B)⋅ σ(

ZZ
VBF

 B)⋅ σ(

γγ

ggF B)⋅ σ(

ZZ
ggF

 B)⋅ σ(

ATLAS Preliminary =125.09 GeVHm
 (ZZ)-1), 14.8 fbγγ (-1=13 TeV, 13.3 fbs

Observed 68% CL SM Prediction

Figure 2: Cross sections (� · B) f
i as given in Table 4 for ggF, VBF, VHhad, VHlep and top measured in H ! ��

and H ! ZZ⇤. The fit results are normalised to the SM predictions for the various parameters and the grey bands
indicate the theoretical uncertainties in these predictions. The blue error bars show the full uncertainty, including
experimental uncertainties and theoretical uncertainties that impact the measurements.

The compatibility between the measurement and the SM prediction corresponds to a p-value of pSM =

11%.

4.2 Parameterisation using independent production cross sections and assuming SM
Higgs decay branching fractions

The second model focuses on the measurement of the production cross sections assuming SM Higgs decay
branching fractions. In this model, the cross sections for ggF (�ggF), VBF (�VBF), VHhad (�VHhad), VHlep
(�VHlep) and top (�top) are measured in the central region. Theoretical uncertainties on the predicted SM

11
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J
H
E
P
0
4
(
2
0
1
5
)
1
1
7

Variable
VBF Boosted

τlepτlep τlepτhad τhadτhad τlepτlep τlepτhad τhadτhad

mMMC
ττ • • • • • •

∆R(τ1, τ2) • • • • •
∆η(j1, j2) • • •
mj1,j2 • • •

ηj1 × ηj2 • •
pTotalT • •

Sum pT • •
pτ1T /pτ2T • •

Emiss
T φ centrality • • • • •

m",",j1 •
m"1,"2 •

∆φ($1, $2) •
Sphericity •

p"1T •
pj1T •

Emiss
T /p"2T •
mT • •

min(∆η"1"2,jets) •
Cη1,η2(η"1) · Cη1,η2(η"2) •

Cη1,η2(η") •
Cη1,η2(ηj3) •
Cη1,η2(ητ1) •
Cη1,η2(ητ2) •

Table 5. Discriminating variables used in the training of the BDT for each channel and category
at

√
s = 8 TeV. The more complex variables are described in the text. The filled circles indicate

which variables are used in each case.

centrality are shown for the τlepτhad and τhadτhad channels, and the distribution of the pT of

the leading jet and the sphericity are shown for the τlepτlep channel. For all distributions,

the data are compared to the predicted SM backgrounds at
√
s = 8 TeV. The corresponding

uncertainties are indicated by the shaded bands. All input distributions are well described,

giving confidence that the background models (from simulation and data) describe well the

relevant input variables of the BDT. Similarly, good agreement is found for the distributions

at
√
s = 7 TeV.
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Figure 9. Distributions of the BDT discriminants for the data taken at
√
s = 8 TeV in the signal

regions of the VBF (left) and boosted (right) categories for the τlepτlep (top), τlepτhad (middle),
and τhadτhad (bottom) channels. The Higgs boson signal (mH = 125 GeV) is shown stacked with
a signal strength of µ = 1 (dashed line) and µ = 1.4 (solid line). The background predictions
are determined in the global fit (that gives µ = 1.4). The size of the statistical and systematic
normalisation uncertainties is indicated by the hashed band. The ratios of the data to the model
(background plus Higgs boson contributions with µ = 1.4) are shown in the lower panels. The
dashed red and the solid black lines represent the changes in the model when µ = 1.0 or µ = 0 are
assumed respectively.
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Selection 0-lepton 1-lepton 2-lepton
Trigger Emiss

T Emiss
T (µ sub-channel)

Lowest unprescaled single lepton
Leptons 0 loose lepton 1 tight lepton 2 loose leptons

(� 1 medium lepton)
Lepton pair - - Same flavour

opposite-charge for µµ
Emiss

T > 150 GeV > 30 GeV (e sub-channel) -
mll - - 71 < mll < 121 GeV
ST > 120 (2 jets), >150 GeV (3 jets) - -
Jets Exactly 2 or 3 signal jets Exactly 2 or � 3 signal jets
b-jets 2 b-tagged signal jets
Leading jet pT > 45 GeV
min��(Emiss

