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Introduction
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• LHC Run 1 was the run of the Higgs Boson  
• Rapid transition from searches over discovery to measurements   
• By now nearly all final Run 1 results are publishedDifferential Cross Sections (ATLAS)

 SM Higgs theory predictions for kinematics: combination of γγ and ZZ 
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Higgs Boson Couplings
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• Higgs Boson measurements typically divided into: 

• Coupling measurements (this talk) :  
• Measure event counts in various phase-space regions  
• Naturally emerged from the searches  

• Property measurements (next talk) : 
• Measure quantum numbers and other properties using dedicated analyses 

• Nomenclature slightly misleading:  
• Coupling parameters are key properties of the SM Higgs mechanism  
• both sectors influence each other: mH determines the SM expectation for couplings
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• Two main purpose - almost - 4π detectors 
• While differing in the technical realization 

• many performance measures are very comparable

• Higgs Boson analyses rely on the full detectors ! 
• < 1% precision on e/γ energy scales 
• High muon efficiencies and momentum resolution 
• Hermetic coverage for excellent MET resolution  
• Powerful identification algorithms for τ lepton and 

b-jet reconstruction 
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The ATLAS and CMS Experiments @ the LHC
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2.2 The ATLAS Detector 41

of the processes under study, these two experiments are located at interaction points
with lower instantaneous luminosities than provided for ATLAS and CMS. This
limits the number of secondary collision events to ease the reconstruction of the
complex event topologies.

In addition to the four large experiments, a few smaller experiments are located at
the LHC. LHCf [103] is a far forward detector intended to study physics of cosmic
rays and to deepen the understanding of forward scattering. TOTEM [104] aims at
measuring the total elastic and di�ractive cross section of proton-proton collisions
which cannot be calculated by perturbative approaches. And finally MOEDAL
[105], an experiment searching for exotic particles like magnetic monopoles.

2.2. The ATLAS Detector

ATLAS is a multi-purpose detector covering a solid angle of nearly 4fi. It is intended
to provide excellent resolution of basically all final state objects needed to reconstruct
hard scatter events and to search for physical phenomena beyond the SM. The aim
to achieve a good sensitivity in the search for the Higgs boson of the SM already
in the first years of running provided performance goals which needed to be met,
including:

• Good spatial resolution in vertex reconstruction for e�cient identification
of secondary vertices from b hadron and · lepton decays, as well as for the
identification of the primary interaction vertex.

2008 JINST 3 S08003

Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |� | < 3.2.
The hadronic calorimetry in the range |� | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|� | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |� | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |� | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –

Figure 2.2. Schematic view of the ATLAS detector and its various sub-systems [97].



• LHC showed an outstanding performance in 2010-2012 
• At the end of Run 1 about 25 fb-1 of p-p collision data were recorded by CMS and ATLAS 

• at centre-of-mass energies of 7 and 8 TeV
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The Dataset
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LHC is a Higgs factory
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• The amount of data came with a challenge: 
• Mean number of interactions per bunch crossing 

reaching 35



Last two years were used to improve many aspects of the 
analyses: 

• Refined energy calibrations and efficiency measurements 
• Optimized event selections and analyses techniques  
• Improved theoretical predictions of signal and background 

processes 

• ATLAS + CMS coupling combination released 2 week ago 
• Combines measurements of the dominant production and decay 

modes 

• But there are many other dedicated analyses looking for:  
• Limits on rare decays  

• μμ, Zγ, J/ψ γ  
• or rare production mechanisms:  

• HH, bbH, tH  

• Using Higgs measurements for BSM interpretations 
• Differential cross-section measurements 
• .. and many more
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Approaching Final Run 1 results
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Higgs Boson Production at the LHC
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• Higgs-Strahlung: 
• Vector boson decay offers objects to trigger on  
• Interesting for fully hadronic Higgs boson decays

19.27 pb

σ(125 GeV) @ LHC (8 TeV)

1.1 pb

1.58 pb

1.3 Phenomenology of Higgs Boson Production and Decay 29
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Figure 1.10. Feynman diagrams of the four main production mechanisms of Higgs
bosons at the LHC.

experimental searches, in addition a precise phenomenological picture is needed to
develop and optimise analysis strategies and of course to compare results with the
SM predictions at high accuracy. In the following, the main production mechanisms
and decay channels of Higgs bosons at the LHC are discussed, as well as the SM
predictions used in the course of this thesis. A short overview over the main
experimental search channels closes the section.

1.3.1. Higgs Boson Production at the LHC

Higgs boson production at the LHC is dominated by four mechanisms: Gluon
(ggF) and vector-boson-fusion (VBF), the Higgs-strahlung (VH) process and the
production in association with a top-quark pair (ttH). The leading order Feynman
diagrams of these processes are shown in Fig. 1.10.

For Higgs boson masses mH < 1 TeV, the gluon fusion process via a heavy quark
loop is the dominant production mode, mainly due to the large contribution of gluons
to the proton PDF at small momentum fractions x. Due to the large top-quark
Yukawa coupling, the loop is dominated by the top-quark contribution. The VBF
production cross-section is one order of magnitude smaller than the corresponding
ggF cross section. This process is initiated by two quarks radiating weak vector

• Gluon-Fusion:  
• proceeding via a (mostly top) loop 
• Dominant contribution @ LHC
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experimental searches, in addition a precise phenomenological picture is needed to
develop and optimise analysis strategies and of course to compare results with the
SM predictions at high accuracy. In the following, the main production mechanisms
and decay channels of Higgs bosons at the LHC are discussed, as well as the SM
predictions used in the course of this thesis. A short overview over the main
experimental search channels closes the section.

1.3.1. Higgs Boson Production at the LHC

Higgs boson production at the LHC is dominated by four mechanisms: Gluon
(ggF) and vector-boson-fusion (VBF), the Higgs-strahlung (VH) process and the
production in association with a top-quark pair (ttH). The leading order Feynman
diagrams of these processes are shown in Fig. 1.10.

For Higgs boson masses mH < 1 TeV, the gluon fusion process via a heavy quark
loop is the dominant production mode, mainly due to the large contribution of gluons
to the proton PDF at small momentum fractions x. Due to the large top-quark
Yukawa coupling, the loop is dominated by the top-quark contribution. The VBF
production cross-section is one order of magnitude smaller than the corresponding
ggF cross section. This process is initiated by two quarks radiating weak vector

• Vector-Boson-Fusion: 
• 2 Jets at tree level 
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experimental searches, in addition a precise phenomenological picture is needed to
develop and optimise analysis strategies and of course to compare results with the
SM predictions at high accuracy. In the following, the main production mechanisms
and decay channels of Higgs bosons at the LHC are discussed, as well as the SM
predictions used in the course of this thesis. A short overview over the main
experimental search channels closes the section.

1.3.1. Higgs Boson Production at the LHC

Higgs boson production at the LHC is dominated by four mechanisms: Gluon
(ggF) and vector-boson-fusion (VBF), the Higgs-strahlung (VH) process and the
production in association with a top-quark pair (ttH). The leading order Feynman
diagrams of these processes are shown in Fig. 1.10.

For Higgs boson masses mH < 1 TeV, the gluon fusion process via a heavy quark
loop is the dominant production mode, mainly due to the large contribution of gluons
to the proton PDF at small momentum fractions x. Due to the large top-quark
Yukawa coupling, the loop is dominated by the top-quark contribution. The VBF
production cross-section is one order of magnitude smaller than the corresponding
ggF cross section. This process is initiated by two quarks radiating weak vector

0.13 pb
• Associated production with tt : 
• Direct access to top Yukawa coupling
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experimental searches, in addition a precise phenomenological picture is needed to
develop and optimise analysis strategies and of course to compare results with the
SM predictions at high accuracy. In the following, the main production mechanisms
and decay channels of Higgs bosons at the LHC are discussed, as well as the SM
predictions used in the course of this thesis. A short overview over the main
experimental search channels closes the section.

1.3.1. Higgs Boson Production at the LHC

Higgs boson production at the LHC is dominated by four mechanisms: Gluon
(ggF) and vector-boson-fusion (VBF), the Higgs-strahlung (VH) process and the
production in association with a top-quark pair (ttH). The leading order Feynman
diagrams of these processes are shown in Fig. 1.10.

For Higgs boson masses mH < 1 TeV, the gluon fusion process via a heavy quark
loop is the dominant production mode, mainly due to the large contribution of gluons
to the proton PDF at small momentum fractions x. Due to the large top-quark
Yukawa coupling, the loop is dominated by the top-quark contribution. The VBF
production cross-section is one order of magnitude smaller than the corresponding
ggF cross section. This process is initiated by two quarks radiating weak vector



•  mH = 125 GeV is a sweet spot for a diverse Higgs Boson physics program 
• γγ: Clean signature and good mass resolution 
• ZZ: Low background and good mass resolution 
• WW: Large BR but complex background mixture 
• bb: Overwhelming hadronic background - Analysis targets it via VH  
• ττ: Large background but direct access to a fermionic Yukawa coupling
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SM Higgs Boson Decays
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32 1 Theoretical Overview

of direct Higgs boson decays is driven by the masses of the decay products. The
total width and branching ratios are determined including higher order corrections
from QCD and EW processes. The partial widths are calculated with two software
packages Hdecay [80, 81] and Prophecy4f [82, 83], implementing the highest
accuracy calculations available for each process. Theoretical uncertainties on
the branching ratios arise from missing higher order corrections and parametric
uncertainties, denoting uncertainties on SM input parameters like –s or quark
masses, propagated to the branching ratios. The branching ratio BR(H æ ·+·≠)
is determined up to NNNLO QCD and NLO EW corrections. It contributes
significantly at low Higgs boson masses with a value of 6.3% at mH = 125 GeV
with an uncertainty of the order of ±6% [78]. The branching ratios of a SM Higgs
boson as a function of mH are shown in Fig. 1.12 (a), where the bands indicate the
size of the corresponding uncertainties. At low values of mH , decays into a pair of
b-quarks dominate. Approaching the threshold for on-shell decays into a pair of W
bosons, this decay mode takes over and dominates the total decay width over the
mass range up to 1 TeV. Indirect decays via vector boson and quark loops to two
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Figure 1.12. Branching ratios of a SM Higgs boson as a function of mH (a) and the
product of production cross-section times branching ratio for most important experi-
mental search channels at the LHC (b). For H æ ·+·≠ the VBF (solid orange line)
and ggF production (dashed orange line) are included. For Higgs boson masses around
mH ¥ 125 GeV the decay into a pair of tau leptons is one of the major, experimentally
accessible, decay modes. Taken from Ref. [79].

photons or gluons contribute at low masses.

1.3.3. Experimental Search Channels

Taking into account experimental considerations like triggering limitations and
background-to-signal ratios, only certain combinations of production and decay

H → BR

bb 0.58 

WW 0.22 

ττ 0.06 

ZZ 0.027 
27γγ 0.0023 

Ζγ 0.0016 

μμ 0.0002 



• Can attempt to isolate different production and decay modes  
• Measure event yields in various phase-space regions enriched in different 

production/decay modes

• Primary observable: Number of events per bin 
➡ after accounting for background:  

       The signal strength:

9

Signal strength parameter
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WW ZZ γγ bb ττ μμ
ggH ✓ ✓ ✓ ✓ ✓**
VBF ✓ ✓ ✓ ✓* ✓ ✓**
WH ✓ ✓ ✓ ✓ ✓
ZH ✓ ✓ ✓ ✓ ✓
ttH ✓ ✓ ✓ ✓

Combination of production and decay targeted by at least one ATLAS or CMS analysis:  
(and included in the combination)
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*) The main backgrounds are mostly fitted simultaneously with the signal 
strength parameter.  
• Multiple signal and control regions are included in such fits. 

• These fits are the heart of the analyses  
• offering enough material for dedicated talks.. Not possible to explain them 

here in detail

Signal strength parameter
• Can attempt to isolate different production and decay modes 

• Measure event yields in various phase-space regions enriched in different 
production/decay modes

• Primary observable: Number of events per bin 
➡ after accounting* for background:  

       The signal strength:
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• Three decay channels with the largest overall sensitivity (> 5σ ) 
• Exclusive categories targeting all main production modes 
• Especially the ZZ and γγ final state furthermore provide the 

most stringent mass measurements
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H → γγ/ WW/ ZZ

N.Ruthmann (CERN) - PIC 2015
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•Individual signal strengths: 

ATLAS 
CMS

1.15 ± 0.27 
1.12 ± 0.24

1.52 ± 0.38 
1.05 ± 0.30

1.23 ± 0.22 
0.91 ± 0.23

ATLAS γγ Phys. Rev. D90 (2014) 112015  

ZZ Phys. Rev. D91 (2015) 012006  

ww Phys.Rev. D92 (2015) 1, 012006 

CMS γγ Eur. Phys. J. C 74 (2014) 3076  

ΖΖ Phys. Rev. D 89 (2014) 092007,  

WW JHEP 01 (2014) 096 



• Direct evidence for Higgs boson decays to fermions since last year  
• ττ :                  4.5 (3.4) / 3.3 (3.7) σ                        ATLAS/CMS  observed (expected) 
• VH -> V (bb) : 1.4 (2.6) / 2.1 (2.1) σ 

• Interesting as these channels offer a direct handle on Yukawa couplings  
• Complex final states with very large backgrounds  
• Analyses often make use of multivariate techniques to maximize discriminating power

12

H → bb / ττ

N.Ruthmann (CERN) - PIC 2015

Significance obs. (exp.)

ATLAS:
•  4.5 (3.4) σ 

CMS:
•  3.2 (3.7) σ 

Significance obs. (exp.)

*NEW!  arXiv:1506.01010

ATLAS(VH+ttH):
•  1.8 (2.8) σ 

CMS(VH+VBF*+ttH):
•  2.6 (2.7) σ 

Tevatron(VH)**:
•  2.2 (1.4) σ  

**my estimate from: Phys. Rev. D 88, 052014 (2013) 
•Individual signal strengths: 

ATLAS 
CMS

1.41 ± 0.38 
0.89 ± 0.30

0.62 ± 0.37 
0.81 ± 0.44

CMS ττ:JHEP 05 (2014) 104  

bb: Phys. Rev. D 89 (2014) 012003  

Combination: Nature Phys. 10 (2014) 557-560

ATLAS ττ: JHEP 1504 (2015) 117   

bb: JHEP 1501 (2015) 069 
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ttH production

N.Ruthmann (CERN) - PIC 2015

1.3 Phenomenology of Higgs Boson Production and Decay 29

g

g

H
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W⌥/Z

q̄2
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H

(b) Vector boson fusion
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q̄0/q̄

q

W±/Z

H

(c) Higgs-strahlung

g

g t

t̄

H

(d) Associated production

Figure 1.10. Feynman diagrams of the four main production mechanisms of Higgs
bosons at the LHC.

experimental searches, in addition a precise phenomenological picture is needed to
develop and optimise analysis strategies and of course to compare results with the
SM predictions at high accuracy. In the following, the main production mechanisms
and decay channels of Higgs bosons at the LHC are discussed, as well as the SM
predictions used in the course of this thesis. A short overview over the main
experimental search channels closes the section.

1.3.1. Higgs Boson Production at the LHC

Higgs boson production at the LHC is dominated by four mechanisms: Gluon
(ggF) and vector-boson-fusion (VBF), the Higgs-strahlung (VH) process and the
production in association with a top-quark pair (ttH). The leading order Feynman
diagrams of these processes are shown in Fig. 1.10.

For Higgs boson masses mH < 1 TeV, the gluon fusion process via a heavy quark
loop is the dominant production mode, mainly due to the large contribution of gluons
to the proton PDF at small momentum fractions x. Due to the large top-quark
Yukawa coupling, the loop is dominated by the top-quark contribution. The VBF
production cross-section is one order of magnitude smaller than the corresponding
ggF cross section. This process is initiated by two quarks radiating weak vector

34 9 Results

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

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

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

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

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

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

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

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

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

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

Combined +2.8+1.0
�0.9 4.5 2.7 1.7 [1.2, 2.5] [0.9, 3.5]

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

JHEP 09 (2014) 087

Table 5: Observed and expected 95% CL upper limits, derived using the CLs method, on the strength parameter µ = �tt̄H,obs/�tt̄H,SM
for a Higgs boson of mass mH = 125 GeV. The last column shows the median expected limit in the presence of a tt̄H signal of
Standard Model strength.

Expected Limit
Channel Observed Limit �2� �1� Median +1� +2� Median (µ = 1)
2`0⌧had 6.7 2.1 2.8 3.9 5.7 8.4 5.0

3` 6.8 2.0 2.7 3.8 5.7 8.5 5.1
2`1⌧had 7.5 4.5 6.1 8.4 13 21 10

4` 18 8.0 11 15 23 39 17
1`2⌧had 13 10 13 18 26 40 19

Combined 4.7 1.3 1.8 2.4 3.6 5.3 3.7

The results of the fit are shown in Fig. 3. The impact of
the most important systematic uncertainties on the measured
value of µ in the combined fit is shown in Table 4. In each cat-
egory, the uncertainties on µ are mainly statistical, except for
the combined 2`0⌧had result where the statistical and system-
atic uncertainties are of comparable size. In the 4` Z-depleted
category, a (non-physical) signal strength µ < �0.17 results in
a negative expected total yield and a discontinuity in the pro-
filed likelihood; the error bar is therefore truncated at this point.
The results are compatible with the Standard Model expectation
and with previous searches for tt̄H production in multilepton fi-
nal states [18]. Combined over all categories, the value of µ is
found to be 2.1+1.4

�1.2. In the presence of a signal of SM strength,
the combined fit is expected to return µ = 1.0+1.2

�1.1. The µ = 0
hypothesis has an observed (expected) p-value of 0.037 (0.18),
corresponding to 1.8� (0.9�). The µ = 1 hypothesis (the SM)
has an observed p-value of 0.18, corresponding to 0.9�. The
likelihood function can be used to obtain 95% confidence level
(CL) upper limits on µ using the CLs method [95, 96], leading
to the results in Table 5. The observed (expected) upper limit,
combining all channels, is µ < 4.7 (2.4).

This analysis is a search for tt̄H production; as such, pro-
duction of tHqb and tHW is considered as a background and set
to Standard Model expectation. Including this contribution as a
background induces a shift of �µ = �0.04 compared to setting
it to zero. A full extraction of limits on the top quark Yukawa
coupling including the relevant modifications of single top plus
Higgs boson production is reported in Ref. [97].

The results are sensitive to the assumed cross sections for
tt̄W and tt̄Z production, and use theoretical predictions for these
values as experimental measurements do not yet have su�cient
precision. The best-fit µ value as a function of these cross sec-
tions is

µ(tt̄H) = 2.1 � 1.4
 
�(tt̄W)
232 fb

� 1
!
� 1.3

 
�(tt̄Z)
206 fb

� 1
!

10. Conclusions

A search for tt̄H production in multilepton final states has
been performed using 20.3 fb�1 of proton–proton collision data

Figure 3: Best-fit values of the signal strength parameter
µ = �tt̄H,obs/�tt̄H,SM. For the 4` Z-depleted category, µ < �0.17
results in a negative expected total yield and so the lower un-
certainty is truncated at this point.
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arxiv:1506.05988v1 25

95% CL upper limit Observed �2� �1� Median +1� +2� Median (µ = 1)
Single lepton 3.6 1.4 1.9 2.6 3.7 4.9 3.6
Dilepton 6.7 2.2 3.0 4.1 5.8 7.7 4.7
Combination 3.4 1.2 1.6 2.2 3.0 4.1 3.1

Table 5 Observed and expected (median, for the background-only hypothesis) 95% CL upper limits on �(tt̄H) relative to
the SM prediction, for the individual channels as well as their combination, assuming mH = 125 GeV. The 68% and 95%
confidence intervals around the expected limits under the background-only hypothesis are also provided, denoted by ±1� and
±2�, respectively. The expected (median) 95% CL upper limits assuming the SM prediction for �(tt̄H) are shown in the last
column.

=125 GeV
H

 for m
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σ/σ=µBest fit 
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1.5  1.1± ( 0.7 )

1.2  1.3± ( 0.8 )

2.8  2.0± ( 1.4 )

 ( tot ) ( stat )

tot.
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ATLAS

)bb→H (Htt

-1=8 TeV, 20.3 fbs

Fig. 16 The fitted values of the signal strength and their un-
certainties for the individual channels and their combination.
The green line shows the statistical uncertainty on the signal
strength.