T , jet) > 20� - -
��(Emiss

T , h) > 120� - -
��(jet1,jet2) < 140� - -
��(Emiss

T , Emiss
T,trk ) < 90� - -

pVT regions [0, 150] GeV (2-lepton), [150,1] GeV

Table 1: Summary of the event selection in the 0-, 1- and 2-lepton channels.
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Multi leptons: Phys. Lett. B 749 (2015) 519–541 
bb: arXiv:1604.03812  
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Figure 11: Summary of the measurements of the signal strength µ for tt̄H(H ! bb̄) production for the individual
H ! bb̄ channels and for their combination, assuming mH = 125 GeV. The total (tot) and statistical (stat) uncer-
tainties of µ are shown. The SM µ = 1 expectation is shown as the grey line.
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Figure 12: Summary of the measurements of the signal strength µ for the individual channels and for their combin-
ation, assuming mH = 125 GeV. The total (tot) and statistical (stat) uncertainties of µ are shown. The SM µ = 1
expectation is shown as the grey line.

12.3.2 Couplings

Sensitivity to t � H and W � H couplings stems from several sources: from the tt̄H production itself,
from the Higgs boson decay branching fractions, from associated single top and Higgs boson production

28
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Figure 19. Observed (solid) and expected 95% CL cross-section upper limits, normalised to the SM
Higgs boson production cross section, as a function of mH for all channels and data-taking periods
combined, as obtained using the dijet-mass analysis for the 7TeV dataset and BDTs trained at
each individual mass for the 8TeV dataset. The expected upper limit is given for the background-
only hypothesis (dashed) and with the injection of a SM Higgs boson signal at a mass of 125GeV
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the absence of a signal. For all curves shown, the results obtained at the tested masses are linearly
interpolated.
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Figure 2. Dijet-invariant-mass distribution for the decay products of a Higgs boson with mH =
125GeV in the 2-lepton MVA selection. The distributions are shown (a) using jets after global
sequential calibration (GSC, solid), and after adding muons inside jets (dotted) and after correcting
for resolution effects specific to the kinematics of the decay of a Higgs boson with mH = 125GeV
(dash-dotted); (b) using jets after global sequential calibration (GSC, solid), and after adding
muons inside jets and applying the kinematic fit (dash-dotted). The distributions are fit to the
Bukin function [68] and the parameter representing the width of the core of the distribution is
shown in the figures, as well as the relative improvement in the resolution with respect to jets after
the global sequential calibration.

mH = 125GeV at
√
s = 8TeV

Process Cross section × BR [fb]
Acceptance [%]

0-lepton 1-lepton 2-lepton

qq → (Z → !!)(H → bb) 14.9 – 1.3 (1.1) 13.4 (10.9)

gg → (Z → !!)(H → bb) 1.3 – 0.9 (0.7) 10.5 (8.1)

qq → (W → !ν)(H → bb) 131.7 0.3 (0.3) 4.2 (3.7) –

qq → (Z → νν)(H → bb) 44.2 4.0 (3.8) – –

gg → (Z → νν)(H → bb) 3.8 5.5 (5.0) – –

Table 3. The cross section times branching ratio (BR) and acceptance for the three channels at
8TeV. For ZH, the qq- and gg-initiated processes are shown separately. The branching ratios are
calculated considering only decays to muons and electrons for Z → !!, decays to all three lepton
flavours for W → !ν and decays to neutrinos for Z → νν. The acceptance is calculated as the
fraction of events remaining in the combined 2-tag signal regions of the MVA (dijet-mass analysis)
after the full event selection.
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The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.

5

t/b

g

g

H

(a)

W/Z

W/Z

q̄0

q

q̄0

q

H

(b)

Figure 1: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF production
processes.

W/Z

q

q̄

W/Z

H

(a)

t/b

g

g

Z

H

(b)

t/b
Z

g

g

Z

H

(c)

Figure 2: Leading-order Feynman diagrams of Higgs boson production via the (a) qq̄ ! V H and (b,c) gg ! Z H
production processes.

g

g

t̄/b̄

t/b

H

g

g

t̄/b̄

H

t/b

q

q̄

t̄/b̄

H

t/b

Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH
processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
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2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross
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The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.