=125 GeVH at mSMσ/σ95% CL limit on 

0 2 4 6 8 10 12

Combination

Lepton+jets

Dilepton
ATLAS

)bb→H (Htt
-1=8 TeV, 20.3 fbs

σ 1±Expected 

σ 2±Expected 

Observed

=1)µInjected signal (

Fig. 17 95% CL upper limits on �(tt̄H) relative to the SM
prediction, �/�SM, for the individual channels as well as their
combination. The observed limits (solid lines) are compared
to the expected (median) limits under the background-only
hypothesis and under the signal-plus-background hypothesis
assuming the SM prediction for �(tt̄H) and pre-fit predic-
tion for the background. The surrounding shaded bands cor-
respond to the 68% and 95% confidence intervals around the
expected limits under the background-only hypothesis, de-
noted by ±1� and ±2�, respectively.
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Fig. 18 Event yields as a function of log10(S/B), where S
(signal yield) and B (background yield) are taken from the
Hhad

T , HT, and NN output bin of each event. Events in all
fitted regions are included. The predicted background is ob-
tained from the global signal-plus-background fit. The tt̄H
signal is shown both for the best fit value (µ = 1.5) and for
the upper limit at 95% CL (µ = 3.4).

The tt̄ + bb̄ modelling uncertainties a↵ecting the
shape of this background also have a significant e↵ect on
µ. These systematic uncertainties a↵ect only the tt̄+ bb̄
modelling and are not correlated with the other tt̄+jets
backgrounds. The largest of the uncertainties is given
by the renormalisation scale choice. The uncertainty
drastically changes the shape of the NN for the tt̄+ bb̄
background, making it appear more signal-like.

The tt̄+cc̄ normalisation uncertainty is ranked third
(Fig. 19) and its pull is slightly negative, while the post-
fit yields for tt̄+cc̄ increase significantly in the four- and
five-jet regions in the single-lepton channel and in the

arxiv:1503.05066v3 

•Individual signal strengths: 

ATLAS 
CMS

1.87 ± 0.76 
2.90 ± 0.80

• Very interesting production mechanism 
• gives access to the top-quark Yukawa coupling

• why is it as only Yukawa coupling of order 1 ?  
• All major Higgs decay modes considered in analyses ! 
• Complex backgrounds and analyses techniques (MEM, BDT ) 
• Will benefit majorly from additional data in Run 2 

ATLAS  
Eur.Phys.J. C75 (2015) 7, 349  
Phys. Lett. B740 (2015) 222  

CMS  
JHEP 09 (2014) 087 



• The combination of the various analyses is achieved by building a combined Likelihood function 
• Combined Likelihood encodes correlation among uncertainties : 

• Most important correlated uncertainties:  
• Theoretical uncertainties on signal modeling:  BR, PDF, QCD, UE, PS 
• Some theoretical uncertainties on background modeling  

• e.g. in cases were the models rely solely on simulation (ZZ continuum, .. ) 
• LHC luminosity 

• Many other uncertainties treated uncorrelated across experiments:  
• Detector related uncertainties 
• Background modeling uncertainties in significantly different phase-space regions 

• Many crosschecks to ensure a reasonable and non-aggressive choice of the correlation model  

• Final Likelihood contains a product over all bins in all signal and control regions 
•it depends on:  

• the parameters of interest αi describing the individual signal strengths  

• and the nuisance parameters θj parametrizing the uncertainties 
• About 575 categories, and about 4200 nuisance parameters 
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ATLAS + CMS Combination

N.Ruthmann (CERN) - PIC 2015

L(~↵, ~✓| ~N)

-> Choose different signal parameterizations depending on the underlying question

ATLAS-CONF-2015-044 
CMS-PAS-HIG-15-002
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Figure 12: Best-fit results for decay signal strengths from the individual ATLAS and CMS results and their
combination.
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Figure 11: Best-fit results for µggF, µVBF, µWH , µZH and µt tH from the individual ATLAS and CMS results and
their combination. The measurements of the global signal strength µ are also shown.

and 6-parameter fits respectively. In particular, the 6-parameter fit, without any additional assumptions615

about the Higgs boson branching ratios, yields: µV /µF = 1.06+0.35
�0.27, in agreement with the SM.616

2nd September 2015 – 18:21 28
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Signal strength parametrization

N.Ruthmann (CERN) - PIC 2015

• Signal strength parametrization closely reflecting results of the individual analyses   
• Grouping either production or decay modes - and assuming the other to be SM-like 
• Good agreement with the SM expectation with p-values :  24% / 60%  

• VBF production and H→ττ decay both above the 5 σ significance level 
• Most restrictive parametrization uses a single signal strength parameter  
• Combined precision of 10 %  

• μ = 1.09 +- 0.11  
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Fermionic & Bosonic production

N.Ruthmann (CERN) - PIC 2015

• Compare bosonic (μV) to fermionic (μF) production modes in all decay modes 
• Branching ratio and many uncertainties cancel in the ratio ( μV / μF) 
• Can either fit all decay modes separately  

• Or fit a combined ratio along with separate fermion strengths 

• Excellent agreement with SM expectation
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Figure 13: Likelihood contours in the (µf
ggF+t tH , µf

VBF+VH
) plane for the combination of ATLAS and CMS, shown

separately for the five decay channels, H ! Z Z , H ! WW , H ! ��, H ! ⌧⌧, and H ! bb̄. The results are
shown for the 68% CL contours, together with the best-fit values to the data and the SM expectation. Figure 28
in Appendix A.3 shows both the 68% and 95% contours for the results of these fits.
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Table 13: Results of the 10-parameter fit of µfF = µ
f
ggF+t tH and µfV = µ

f
V BF+VH for each of the five decay

channels, and of the 6-parameter fit of the global ratio µggF+t tH/µVBF+VH together with µfggF+t tH for
each of the five decay channels. The results are shown for the combination of ATLAS and CMS, together
with their measured and expected uncertainties, and the measured results are also shown separately for
each experiment.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured

10-parameter fit to µfF = µ
f
ggF+t tH and µfV = µ

f
V BF+VH

µ��V 1.05+0.44
�0.41

+0.42
�0.38 0.69+0.64

�0.58 1.37+0.62
�0.56

µZZ
V 0.48+1.37

�0.91
+1.16
�0.84 0.26+1.60

�0.91 1.44+2.32
�2.30

µWW
V 1.38+0.41

�0.37
+0.38
�0.35 1.56+0.52

�0.46 1.08+0.65
�0.58

µ⌧⌧V 1.12+0.37
�0.35

+0.38
�0.36 1.29+0.58

�0.53 0.87+0.49
�0.45

µbb̄V 0.65+0.30
�0.29

+0.32
�0.30 0.50+0.39

�0.37 0.85+0.47
�0.44

µ��F 1.19+0.28
�0.25

+0.25
�0.23 1.31+0.37

�0.34 1.01+0.34
�0.31

µZZ
F 1.44+0.38

�0.34
+0.29
�0.25 1.73+0.51

�0.45 0.97+0.54
�0.42

µWW
F 1.00+0.23

�0.20
+0.21
�0.19 1.10+0.29

�0.26 0.85+0.28
�0.25

µ⌧⌧F 1.10+0.61
�0.58

+0.56
�0.53 1.72+1.24

�1.13 0.91+0.69
�0.64

µbb̄F 1.09+0.93
�0.89

+0.91
�0.86 1.51+1.15

�1.08 0.10+1.83
�1.86

6-parameter fit to global µV /µF = µVBF+VH/µggF+t tH and to µfF = µ
f
ggF+t tH

µV /µF 1.06+0.35
�0.27

+0.34
�0.26 0.91+0.41

�0.30 1.29+0.67
�0.46

µ��F 1.13+0.24
�0.21

+0.21
�0.19 1.18+0.33

�0.29 1.03+0.30
�0.26

µZZ
F 1.29+0.29

�0.25
+0.24
�0.20 1.54+0.44

�0.36 1.00+0.33
�0.27

µWW
F 1.08+0.22

�0.19
+0.19
�0.17 1.26+0.29

�0.25 0.85+0.25
�0.22

µ⌧⌧F 1.07+0.35
�0.28

+0.32
�0.27 1.50+0.66

�0.49 0.75+0.39
�0.29

µbbF 0.65+0.37
�0.28

+0.45
�0.34 0.67+0.58

�0.42 0.64+0.54
�0.36
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Table 13: Results of the 10-parameter fit of µfF = µ
f
ggF+t tH and µfV = µ

f
V BF+VH for each of the five decay

channels, and of the 6-parameter fit of the global ratio µggF+t tH/µVBF+VH together with µfggF+t tH for
each of the five decay channels. The results are shown for the combination of ATLAS and CMS, together
with their measured and expected uncertainties, and the measured results are also shown separately for
each experiment.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured

10-parameter fit to µfF = µ
f
ggF+t tH and µfV = µ

f
V BF+VH

µ��V 1.05+0.44
�0.41

+0.42
�0.38 0.69+0.64

�0.58 1.37+0.62
�0.56

µZZ
V 0.48+1.37

�0.91
+1.16
�0.84 0.26+1.60

�0.91 1.44+2.32
�2.30

µWW
V 1.38+0.41

�0.37
+0.38
�0.35 1.56+0.52

�0.46 1.08+0.65
�0.58

µ⌧⌧V 1.12+0.37
�0.35

+0.38
�0.36 1.29+0.58

�0.53 0.87+0.49
�0.45

µbb̄V 0.65+0.30
�0.29

+0.32
�0.30 0.50+0.39

�0.37 0.85+0.47
�0.44

µ��F 1.19+0.28
�0.25

+0.25
�0.23 1.31+0.37

�0.34 1.01+0.34
�0.31

µZZ
F 1.44+0.38

�0.34
+0.29
�0.25 1.73+0.51

�0.45 0.97+0.54
�0.42

µWW
F 1.00+0.23

�0.20
+0.21
�0.19 1.10+0.29

�0.26 0.85+0.28
�0.25

µ⌧⌧F 1.10+0.61
�0.58

+0.56
�0.53 1.72+1.24

�1.13 0.91+0.69
�0.64

µbb̄F 1.09+0.93
�0.89

+0.91
�0.86 1.51+1.15

�1.08 0.10+1.83
�1.86

6-parameter fit to global µV /µF = µVBF+VH/µggF+t tH and to µfF = µ
f
ggF+t tH

µV /µF 1.06+0.35
�0.27

+0.34
�0.26 0.91+0.41

�0.30 1.29+0.67
�0.46

µ��F 1.13+0.24
�0.21

+0.21
�0.19 1.18+0.33

�0.29 1.03+0.30
�0.26

µZZ
F 1.29+0.29

�0.25
+0.24
�0.20 1.54+0.44

�0.36 1.00+0.33
�0.27

µWW
F 1.08+0.22

�0.19
+0.19
�0.17 1.26+0.29

�0.25 0.85+0.25
�0.22

µ⌧⌧F 1.07+0.35
�0.28

+0.32
�0.27 1.50+0.66

�0.49 0.75+0.39
�0.29

µbbF 0.65+0.37
�0.28

+0.45
�0.34 0.67+0.58

�0.42 0.64+0.54
�0.36
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Parameter value norm. to SM prediction
-1 0 1 2 3 4 5 6

ZZ/BRbbBR

ZZ/BRττBR

ZZ/BRγγBR

ZZ/BRWWBR

ggFσ/ttHσ

ggFσ/ZHσ

ggFσ/WHσ

ggFσ/VBFσ
ZZ)→H
→(ggσ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±
σ 2±

Th. uncert.

Figure 7: Best-fit values of ratios of cross sections and branching ratios, as obtained from the generic parameterisation
described in the text and as tabulated in Table 7. Also shown for completeness are the results for each experiment.
The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. In this figure, the fit results are normalised
to the SM predictions for the various ratios and the shaded bands indicate the theory uncertainties on these ratios.

and selection cuts, for which SM Higgs boson production and decay kinematics are assumed in the471

simulations. This is the most generic parameterisation, and from the results in terms of their central values472

and the full error covariance matrix, it is possible, assuming the asymptotic approximation, to derive other473
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Generic parametrization
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• Only measuring product of cross-sections and branching ratios  
• Cannot determine them independently 
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The total e�ect of these modifications is small, both on the expected and on the observed yields. All407

measurements di�er from the individual combined results by less than approximately 10% of the total408

uncertainty for CMS and by less for ATLAS.409

Table 5 gives an overview of the Higgs boson decay and production channels which are analysed in this410

paper as they were published individually together with the relevant references. To provide a snapshot of411

the relative importance of the various channels, the results from the combined analysis presented in this412

paper (see Tables 11 and 12 in Section 5.2) are shown as measurements for each experiment of the overall413

signal-strength parameters µ for each of the six decay channels and for the ttH production channel, together414

with their observed and expected uncertainties. The total observed and expected statistical significances415

for mH = 125.09 GeV are also shown except for the H ! µµ channel which has very low sensitivity.416

These results are quite close to those published by the individual analyses in each experiment, which are417

quoted as references in the table. As stated above, the di�erences are due in part to the di�erent values418

assumed at the time for the Higgs boson mass and to the adjustments done to the various analyses, mostly419

in terms of signal modelling and of the treatment of signal theory uncertainties.420

4. Generic parameterisations of experimental results421

Two di�erent and most generic parameterisations using ratios are described and their results are presented422

in this section. The first is based on the ratios of cross sections and branching ratios, as described in423

Section 2.3. In this parameterisation, the dominant signal theoretical uncertainties on the inclusive cross424

sections for the various production processes do not enter in the measured observables, in contrast to425

any measurements involving the µ parameters. This analysis leads to the most model-independent results426

presented in this paper and tests the compatibility of the measurements with the SM under minimal427

assumptions. The second parameterisation follows the one described in Section 2.4 and is based on the428

ratios of coupling modifiers. Both of these parameterisations do not make assumptions on the Higgs boson429

total width which can freely vary provided the narrow width approximation is still valid. Furthermore,430

many theoretical and experimental systematic uncertainties cancel in these ratios.431

4.1. Parameterisation using ratios of cross sections and branching ratios432

As discussed in Section 3.1, the measured Higgs boson rates are only sensitive to cross sections times433

branching ratios. Thus, from the rate measurements alone, the cross sections and decay branching ratios434

cannot be separately determined in a model-independent way. However, ratios of cross sections and of435

branching ratios can be extracted, without any additional assumptions beyond the general ones discussed436

in Section 1, from a combined fit to the data. This is achieved by normalising the yield of any specific437

channel i ! H ! f to a reference process. In this paper, gg ! H ! Z Z is chosen as the reference,438

because the combined value for �(gg ! H ! Z Z ) has the smallest systematic and one of the smallest439

overall uncertainties. The product of the cross section and the branching ratio of i ! H ! f can then be440

expressed using the ratios as:441

�i · BR f = �(gg ! H ! Z Z ) ⇥ *,
�i
�ggF

+
- ⇥

*
,

BR f

BRZZ
+
- . (10)
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• Use ratios of cross-sections and branching ratios  
• Relative to gg→H→ZZ 
• Independent of the Higgs width
• Main theoretical uncertainties cancel in the ratios  
• Results remain valid as (inclusive) theoretical 

predictions progress

• Overall good compatibility with the SM expectation 
• p-value 16% 

• Largest deviations occur in:  
• BRbb/BRZZ ( ~2.4 sigma ) 
• σttH/σggH, σZH/σggH 

• Individual measurements slightly correlated  
• due to common denominator
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µf
i =

�i · BRf

(�i · BRf )SM
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• Better constraints with addt’l assumptions
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new physics beyond the SM. Within the assumptions already mentioned in Section 1, the production and197

decay of the Higgs boson can be factorised, such that the cross section times BR of an individual channel198

�(i! H ! f ) contributing to a measured signal yield can be parameterised as:199

�i · BR f =
�i(~) · �f (~)

�H
, (4)

where �H is the total width of the Higgs boson. A set of coupling modifiers, ~, is introduced to parameterise200

potential deviations of the Higgs boson couplings to SM bosons and fermions. For a given production201

process or decay mode denoted “ j”, a coupling modifier  j is defined such that:202

2j = � j/�
SM
j or 2j = �

j/� jSM. (5)

By construction, all  j values are set to unity in the SM and the SM couplings themselves include the203

best available higher-order QCD and EW corrections, as shown in Tables 1 and 2. This higher-order204

accuracy is not necessarily preserved for  j values di�erent from unity, but the dominant higher-order205

QCD corrections factorise to a large extent from any rescaling of the coupling strengths and are therefore206

assumed to remain valid over the whole range of  j values considered in this paper. Individual coupling207

modifiers, corresponding to tree-level Higgs boson couplings to the di�erent particles, are introduced as208

well as e�ective coupling modifiers g and � that describe ggF production and H ! �� decay: this is209

possible because BSM particles which might be present in these loops are not expected to appreciably210

change the kinematics of the corresponding process. In contrast, the gg ! Z H process, which occurs211

at leading order through box and triangular loop diagrams (see Figs. 2b and 2c) is not treated using an212

e�ective coupling modifier, because a tree-level ggH Z contact interaction from new physics would likely213

show a kinematic structure very di�erent from the SM and is expected to be highly suppressed [38, 47].214

Any remaining BSM e�ects on the gg ! Z H process are related to modifications of the H Z Z and ttH215

interactions, which are best taken into account within the limitation of the framework, by resolving the216

loop in terms of the corresponding coupling modifiers, Z and t .217

Di�erent production processes and decay modes probe di�erent coupling modifiers as can be visualised218

from the Feynman diagrams in Section 2.1. Loop processes such as gg ! H and H ! �� can be219

studied through either the e�ective coupling modifiers, thereby providing sensitivity to potential BSM220

physics in the loops or the modifiers of the SM particles themselves. Interference contributions of di�erent221

diagrams provide some sensitivity to relative signs between Higgs boson couplings to di�erent particles.222

The e�ect is particularly large in the case of tH production. In the SM, the tH cross section is small,223

approximately 14% of the ttH cross section because of the destructive interference between diagrams224

involving the couplings to the W boson and the top quark, as shown in Table 4, if one sets t and W to225

their SM value of unity. However, the interference becomes constructive for negative values of the product226

W ⇥ t . The gb! WtH and qg ! tHbq0 cross sections increase by a factor of 6 and 13, respectively, in227

which case the tH process becomes sensitive to the relative sign of the W -boson and top-quark couplings,228

despite its small SM cross section.229

Changes in the couplings will result in a variation of the Higgs boson width. A new modifier, H , defined230

as 2H =
P

j BR j
SM

2
j , is introduced to characterise this variation. In case the only allowed decay modes of231

the Higgs boson are the same as in the SM, the relation 2H = �H/�
SM
H holds. If instead also BSM decays232

are allowed, the width �H can then be expressed as233

�H =
2H · �SM

H

1 � BRBSM
, (6)
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new physics beyond the SM. Within the assumptions already mentioned in Section 1, the production and197

decay of the Higgs boson can be factorised, such that the cross section times BR of an individual channel198

�(i! H ! f ) contributing to a measured signal yield can be parameterised as:199

�i · BR f =
�i(~) · �f (~)

�H
, (4)

where �H is the total width of the Higgs boson. A set of coupling modifiers, ~, is introduced to parameterise200

potential deviations of the Higgs boson couplings to SM bosons and fermions. For a given production201

process or decay mode denoted “ j”, a coupling modifier  j is defined such that:202

2j = � j/�
SM
j or 2j = �

j/� jSM. (5)

By construction, all  j values are set to unity in the SM and the SM couplings themselves include the203

best available higher-order QCD and EW corrections, as shown in Tables 1 and 2. This higher-order204

accuracy is not necessarily preserved for  j values di�erent from unity, but the dominant higher-order205

QCD corrections factorise to a large extent from any rescaling of the coupling strengths and are therefore206

assumed to remain valid over the whole range of  j values considered in this paper. Individual coupling207

modifiers, corresponding to tree-level Higgs boson couplings to the di�erent particles, are introduced as208

well as e�ective coupling modifiers g and � that describe ggF production and H ! �� decay: this is209

possible because BSM particles which might be present in these loops are not expected to appreciably210

change the kinematics of the corresponding process. In contrast, the gg ! Z H process, which occurs211

at leading order through box and triangular loop diagrams (see Figs. 2b and 2c) is not treated using an212

e�ective coupling modifier, because a tree-level ggH Z contact interaction from new physics would likely213

show a kinematic structure very di�erent from the SM and is expected to be highly suppressed [38, 47].214

Any remaining BSM e�ects on the gg ! Z H process are related to modifications of the H Z Z and ttH215

interactions, which are best taken into account within the limitation of the framework, by resolving the216

loop in terms of the corresponding coupling modifiers, Z and t .217

Di�erent production processes and decay modes probe di�erent coupling modifiers as can be visualised218

from the Feynman diagrams in Section 2.1. Loop processes such as gg ! H and H ! �� can be219

studied through either the e�ective coupling modifiers, thereby providing sensitivity to potential BSM220

physics in the loops or the modifiers of the SM particles themselves. Interference contributions of di�erent221

diagrams provide some sensitivity to relative signs between Higgs boson couplings to di�erent particles.222

The e�ect is particularly large in the case of tH production. In the SM, the tH cross section is small,223

approximately 14% of the ttH cross section because of the destructive interference between diagrams224

involving the couplings to the W boson and the top quark, as shown in Table 4, if one sets t and W to225

their SM value of unity. However, the interference becomes constructive for negative values of the product226