5

t/b

g

g

H

(a)

W/Z

W/Z

q̄0

q

q̄0

q

H

(b)

Figure 1: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF production
processes.

W/Z

q

q̄

W/Z

H

(a)

t/b

g

g

Z

H

(b)

t/b
Z

g

g

Z

H

(c)

Figure 2: Leading-order Feynman diagrams of Higgs boson production via the (a) qq̄ ! V H and (b,c) gg ! Z H
production processes.

g

g

t̄/b̄

t/b

H

g

g

t̄/b̄

H

t/b

q

q̄

t̄/b̄

H

t/b

Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH
processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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Figure 1: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF production
processes.
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Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH
processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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Figure 4: Leading-order Feynman diagrams of the Higgs boson production in association with a single top quark:
(a,b) tHq and (c,d) tHW .
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Figure 5: Leading-order Feynman diagrams of Higgs boson decays (a) to W and Z bosons and (b) to fermions.
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Figure 6: Leading-order Feynman diagrams of Higgs boson decays to a pair of photons.

2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross
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acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the
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s = 8 TeV data analyses.
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Table 3: Summary of the event generators used to model the Higgs boson production processes and decay channels
at
p

s = 8 TeV in the ATLAS and CMS experiments.

Production Event generator
process ATLAS CMS

ggF P����� [30–34] P�����
VBF P����� P�����
W H P�����8 [35] P�����6.4 [36]
Z H (qq ! Z H or qg ! Z H) P�����8 P�����6.4
ggZ H (gg ! Z H) P����� See text
ttH P����� [44] P�����6.4
tHq (qb! tHq) M��G���� [46] �MC@NLO [29]
tHW (gb! tHW ) �MC@NLO �MC@NLO
bbH P�����8 P�����6, �MC@NLO

2.3. Signal strengths

The signal strength parameter µ, defined as the ratio between the measured Higgs boson rate and its SM
expectation, has been extensively used to characterise the Higgs boson yields. However, the meaning of µ
varies depending on the analysis. For a specific production and decay channel i ! H ! f , the signal
strengths for the production, µi , and for the decay, µf , are defined as

µi =
�i

(�i )SM
and µf =

BR f

(BR f )SM.
(2)

Here �i (i = ggF,VBF,W H, Z H, ttH) and BR f ( f = Z Z,WW, ��, ⌧⌧, bb) are respectively the produc-
tion cross section for i ! H and the decay branching ratio for H ! f . The subscript "SM” refers to
their respective SM predictions, so by definition, µi = 1 and µf = 1 in the SM. Since �i and BR f cannot
be separately measured without additional assumptions, only the product of µi and µ f can be extracted
experimentally, leading to a signal strength µfi for the combined production and decay:

µfi =
�i · BR f

(�i )SM · (BR f )SM
= µi ⇥ µf (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisation
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are done
under the following assumptions: for the production processes, the bbH signal strength is assumed to
be the same as for ggF, the tH signal strength is assumed to be the same as for ttH , and the ggZ H
signal strength is assumed to be the same as for q-initiated Z H production; for the Higgs boson decays,
the H ! gg and H ! cc signal strengths are assumed to be the same as for H ! bb decays, and the
H ! Z� signal strength is assumed to be the same as for H ! �� decays. These assumptions are
di�erent from the ones made in the case of the fits using coupling modifiers described in Section 2.4.
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The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross

7

2.4. Coupling modifiers

Based on a leading-order motivated framework [27] (-framework), coupling modifiers have been proposed
to interpret the LHC data using specific modifications of the Higgs boson couplings related to new physics
beyond the SM. Within the assumptions already mentioned in Section 1, the production and decay of the
Higgs boson can be factorised, such that the cross section times BR of an individual channel�(i! H ! f )
contributing to a measured signal yield can be parameterised as:

�i · BR f =
�i(~) · �f (~)

�H
, (4)

where �H is the total width of the Higgs boson and �f is the partial width of the Higgs boson decay to the
final state f . A set of coupling modifiers, ~, is introduced to parameterise potential deviations from the
SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production process
or decay mode denoted “ j”, a coupling modifier  j is defined such that:

2j = � j/�
SM
j or 2j = �

j/� jSM. (5)