W ⇥ t . The gb! WtH and qg ! tHbq0 cross sections increase by a factor of 6 and 13, respectively, in227

which case the tH process becomes sensitive to the relative sign of the W -boson and top-quark couplings,228

despite its small SM cross section.229

Changes in the couplings will result in a variation of the Higgs boson width. A new modifier, H , defined230

as 2H =
P

j BR j
SM

2
j , is introduced to characterise this variation. In case the only allowed decay modes of231

the Higgs boson are the same as in the SM, the relation 2H = �H/�
SM
H holds. If instead also BSM decays232

are allowed, the width �H can then be expressed as233

�H =
2H · �SM

H

1 � BRBSM
, (6)
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new physics beyond the SM. Within the assumptions already mentioned in Section 1, the production and197

decay of the Higgs boson can be factorised, such that the cross section times BR of an individual channel198

�(i! H ! f ) contributing to a measured signal yield can be parameterised as:199

�i · BR f =
�i(~) · �f (~)

�H
, (4)

where �H is the total width of the Higgs boson. A set of coupling modifiers, ~, is introduced to parameterise200

potential deviations of the Higgs boson couplings to SM bosons and fermions. For a given production201

process or decay mode denoted “ j”, a coupling modifier  j is defined such that:202

2j = � j/�
SM
j or 2j = �

j/� jSM. (5)

By construction, all  j values are set to unity in the SM and the SM couplings themselves include the203

best available higher-order QCD and EW corrections, as shown in Tables 1 and 2. This higher-order204

accuracy is not necessarily preserved for  j values di�erent from unity, but the dominant higher-order205

QCD corrections factorise to a large extent from any rescaling of the coupling strengths and are therefore206

assumed to remain valid over the whole range of  j values considered in this paper. Individual coupling207

modifiers, corresponding to tree-level Higgs boson couplings to the di�erent particles, are introduced as208

well as e�ective coupling modifiers g and � that describe ggF production and H ! �� decay: this is209

possible because BSM particles which might be present in these loops are not expected to appreciably210

change the kinematics of the corresponding process. In contrast, the gg ! Z H process, which occurs211

at leading order through box and triangular loop diagrams (see Figs. 2b and 2c) is not treated using an212

e�ective coupling modifier, because a tree-level ggH Z contact interaction from new physics would likely213

show a kinematic structure very di�erent from the SM and is expected to be highly suppressed [38, 47].214

Any remaining BSM e�ects on the gg ! Z H process are related to modifications of the H Z Z and ttH215

interactions, which are best taken into account within the limitation of the framework, by resolving the216

loop in terms of the corresponding coupling modifiers, Z and t .217

Di�erent production processes and decay modes probe di�erent coupling modifiers as can be visualised218

from the Feynman diagrams in Section 2.1. Loop processes such as gg ! H and H ! �� can be219

studied through either the e�ective coupling modifiers, thereby providing sensitivity to potential BSM220

physics in the loops or the modifiers of the SM particles themselves. Interference contributions of di�erent221

diagrams provide some sensitivity to relative signs between Higgs boson couplings to di�erent particles.222

The e�ect is particularly large in the case of tH production. In the SM, the tH cross section is small,223

approximately 14% of the ttH cross section because of the destructive interference between diagrams224

involving the couplings to the W boson and the top quark, as shown in Table 4, if one sets t and W to225

their SM value of unity. However, the interference becomes constructive for negative values of the product226

W ⇥ t . The gb! WtH and qg ! tHbq0 cross sections increase by a factor of 6 and 13, respectively, in227

which case the tH process becomes sensitive to the relative sign of the W -boson and top-quark couplings,228

despite its small SM cross section.229

Changes in the couplings will result in a variation of the Higgs boson width. A new modifier, H , defined230

as 2H =
P

j BR j
SM

2
j , is introduced to characterise this variation. In case the only allowed decay modes of231

the Higgs boson are the same as in the SM, the relation 2H = �H/�
SM
H holds. If instead also BSM decays232

are allowed, the width �H can then be expressed as233

�H =
2H · �SM

H

1 � BRBSM
, (6)
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• Instead of signal strengths can use coupling modifiers to parametrize the signal contribution 

Example: Various choices to scale gg→H→WW :

Higgs width enters here!

µWW
gg ,

2
g

2
W

2
H

,
g(t,b)22

W

H(~)2

κg2 ∼ 1.06·κt2 +0.01·κb2 −0.07·κtκb 

κγ2 ~ 1.59·κW2 +0.07·κt2 − 0.66·κWκt 

• Describe loops by effective parameters or use expected SM interference 

• Assumes SM like coupling structure - only accounts for rates !  
• Useful quantities as long as overall picture is SM-like
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Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

Figure 14: Combined results of a 7-parameter fit in the case where the constraints V  1 or BRBSM = 0 are imposed
(see text).

fit, which has only two parameters, the e�ective coupling modifiers, � and g , with all the other coupling657

modifiers fixed to their SM value of unity, is shown in Fig. 16. The point � = 1 and g = 1 lies well658

within the 68% CL contour and the p-value of the compatibility between the data and the SM predictions659

is found to be 82%.660
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• Making assumptions about Higgs Boson width 
allows to extract coupling modifiers 

• Assume either:  
a) κV < 1 
b) No BSM decays  

19

BSM physics in loops or decays ?

N.Ruthmann (CERN) - PIC 2015

• Under assumption a):  
• Extract a limit on BRBSM < 0.34

Direct limits on VBF H → inv.:  
 BRinv < 28% (31%) (ATLAS)  
 BRinv < 57% (40%)  (CMS)
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Figure 16: Negative log-likelihood contours at 68% and 95% CL of � versus g for the combination of ATLAS
and CMS and for each experiment separately, for the parameterisation constraining all the other coupling modifiers
to their SM values and assuming BRBSM = 0.

6.3. Parameterisations related to the fermion sector708

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus709

quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models710

is the 2HDM [81]. For example in the Minimal Supersymmetric Model [82] the coupling modifiers of711

neutral Higgs bosons to up- and down-type fermions may di�er by a common scaling factor.712

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [27],713

in which the total Higgs boson width is also allowed to vary. The parameter of interest is �du = d/u ,714

for the up- and down-type fermion symmetry test, and �lq = l/q for the lepton and quark symmetry715

test, where both are allowed to be positive or negative. The other free parameters are, assuming that the716

coupling modifiers of the W and Z bosons are the same, W = Z = V and H . In this parameterisation,717

the loops are resolved in terms of their expected SM contributions.718

14th September 2015 – 16:18 37

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

Parameter value
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Figure 14: Combined results of a 7-parameter fit in the case where the constraints V  1 or BRBSM = 0 are imposed
(see text).

fit, which has only two parameters, the e�ective coupling modifiers, � and g , with all the other coupling657

modifiers fixed to their SM value of unity, is shown in Fig. 16. The point � = 1 and g = 1 lies well658

within the 68% CL contour and the p-value of the compatibility between the data and the SM predictions659

is found to be 82%.660
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• Making assumptions about Higgs Boson width 
allows to extract coupling modifiers 

• Assume either:  
a) κV < 1 
b) No BSM decays  

• Test for BSM contributions in loops 
• Fitting effective photon and gluon couplings 
• Assuming all other couplings are SM-like 

• “κ framework”: interpret signal strength parameters (µp
, µi

BR)  in 
terms of modifiers to the SM couplings:

• Decay: Γi = κi
2

  Γi
SM

• Production: σi = κi
2

  σi
SM

• Width: ΓH = Σi
 κi

2
  Γi

SM 

Assumptions (see LHCXSWG YR3):
• Only one Higgs
• SM production and decay kinematics

• Tensor structure is that of SM
• 0+ scalar

• Narrow resonance 
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  yb : b yukawa
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κγ
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2
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• Tensor structure is that of SM
• 0+ scalar
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• yb: = κb  yb
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  yb : b yukawa

€ 

κγ
2 ∝1.6 ×κW

2 − 0.7 ×κ tκW + 0.1×κ t
2

assuming no BSM particles in the loops
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2 − 0.07 ×κ tκb + 0.01×κb
2

Assumes all κi = 1 apart from y/g
20
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• Under assumption a):  
• Extract a limit on BRBSM < 0.34

Direct limits on VBF H → inv.:  
 BRinv < 28% (31%) (ATLAS)  
 BRinv < 57% (40%)  (CMS)



• Interference terms carry information about the relative sign between couplings 
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N.Ruthmann (CERN) - PIC 2015

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

DRAFT

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.
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Figure 2: Leading-order Feynman diagrams of Higgs boson production via the (a) qq̄ ! V H and (b,c) gg ! Z H
production processes.
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Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bb̄H
processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important112

production processes in the SM that are not directly searched for, but are considered in the combination,113

are qq̄/gg ! bb̄H (bbH), also shown in Fig. 3, and the production in association with a single top114

quark (tH) shown in Fig. 4. The latter proceeds through either the qb ! tHq0 (tHq) (Figs. 4a and 4b)115

or gb ! WtH (tHW ) (Figs. 4c and 4d) process [23]. The tH process is expected to have a negligible116

contribution in the SM but may become important in some BSM scenarios.117

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in118

Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level119

processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).120

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios121

have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [24–26] and122

are summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass, mH = 125.09123

GeV. The SM predictions of the branching ratios for H ! cc̄, gg and Z� are included for completeness.124

Though they are not explicitly searched for, they impact the combination through their contributions to125

the Higgs boson width and, at a small level, to certain categories.126
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Table 4: Overview of Higgs boson production cross sections �, partial decay widths � and total decay width (in
the absence of BSM decays) in the context of the -framework. The expressions include higher-order QCD and
EW corrections to the inclusive cross sections, as described in Section 2.1, and are given for

p
s = 8 TeV and

mH = 125.09 GeV (they are similar for
p

s = 7 TeV). Only the contributions relevant to the analyses presented in
this paper are shown explicitly here.