In the SM, all  j values are positive and equal to unity; here, by construction, the SM cross sections and
branching ratios themselves include the best available higher-order QCD and EW corrections, as shown
in Tables 1 and 2. This higher-order accuracy is not necessarily preserved for  j values di�erent from
unity, but the dominant higher-order QCD corrections factorise to a large extent from any rescaling of the
coupling strengths and are therefore assumed to remain valid over the whole range of  j values considered
in this paper. Individual coupling modifiers, corresponding to tree-level Higgs boson couplings to the
di�erent particles, are introduced, as well as e�ective coupling modifiers g and � that describe ggF
production and H ! �� decay: this is possible because BSM particles which might be present in these
loops are not expected to appreciably change the kinematics of the corresponding process. In contrast, the
gg ! Z H process, which occurs at leading order through box and triangular loop diagrams (see Figs. 2b
and 2c) is not treated using an e�ective coupling modifier, because a tree-level ggH Z contact interaction
from new physics would likely show a kinematic structure very di�erent from the SM and is expected to
be highly suppressed [41, 50]. Any other possible BSM e�ects on the gg ! Z H process are related to
modifications of the H Z Z and ttH interactions, which are best taken into account within the limitation of
the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z and t .

Di�erent production processes and decay modes probe di�erent coupling modifiers, as can be visualised
from the Feynman diagrams in Section 2.1. Loop processes such as gg ! H and H ! �� can be
studied through either the e�ective coupling modifiers, thereby providing sensitivity to potential BSM
physics in the loops or the modifiers of the SM particles themselves. Interference contributions of di�erent
diagrams provide some sensitivity to relative signs between Higgs boson couplings to di�erent particles.
As discussed in Section 6.4, such e�ects are potentially largest for the H ! �� decays, but could also
be significant in the case of ggZ H and tH production. As an example, in the SM, the tH cross section
is small, approximately 14% of the ttH cross section, because of the destructive interference between
diagrams involving the couplings to the W boson and the top quark, as shown in Table 4, if one sets t
and W to their SM value of unity. However, the interference becomes constructive for negative values of
the product W ⇥ t . In the specific case W ⇥ t = �1, the tHW and tHq cross sections increase by a
factor of 6 and 13, respectively, in which case the tH process becomes sensitive to the relative sign of the
W -boson and top-quark couplings, despite its small SM cross section. As shown in Section 6.4, however,
the sensitivity of the data presented here to most of these interference e�ects remains small.
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Table 4: Higgs boson production cross sections �i, partial decay widths � f , and total decay width (in the absence of
BSM decays) parameterised as a function of the  coupling modifiers as discussed in the text, including higher-order
QCD and EW corrections to the inclusive cross sections and decay partial widths. The coe�cients in the expression
for �H do not sum exactly to unity because some contributions that are negligible or not relevant to the analyses
presented in this paper are not shown.

E↵ective Resolved
Production Loops Interference scaling factor scaling factor
�(ggF) X t–b 2g 1.06 · 2t + 0.01 · 2b � 0.07 · tb
�(VBF) – – 0.74 · 2W + 0.26 · 2Z
�(WH) – – 2W
�(qq/qg! ZH) – – 2Z
�(gg! ZH) X t–Z 2.27 · 2Z + 0.37 · 2t � 1.64 · Zt
�(ttH) – – 2t
�(gb! tHW) – t–W 1.84 · 2t + 1.57 · 2W � 2.41 · tW
�(qq/qb! tHq) – t–W 3.40 · 2t + 3.56 · 2W � 5.96 · tW
�(bbH) – – 2b

Partial decay width
�ZZ – – 2Z
�WW – – 2W
��� X t–W 2� 1.59 · 2W + 0.07 · 2t � 0.66 · Wt
�⌧⌧ – – 2⌧
�bb – – 2b
�µµ – – 2µ

Total width (BBSM = 0)
0.57 · 2b + 0.22 · 2W + 0.09 · 2g+

�H X – 2H 0.06 · 2⌧ + 0.03 · 2Z + 0.03 · 2c+
0.0023 · 2� + 0.0016 · 2(Z�)+
0.0001 · 2s + 0.00022 · 2µ

sensitivity to the relative sign between the W boson and top quark couplings, despite its small SM cross
section.