Production Loops Interference Multiplicative factor
�(ggF) X b � t 2g ⇠ 1.06 · 2t + 0.01 · 2b � 0.07 · t b
�(VBF) – – ⇠ 0.74 · 2W + 0.26 · 2Z
�(W H) – – ⇠ 2W
�(qq̄ ! Z H) – – ⇠ 2Z
�(gg ! Z H) X Z � t ⇠ 2.27 · 2Z + 0.37 · 2t � 1.64 · Z t
�(bbH) – – ⇠ 2b
�(ttH) – – ⇠ 2t
�(gb! WtH) – W � t ⇠ 1.84 · 2t + 1.57 · 2W � 2.41 · t W
�(qb! tHq0) – W � t ⇠ 3.4 · 2t + 3.56 · 2W � 5.96 · t W
Partial decay width
�bb̄ – – ⇠ 2b
�WW – – ⇠ 2W
�ZZ – – ⇠ 2Z
�⌧⌧ – – ⇠ 2⌧
�µµ – – ⇠ 2µ
��� X W � t 2g ⇠ 1.59 · 2W + 0.07 · 2t � 0.66 · W t
Total width for BRBSM = 0

0.57 · 2b + 0.22 · 2W + 0.09 · 2g+
�H X – 2H ⇠ + 0.06 · 2t + 0.03 · 2Z + 0.03 · 2c+

+ 0.0023 · 2g + 0.0016 · 2Zg+

+ 0.0001 · 2s + 0.00022 · 2µ

Since �H is not experimentally constrained in a model-independent way with su�cient precision at the236

LHC, only ratios of coupling strengths can be measured in the most generic model considered in the237

-framework.238

In the SM, it is possible to derive the relation between the coupling modifiers, the production cross sections239

�i , and partial decay widths � f . The approximate expressions are indicated in Table 4. In the context of240

this parameterisation, it is natural to vary the partial width �g as g and to assume that c varies as t ,241

while s varies as b and µ varies as ⌧ . These assumptions are not the same as the ones described242

for the signal-strength framework (see Section 2.3), so they are only approximately equivalent. Given243

that the experimental observables are not sensitive to the absolute sign of the couplings but only to the244

relative sign between di�erent couplings through interference, the convention t > 0 has been adopted in245

the following without any loss of generality.246

2nd September 2015 – 18:21 10

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

Table 4: Overview of Higgs boson production cross sections �, partial decay widths � and total decay width (in
the absence of BSM decays) in the context of the -framework. The expressions include higher-order QCD and
EW corrections to the inclusive cross sections, as described in Section 2.1, and are given for

p
s = 8 TeV and

mH = 125.09 GeV (they are similar for
p

s = 7 TeV). Only the contributions relevant to the analyses presented in
this paper are shown explicitly here.
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�H X – 2H ⇠ + 0.06 · 2t + 0.03 · 2Z + 0.03 · 2c+

+ 0.0023 · 2g + 0.0016 · 2Zg+

+ 0.0001 · 2s + 0.00022 · 2µ

Since �H is not experimentally constrained in a model-independent way with su�cient precision at the236

LHC, only ratios of coupling strengths can be measured in the most generic model considered in the237

-framework.238

In the SM, it is possible to derive the relation between the coupling modifiers, the production cross sections239

�i , and partial decay widths � f . The approximate expressions are indicated in Table 4. In the context of240

this parameterisation, it is natural to vary the partial width �g as g and to assume that c varies as t ,241

while s varies as b and µ varies as ⌧ . These assumptions are not the same as the ones described242

for the signal-strength framework (see Section 2.3), so they are only approximately equivalent. Given243

that the experimental observables are not sensitive to the absolute sign of the couplings but only to the244

relative sign between di�erent couplings through interference, the convention t > 0 has been adopted in245

the following without any loss of generality.246
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Table 4: Overview of Higgs boson production cross sections �, partial decay widths � and total decay width (in
the absence of BSM decays) in the context of the -framework. The expressions include higher-order QCD and
EW corrections to the inclusive cross sections, as described in Section 2.1, and are given for

p
s = 8 TeV and

mH = 125.09 GeV (they are similar for
p

s = 7 TeV). Only the contributions relevant to the analyses presented in
this paper are shown explicitly here.

Production Loops Interference Multiplicative factor
�(ggF) X b � t 2g ⇠ 1.06 · 2t + 0.01 · 2b � 0.07 · t b
�(VBF) – – ⇠ 0.74 · 2W + 0.26 · 2Z
�(W H) – – ⇠ 2W
�(qq̄ ! Z H) – – ⇠ 2Z
�(gg ! Z H) X Z � t ⇠ 2.27 · 2Z + 0.37 · 2t � 1.64 · Z t
�(bbH) – – ⇠ 2b
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�(gb! WtH) – W � t ⇠ 1.84 · 2t + 1.57 · 2W � 2.41 · t W
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Since �H is not experimentally constrained in a model-independent way with su�cient precision at the236

LHC, only ratios of coupling strengths can be measured in the most generic model considered in the237

-framework.238

In the SM, it is possible to derive the relation between the coupling modifiers, the production cross sections239

�i , and partial decay widths � f . The approximate expressions are indicated in Table 4. In the context of240

this parameterisation, it is natural to vary the partial width �g as g and to assume that c varies as t ,241

while s varies as b and µ varies as ⌧ . These assumptions are not the same as the ones described242

for the signal-strength framework (see Section 2.3), so they are only approximately equivalent. Given243

that the experimental observables are not sensitive to the absolute sign of the couplings but only to the244

relative sign between di�erent couplings through interference, the convention t > 0 has been adopted in245

the following without any loss of generality.246
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• Large negative interference suppresses the 
cross section of tH production SM  
• Not observing it as an excess in ttH 

analyses therefore constrains the sign

• Similarly the process gg→ZH involves an interference term between Z and top couplings 
• gg→ZH features a harder pT spectrum than the qq initiated process 
• But small overall cross section 

• Much smaller interference effect than in the case of tH 
• Little constraining power concerning the sign of κZ
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Coupling modifiers - no BSM in loops nor decays 

N.Ruthmann (CERN) - PIC 2015

• Effective photon and gluon couplings compatible with SM 
• No sign for BSM decays  

• Nice demonstration of correlation between couplings and masses

➡ Extract coupling modifiers assuming 
SM loop structure and no BSM decays
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Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

µκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±

Figure 17: Overview of best-fit values of parameters for the combined measurements, as well as for the individual
experiment results, with the assumption of the absence of BSM particles in the loops and BRBSM = 0.

6.3.1. Probing the up- and down-type fermion symmetry693

The parameterisation for this test has as free parameters �du = d/u , �Vu = V /u and uu = u ·u/H .694

The up-type fermion couplings are mainly probed by the ggF process, the H ! �� decay and to a lesser695

extent by the ttH process. The down-type fermion couplings are mainly probed by the H ! bb̄ and696

H ! ⌧⌧ decays and a small sensitivity to the relative sign comes from the interference between top and697

bottom quarks in the gluon fusion loop.698

The results of the fit of the �du parameter in terms of 1� intervals are reported in Fig. 19 and in Table 16.699

The corresponding likelihood scan for the combination is shown in Fig. 20. The p-value of the compatibility700

between the data and the SM predictions is found to be 67%.701

6.3.2. Probing the quark and lepton symmetry702

The parameterisation for this test is very similar to that in Section 6.3.1 which probes the up- and down-type703

fermion symmetry. In this case, the free parameters are �lq = l/q , �Vq = V /q and qq = q · q/H .704

The quark couplings are mainly probed by the ggF process, the H ! �� and H ! bb̄ decays, and to a705
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Table 15: Summary of fit results for the parameterisation with the assumption of the absence of BSM
particles in the loops and BRBSM = 0. The measured results with their measured and expected uncertainties
are reported for the combination of ATLAS and CMS, together with the measured results with their
uncertainties for each experiment.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured

Z 1.00+0.10
�0.11

+0.10
�0.11 0.98+0.14

�0.14 1.04+0.15
�0.16

W 0.91+0.09
�0.09

+0.09
�0.10 0.91+0.12

�0.13 0.92+0.14
�0.14

t 0.89+0.15
�0.13

+0.15
�0.14 0.98+0.21

�0.18 0.78+0.20
�0.16

⌧ 0.90+0.14
�0.13

+0.15
�0.15 0.99+0.20

�0.18 0.83+0.20
�0.18

b 0.67+0.22
�0.20

+0.24
�0.23 0.65+0.29

�0.30 0.71+0.34
�0.29

µ 0.2+1.2
�0.2 - 0.0+1.4 0.5+1.4

�0.5

Particle mass [GeV]
1−10 1 10 210

vV
m  V

κ
  o

r  
vF

m  F
κ

4−10

3−10

2−10

1−10

1
Z

W

t

b
τ

µ

ATLAS and CMS
LHC Run 1 Preliminary

Observed
SM Higgs boson

Figure 18: Fit results for the reduced coupling strength scale factors yV , i =
q
V , i

gV , i

2v =
p
V , i

mV , i

v for weak bosons
and yF, i = F, i

gF, ip
2
= F, i

mF, i

v for fermions as a function of the particle mass, assuming a SM Higgs boson with a
mass of 125.09 GeV. The dashed line indicates the predicted mass dependence for the SM Higgs boson.

lesser extent by the ttH process. The lepton couplings are probed by the H ! ⌧⌧ decays and the results706

are expected to be insensitive to the relative sign of the couplings because there is no sizeable lepton-quark707
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• Several BSM theories predict different coupling structures for up- and down-type fermion  
• .. or for lepton and quarks 
• Assuming the SM loop structure can extract information on all those 

• Check the ratio of these couplings, while assuming:  
• κW = κZ 

• No BSM in loops 
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Zooming in on Fermion Couplings
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Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

uuκ

Vuλ

duλ

 Run 1LHC
 PreliminaryCMS  and ATLAS

σ 1±Observed 

Figure 19: 1� intervals for combined results of the �du , �Vu and uu parameters from fits with the most general
parameterisation testing the up- and down-fermion coupling ratios.
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Figure 20: Negative log-likelihood scan of the �du parameter, profiling the other two parameters �Vu and uu . Both
observed (solid) and expected (dotted) curves are shown.

interference in any of the relevant Higgs boson production and decay processes.708

The results of the fit of the �lq parameter in terms of 1� intervals are reported in Fig. 21 and in Table 16.709

The corresponding likelihood scan for the combination is shown in Fig. 22. The p-value of the compatibility710

between the data and the SM predictions is found to be 78%.711
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Parameter value
-1.5 -1 -0.5 0 0.5 1 1.5 2

qqκ

Vqλ

lqλ

 Run 1LHC
 PreliminaryCMS  and ATLAS

σ 1±Observed 

Figure 21: 1� intervals for combined results of the �lq , �Vq and qq parameters from fits with the most general
parameterisation testing the lepton and quark coupling ratios.
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observed (solid) and expected (dotted) curves are shown.
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Fermion vs Boson Couplings
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• Yukawa sector and Bosonic Higgs Boson couplings are of a different origin and structure ! 
• Therefore comparing boson to fermion couplings is a crucial test of the SM 
• Good agreement with the SM expectation 
• Nicely demonstrates the power of combining all analyses 
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Figure 23: Negative log-likelihood contours of  fF versus  fV for the individual decay channels and for their global
combination for the combined ATLAS+CMS fits assuming that  fF and  fV are both positive (top). Also shown are
these contours for the combined ATLAS+CMS global fit of all channels on an enlarged scale, together with the
ATLAS-only and CMS-only global fits of all channels (bottom).
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Figure 23: Negative log-likelihood contours of  fF versus  fV for the individual decay channels and for their global
combination for the combined ATLAS+CMS fits assuming that  fF and  fV are both positive (top). Also shown are
these contours for the combined ATLAS+CMS global fit of all channels on an enlarged scale, together with the
ATLAS-only and CMS-only global fits of all channels (bottom).
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Process obs. (exp.) limits on μ (95% CL) 
ATLAS / CMS 

H→μμ 7 (7) / 7.4 (6.5)

H→ee - / 3 * 105

H→Ζγ 11 (9) / 9 (10)

H→γ Z/γ* - / 7.7 (6.4)

H→J/ψγ 540 / 540

tH→t(WW/ττ) - / 6.7 (5.0) on ct=-1

tH→t(γγ) - / 4.1 (4.1) on ct=-1

BR VBF H→ inv. 28% (31%) / 
57% (40%)

• Besides the dominant decay and production modes many limits were set on rarer modes 
• They complement the coupling measurements and are highly sensitive to BSM physics
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Limits on rare decay and production modes
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Figure 1: Dominant Feynman diagrams for the production of tHq events: the Higgs boson
is typically irradiated from the heavier legs of the diagram, i.e. the W boson (left) or the top
quark (right).