The relations among the coupling modifiers, the production cross sections �i, and partial decay widths � f

are derived within this context, as shown in Table 4, and are used as a parameterisation to extract the
coupling modifiers from the measurements. The coe�cients are derived from Higgs production cross
sections and decay rates evaluated including the best available higher-order QCD and EW corrections (up
to NNLO QCD and NLO EW precision), as indicated in Tables 1 and 2. The numerical values are obtained
from Ref. [32] and are given for

p
s = 8 TeV and mH = 125.09 GeV (they are similar for

p
s = 7 TeV).
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not used because of the overwhelming QCD background while the VBF mode has low sensitivity and
is not included in this combination, although CMS recently published their first result in this specific
channel [71].

The signal yield in a category k, nsignal(k), can be expressed as a sum over all possible Higgs boson
production processes i, with cross section �i , and decay channels f , with branching ratio BR f :

nsignal(k) = L(k) ⇥
X

i

X

f

(
�i ⇥ Af

i (k) ⇥ " fi (k) ⇥ BR f
)
,

= L(k) ⇥
X

i

X

f

µi µ
f
(
�SM
i ⇥ Af

i (k) ⇥ " fi (k) ⇥ BR f
SM

) (7)

where L(k) represents the integrated luminosity, Af
i (k) the detector acceptance, and " fi (k) the overall

selection and analysis e�ciency for the signal category k. The symbols µi and µf are the production and
decay signal strengths defined in Section 2.3, respectively. As Eq. 7 shows, the measurements considered
in this paper are only sensitive to the products of the cross sections and branching ratios, �i ⇥ BR f .
Additional information or assumptions are needed to determine the cross sections and branching ratios
separately.

In the ideal case, each category would only select signal events from a given production process and decay
channel. Most decay channels approach this ideal case, but, in the case of the production processes, the
categories are much less pure and there is important cross-contamination in most channels.

3.2. Statistical treatment

The overall statistics methodology used in the combination to extract the parameters of interest in various
parameterisations is that adopted also for the individual ATLAS and CMS combinations, as published
in Refs. [13,14]. It has been developed by the ATLAS and CMS Collaborations in the context of the LHC
Higgs Combination Group and is described in Ref. [72]. Some details of this procedure are important for
this combination and are briefly reviewed here.

The statistical treatment of the data is based on the standard LHC data modelling and handling toolkits,
RooFit [73], RooStats [74] and HistFactory [75]. The parameters of interest ~↵, e.g. signal strengths
(µ), coupling modifiers (), production cross sections, branching ratios or ratios of the above quantities,
are estimated with their corresponding confidence intervals via the profile likelihood ratio test statistic
⇤(~↵) [76]. The latter depends on one or more parameters of interest, as well as on the nuisance parameters
~✓, which reflect various experimental or theoretical uncertainties.

⇤(~↵) =
L
�
~↵ ,

ˆ̂
~✓(~↵)
�

L(~̂↵, ~̂✓)
(8)

The likelihood functions in the numerator and denominator of this equation are built using products of
signal and background probability density functions (pdfs) in the discriminating variables. The pdfs are
derived from simulation for the signal and from both data and simulation for the background, as described
in Refs. [13, 14]. The vectors ~̂↵ and ~̂✓ denote the unconditional maximum likelihood estimates of the
parameter values, and

ˆ̂
~✓ denotes the conditional maximum likelihood estimate for given fixed values of

13

Nuisance parameters: about 4200 NPs (most of them are 
related to MC statistics uncertainties), one single fitting 
takes hours 

POI 

•  RooFit development 
•  Asymptotic method 

•  Most of experimental systematics are assumed 
uncorrelated 

•  Main correlated systematics are the signal theoretical 
uncertainties 
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2.4. Coupling modifiers

Based on a leading-order motivated framework [27] (-framework), coupling modifiers have been proposed
to interpret the LHC data using specific modifications of the Higgs boson couplings related to new physics
beyond the SM. Within the assumptions already mentioned in Section 1, the production and decay of the
Higgs boson can be factorised, such that the cross section times BR of an individual channel�(i! H ! f )
contributing to a measured signal yield can be parameterised as:

�i · BR f =
�i(~) · �f (~)