1 Introduction

The discovery of a Higgs boson with the CMS and ATLAS experiments in 2012 [1, 2] opened
a new field for explorations in the realm of particle physics. It is now critical to explore the
coupling of this new particle with the other elementary particles to test whether it is the Higgs
boson predicted by the Standard Model (SM). In particular, the Yukawa structure of the cou-
pling of the Higgs to fermions is largely unexplored: as of today, we only have evidence of
the Higgs coupling to bottom quarks from the Tevatron and from CMS [3, 4] and to tau lep-
tons from CMS and ATLAS [5, 6]. A fermionic coupling of special interest is the one of the
new boson to the top quark. In fact, due to the top quark’s very large mass [7, 8], it is widely
believed that the top quark plays a special role in the electroweak symmetry breaking mecha-
nism. The Higgs boson has been discovered mainly through its direct coupling with the other
known heavy bosons (W/Z) and photons where a SM interaction with top quark is assumed.
New physics could alter the interaction between the top quark and the Higgs boson without
exceeding current constraints.

The most straightforward way to study the coupling of top quarks to Higgs bosons is through
the investigation of top-antitop-Higgs production. The search for tt̄H production has been
performed in the Higgs to hadrons [9], photons [10], and leptons [11] final states by the CMS
collaboration. The combination of the above channels offered the first hint of direct coupling of
the Higgs boson to the top quark [12]. The ATLAS collaboration has searched for ttH produc-
tion using the Higgs to two photons decay [13].

The coupling of the Higgs boson to a top quark (Ct) can be probed in a novel way by studying
the associated production of a single top quark and a Higgs boson. Single top quark production
has been observed at the LHC in the t-channel [14], s-channel production observation has been
achieved at the Tevatron [15] and CMS recently reported the first observation of the associated
production of a single top quark with a W boson [16]. Single top quark plus Higgs boson
production proceeds mainly through t-channel diagrams, with the Higgs being emitted either
from a top quark leg or a W boson propagator (see Figure 1). In the SM, as the couplings
of the Higgs to the W and the top quark have opposite sign, these two diagrams suffer from
destructive interference, so that they almost cancel out: the process cross section, calculated at
Next-to-Leading Order (NLO) precision, is approximately 18 fb [17–20].

Global fits of LHC and Tevatron Higgs data still allow for the possibility of a Higgs boson
having negative couplings to fermions [21]. Because the interference between the two main
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• Presented an overview over Higgs Boson coupling 
measurements after LHC Run 1 

• Two word summary: No surprises !   

• Many tests of the SM consistency from very different points of 
view: 
• Bosons vs Fermions 
• Differences between up/down type fermions 
• Differences between leptons/quarks 
• Loop structure 
• Invisible decays  

• Overall precision reaching up to 10% in the combination  
• and up to ~30-50% in some the individual channels 

• The future of Higgs Boson coupling measurements at the LHC 
has just begun ! 

• Targeting O(%) precision which is needed for sensitivity to 
many BSM scenarios 
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David Di Valentino, ATLAS+CMS ultimate precisions on H(125), 01/08/15

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

(3000 fb-1)

Scenario 1
No theory uncert.

Expected Higgs signal strength (µ) precisions

9

Refs: CMS NOTE-13-002, ATL-PHYS-PUB-2014-016 

• Measurements of σ × BR expressed in 
terms of the ratio µ = σ / σSM  

• Uncertainties of ∆µ/µ ~ 4% reachable 
with 3000 fb-1 for diboson states 

• Signal strength measurement of gg → 
H production has ∆µ/µ ~ 4%
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Table 3: Summary of event generators used to model the Higgs boson production and decays at
p

s = 8 TeV in the
ATLAS and CMS experiments.

Production Event generator
process ATLAS CMS

ggF P����� [29–33] P�����
VBF P����� P�����
W H P�����8 [34] P�����6.4 [35]
Z H (qq ! Z H or qg ! Z H) P�����8 P�����6.4
ggZ H (gg ! Z H) P����� See text
ttH P����� [43] P�����6.4
tHq (qb! tHq) M��G���� [45] �MC@NLO [28]
tHW (gb! tHW ) �MC@NLO �MC@NLO
bbH P�����8 P�����6, �MC@NLO

2.3. Signal strengths180

The signal-strength parameter µ, defined as the ratio between the measured Higgs boson rate and its SM181

expectation, has been extensively used to characterise the Higgs boson yields. However, the meaning of µ182

varies depending on the analysis. For a specific production and decay channel i ! H ! f , the signal183

strengths for the production, µi , and for the decay, µf , are defined as184

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-185

tion cross section for i ! H and the decay branching ratio for H ! f . The subscript "SM” refers to186

their respective SM predictions, so by definition, µi = 1 and µf = 1 in the SM. Since �i and BR f cannot187

be separately measured without additional assumptions, only the product of µi and µ f can be extracted188

experimentally, leading to a signal strength µfi for the combined production and decay:189

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 results190

are presented in Section 4.1 for the generic parameterisation and in Section 5 for the more specific ones.191

For all these signal-strength fits, the parameterisations of the expected yields in each analysis category are192

done under the following assumptions: for the production processes, the bbH signal strength is assumed193

to be the same as for ggF, the tH signal strength is assumed to be the same as for ttH , and the ggZ H194

signal strength is assumed to be the same as for q-initiated Z H production; for the Higgs boson decays,195

the H ! gg and H ! cc signal strengths are assumed to be the same as for H ! bb decays, and the196

H ! Z� signal strength is assumed to be the same as for H ! �� decays. These assumptions are197

di�erent from the ones made in the case of the fits using coupling modifiers described in Section 2.4.198

10th September 2015 – 12:18 8
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Table 1: SM predictions for the Higgs boson production cross sections together with their theory uncertainties. The
value of the Higgs boson mass is assumed to be mH = 125.09 GeV and the predictions are obtained by linear
interpolations from those at 125.0 and 125.1 GeV from Ref. [26] except for the tH production cross section, which
is obtained from Ref. [27]. The Z H cross section includes at NNLO(QCD) both the quark-initiated, i.e. qq ! Z H
or qg ! Z H , and the gg ! Z H contributions. The gg ! Z H cross sections are indicated in brackets in the
row labelled ggZ H , with a theoretical uncertainty assumed to be 30%. The uncertainties on the cross sections
are evaluated as the quadratic sum of the uncertainties resulting from variations of QCD scales, parton distribution
functions and ↵s . The uncertainty on the tH cross section is calculated following the procedure of Ref. [28]. The
order of the theory calculations for the di�erent production processes is also indicated.

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)+⇠NNLO(QCD)
W H 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD)+NLO(EW)
Z H 0.334 ± 0.013 0.414 ± 0.016 NNLO(QCD)+NLO(EW)
[gg ! Z H 0.023 ± 0.007 0.032 ± 0.010 NLO(QCD) ]
bbH 0.156 ± 0.021 0.203 ± 0.028 5FS NNLO(QCD) + 4FS NLO(QCD)
ttH 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)
tH 0.012 ± 0.001 0.018 ± 0.001 NLO(QCD)
Total 17.4 ± 1.6 22.3 ± 2.0

Table 2: SM predictions for the decay branching ratios of a Higgs boson with a mass of 125.09 GeV, together with
their uncertainties. The predictions are obtained from Ref. [26]. Included are decay modes that are either directly
studied or important for the combination due to their contributions to the Higgs boson width.

Decay channel Branching ratio [%]
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 ! Z Z 2.67 ± 0.11
H ! �� 0.228 ± 0.011
H ! Z� 0.155 ± 0.014
H ! µµ 0.022 ± 0.001

10th September 2015 – 12:18 5

• ggF pT distribution reweighted to match HRES 2.1 (NNLO + NNLL) 
• ggF + 2 Jets reweighted to MiNLO
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Theoretical uncertainty correlations 
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• PDF uncertainties:  
• Correlated across exp. for same channel but decorrelated across channels 
• WH & ZH correlated 
• ggF & ttH anticorrelated (from theoretical point of view expect about 60% anticorr.) 

• QCD & UEPS correlated across experiments but decorrelated across channels  
• Effect of BR uncertainty correlations mostly negligible 

• Backgrounds: 
• Correlated theory uncertainties across experiments for 

• ZZ continuum (4l)  
• ttW & ttZ backgrounds (ttH) 
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Table 4: Overview of Higgs boson production cross sections �i , partial decay widths � f and total decay width
(in the absence of BSM decays) in the context of the ~-framework. The expressions include higher-order QCD
and EW corrections to the inclusive cross sections, as described in Section 2.1, and are given for

p
s = 8 TeV and

mH = 125.09 GeV (they are similar for
p

s = 7 TeV). Only the contributions relevant to the analyses presented in
this paper are shown explicitly here.