�H
, (4)

where �H is the total width of the Higgs boson and �f is the partial width of the Higgs boson decay to the
final state f . A set of coupling modifiers, ~, is introduced to parameterise potential deviations from the
SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production process
or decay mode denoted “ j”, a coupling modifier  j is defined such that:

2j = � j/�
SM
j or 2j = �

j/� jSM. (5)

In the SM, all  j values are positive and equal to unity; here, by construction, the SM cross sections and
branching ratios themselves include the best available higher-order QCD and EW corrections, as shown
in Tables 1 and 2. This higher-order accuracy is not necessarily preserved for  j values di�erent from
unity, but the dominant higher-order QCD corrections factorise to a large extent from any rescaling of the
coupling strengths and are therefore assumed to remain valid over the whole range of  j values considered
in this paper. Individual coupling modifiers, corresponding to tree-level Higgs boson couplings to the
di�erent particles, are introduced, as well as e�ective coupling modifiers g and � that describe ggF
production and H ! �� decay: this is possible because BSM particles which might be present in these
loops are not expected to appreciably change the kinematics of the corresponding process. In contrast, the
gg ! Z H process, which occurs at leading order through box and triangular loop diagrams (see Figs. 2b
and 2c) is not treated using an e�ective coupling modifier, because a tree-level ggH Z contact interaction
from new physics would likely show a kinematic structure very di�erent from the SM and is expected to
be highly suppressed [41, 50]. Any other possible BSM e�ects on the gg ! Z H process are related to
modifications of the H Z Z and ttH interactions, which are best taken into account within the limitation of
the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z and t .

Di�erent production processes and decay modes probe di�erent coupling modifiers, as can be visualised
from the Feynman diagrams in Section 2.1. Loop processes such as gg ! H and H ! �� can be
studied through either the e�ective coupling modifiers, thereby providing sensitivity to potential BSM
physics in the loops or the modifiers of the SM particles themselves. Interference contributions of di�erent
diagrams provide some sensitivity to relative signs between Higgs boson couplings to di�erent particles.
As discussed in Section 6.4, such e�ects are potentially largest for the H ! �� decays, but could also
be significant in the case of ggZ H and tH production. As an example, in the SM, the tH cross section
is small, approximately 14% of the ttH cross section, because of the destructive interference between
diagrams involving the couplings to the W boson and the top quark, as shown in Table 4, if one sets t
and W to their SM value of unity. However, the interference becomes constructive for negative values of
the product W ⇥ t . In the specific case W ⇥ t = �1, the tHW and tHq cross sections increase by a
factor of 6 and 13, respectively, in which case the tH process becomes sensitive to the relative sign of the
W -boson and top-quark couplings, despite its small SM cross section. As shown in Section 6.4, however,
the sensitivity of the data presented here to most of these interference e�ects remains small.
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Figure 15: Observed and expected negative log-likelihood scan of BRBSM, shown for the combination of ATLAS
and CMS in the case of the parameterisation allowing non-SM loop couplings with additional BSM contributions
to the Higgs boson width. This corresponds to the constraint V  1 in Fig. 14. The red horizontal line at 3.84
indicates the log-likelihood variation corresponding to the 95% CL upper limit, as discussed in Section 3.2.

the data and the SM predictions is 65%.

A di�erent view of the relation between the fitted coupling modifiers and the SM predictions is presented
in Fig. 18 which shows the same results as those of Fig. 17, expressed this time as reduced coupling
modifiers defined as:

yV , i =

r
V , i

gV , i

2v
=
p
V , i

mV , i

v
, (11)

for the weak vector bosons with mass mV , where gV , i is the absolute Higgs boson coupling strength and
v is the vacuum expectation value of the Higgs field, and:

yF, i = F, i
gF, ip

2
= F, i

mF, i

v
, (12)

for fermions as a function of their mass mF , assuming a SM Higgs boson with a mass of 125.09 GeV. The
linear scaling of the reduced coupling modifiers as a function of the particle masses indicates qualitatively
the consistency of the measurements with the SM. The same plot is shown in Fig. 27 in Appendix B,
which also shows at the bottom the ratios of the reduced coupling modifiers to the SM predictions.
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [129].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [128] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.

45

51 

 arXiv:1606.02266 