Production Loops Interference Multiplicative factor
�(ggF) X b � t 2g ⇠ 1.06 · 2t + 0.01 · 2b � 0.07 · t b
�(VBF) – – ⇠ 0.74 · 2W + 0.26 · 2Z
�(W H) – – ⇠ 2W
�(qq̄ ! Z H) – – ⇠ 2Z
�(gg ! Z H) X Z � t ⇠ 2.27 · 2Z + 0.37 · 2t � 1.64 · Z t
�(bbH) – – ⇠ 2b
�(ttH) – – ⇠ 2t
�(gb! WtH) – W � t ⇠ 1.84 · 2t + 1.57 · 2W � 2.41 · t W
�(qb! tHq0) – W � t ⇠ 3.4 · 2t + 3.56 · 2W � 5.96 · t W
Partial decay width
�bb̄ – – ⇠ 2b
�WW – – ⇠ 2W
�ZZ – – ⇠ 2Z
�⌧⌧ – – ⇠ 2⌧
�µµ – – ⇠ 2µ
��� X W � t 2g ⇠ 1.59 · 2W + 0.07 · 2t � 0.66 · W t
Total width for BRBSM = 0

0.57 · 2b + 0.22 · 2W + 0.09 · 2g+
�H X – 2H ⇠ + 0.06 · 2t + 0.03 · 2Z + 0.03 · 2c+

+ 0.0023 · 2g + 0.0016 · 2Zg+

+ 0.0001 · 2s + 0.00022 · 2µ

where BRBSM is the total branching ratio into BSM decays.234

Since �H is not experimentally constrained in a model-independent way to a meaningful precision at the235

LHC, only ratios of coupling strengths can be measured in the most generic model considered in the236

-framework.237

In the SM, it is possible to derive the relation between the coupling modifiers, the production cross sections238

�i , and partial decay widths � f . The approximate expressions are indicated in Table 4. In the context of239

this parameterisation, it is natural to vary the partial width �g as g and to assume that c varies as t ,240

while s varies as b and µ varies as ⌧ . These assumptions are not the same as the ones described241

for the signal-strength framework (see Section 2.3), so they are only approximately equivalent. Given242

that the experimental observables are not sensitive to the absolute sign of the couplings but only to the243

relative sign between di�erent couplings through interference, the convention t > 0 has been adopted in244

the following without any loss of generality.245

22nd August 2015 – 02:56 10
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Figure 9: Fit results obtained with the most generic parameterisation of ratios of Higgs boson coupling modifiers
described in the text and tabulated in Table 8 for the combined ATLAS+CMS measurements. Also shown for
completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The hatched areas indicate the parameters which are assumed to be positive without any loss of generality.

5.1. Global signal strength545

The simplest and also the most restrictive signal-strength model is to assume that the µi and µf values
are independent of the production process and decay mode. In this model, the SM predictions of signal
yields in all categories are scaled by a global signal strength µ. Such a model provides the simplest test
of the compatibility of the experimental data with the SM predictions. A fit to the combined ATLAS and
CMS data at

p
s = 7 and 8 TeV with µ as the parameter of interest results in the best-fit value:

µ = 1.09+0.11
�0.10 = 1.09+0.07

�0.07 (stat) +0.04
�0.04 (expt) +0.03

�0.03 (thbgd)+0.07
�0.06 (thsig),

where the breakdown of the uncertainties into their four main components is done as described in Sec-546

tion 3.3. The overall systematic uncertainty of +0.09
�0.08 is larger than the statistical uncertainty and its largest547

component is the overall theoretical uncertainty on the weighted average of the inclusive signal production548

2nd September 2015 – 18:21 23
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Ratios of coupling modifiers
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κZ/κg = 

κZ*κg/κH  = 

• An alternative generic parametrisation 
• Measurement of ratio sof coupling modifiers 
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Table 6: Parameters of interest in the two most generic parameterisations described in Sections 4.1 and 4.2. For
both parameterisations, the gg ! H ! Z Z channel is chosen as a reference, expressed through the first row in
the table. All other measurements are expressed as ratios of cross sections or branching ratios in the first column
and of coupling modifiers in the second column. There are more parameters of interest in the case of the first
parameterisation, because the ratios of cross sections for the W H Z H , and VBF processes can all be expressed
as functions of two parameters �WZ and �Zg in the coupling parameterisation. The slightly di�erent additional
assumptions in each parameterisation are discussed in the text.

� and BR ratio model Coupling-strength ratio model
�(gg ! H ! Z Z ) gZ = g · Z/H
�VBF/�ggF
�WH/�ggF
�ZH/�ggF �Zg = Z/g
�t tH/�ggF �tg = t/g

BRWW /BRZZ �WZ = W/Z
BR��/BRZZ �g Z = g /Z
BR⌧⌧/BRZZ �tZ = ⌧/Z
BRbb/BRZZ �bZ = b/Z

4.1. Parameterisation using ratios of cross sections and branching ratios474

As discussed in Section 3.1, the measured Higgs boson rates are only sensitive to cross sections times475

branching ratios. Thus, from the rate measurements alone, the cross sections and decay branching ratios476

cannot be separately determined in a model-independent way. However, ratios of cross sections and of477

branching ratios can be extracted, without any additional assumptions beyond the general ones discussed478

in Section 1, from a combined fit to the data. This is achieved by normalising the yield of any specific479

channel i ! H ! f to a reference process. In this paper, gg ! H ! Z Z is chosen as the reference,480

because the combined value for �(gg ! H ! Z Z ) has the smallest systematic and one of the smallest481

overall uncertainties.482

The product of the cross section and the branching ratio of i ! H ! f can then be expressed using the483

ratios as:484

�i · BR f = �(gg ! H ! Z Z ) ⇥ *,
�i
�ggF

+
- ⇥

*
,

BR f

BRZZ
+
- , (10)

where �(gg ! H ! Z Z ) = �ggF · BRZZ under the narrow width approximation. With �(gg ! H !485

Z Z ) constraining the normalisation, the ratios in Eq. 10 can be determined separately, based on the five486

production processes (ggF, VBF, W H , Z H and ttH) and five decay modes (H ! Z Z , H ! WW ,487

H ! ��, H ! ⌧⌧ and H ! bb). The combined fit results can be presented as a function of nine488

parameters of interest: one reference cross section times branching ratio, �(gg ! H ! Z Z ), four489

ratios of production cross sections, �i/�ggF and four ratios of branching ratios, BR f /BRZZ as shown in490

Table 6.491

Expressing the measurements using ratios of cross sections and branching ratios has the advantage that the492

ratios are independent of the theoretical predictions on the inclusive production cross sections and decay493
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Fermion vs Boson Couplings

N.Ruthmann (CERN) - PIC 2015

• Allowing for a relative sign between fermionic and bosonic couplings 
• disfavoured nearly at the 5 σ level
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Figure 24: Negative log-likelihood contours of F versus V for the individual decay channels and for their global
combination for the combined ATLAS+CMS fits without any assumptions on the sign of  fF and  fV . The other two
quadrants (not shown) are symmetric with respect to the point (0,0).
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Figure 25: Negative log-likelihood scans for the five  fF corresponding to each individual decay channel and for the
global F when combining all channels: (a) ��F , (b) ZZ

F , (c) WW
F , (d) ⌧⌧F , (e) bbF , and (f) F .
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Compatibility with the SM
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A.4. Compatibility of combined fit results with SM975

Table 20: Compatibility with the SM prediction of fit results as a whole under the asymptotic approximation. For
each model, the unconditional best-fit is compared with the conditional fit where all parameters are set to their SM
values. The conversion from �2 ln⇤ to the quoted p-value is performed assuming a two-sided distribution with the
specified number of degrees of freedom (DoF). Note that the quoted p-values are partially correlated between the
di�erent models.

Model p-value DoF Parameters

Global signal strength 34% 1 µ

Production processes 24% 5 µggF, µVBF, µWH , µZH , µt tH
Decay modes 60% 5 µ�� , µZZ , µWW , µ⌧⌧ , µbb̄

µV and µF per decay 88% 10 µ��V , µZZ
V , µWW

V , µ⌧⌧V , µbb̄V , µ��F , µZZ
F , µWW

F , µ⌧⌧F , µbb̄F
µV /µF ratio 72% 6 µV /µF , µ��F , µZZ

F , µWW
F , µ⌧⌧F , µbb̄F

Ratios of � and BR relative
to �(gg ! H ! Z Z )

16% 9 �(gg ! H ! Z Z ), �VBF/�ggF, �WH/�ggF,
�ZH/�ggF, �t tH/�ggF, BRWW /BRZZ ,
BR��/BRZZ , BR⌧⌧/BRZZ , BRbb̄/BRZZ

Ratios of � and BR relative
to �(gg ! H ! WW )

16% 9 �(gg ! H ! WW ), �VBF/�ggF, �WH/�ggF,
�ZH/�ggF, �t tH/�ggF, BRZZ/BRWW ,
BR��/BRWW , BR⌧⌧/BRWW , BRbb̄/BRWW

Coupling ratios 13% 7 gZ , �Zg , � tg , �WZ , ��Z , �⌧Z , �bZ
Couplings, SM loops 65% 5 Z , W , t , ⌧ , b
Couplings, BSM loops 11% 7 Z , W , t , ⌧ , b , g , �
BSM loops only 82% 2 g , �
Up vs down couplings 67% 3 �du , �Vu , uu
Lepton vs quark couplings 78% 3 �lq , �Vq , qq
Fermion and vector couplings 59% 2 V , F
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• Very complex channel  
• Many final states need to be combined in order to gain sensitivity  
• top quark Yukawa coupling has direct influence on SM expectation of ggF production mechanism

34

ttH

N.Ruthmann (CERN) - PIC 2015

D. Zanzi WIN2015, 09/06/15  

‣ ttH production  
- two orders of magnitude smaller than ggF cross 

section 

- allows direct measurement of yt 

- without ttH, unable to simultaneously constrain top-
Yukawa and NP in ggF loop 

‣ tH production gives sensitivity to sign of yt 
- suppressed in SM (much smaller than ttH) due to 

destructive interference between top and W 
diagrams 

- In BSM models with negative yt, increase in tH 
production rate and interplay with BR(H→!!)  

- presence of forward jet like in VBF

SM ttH and tH Productions

3

t,b,NP only top
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Destructive Interference! tκ
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Phys Lett B 740 (2015) 222
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‣ Complex final state, all 
experimental signatures involved: 
mu, el, photon, tau, bjet, jet, ET

miss

ttH@LHC: Production and Final States

4

44%

Higgs Boson 
Decays

At least one lepton required 
for triggering and to reduce 

hadronic background 
(full hadronic only with H→!! to 

maximise acceptance)

Largest BR, large 
background from tt+HF

leptonic final states, 
backgrounds from tt+jets 

(w/ fake leptons)

Tiny BR, clean 
signature

""
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Background composition, example ttH(->bb)
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D. Zanzi WIN2015, 09/06/15  

ttH, H→bb

9
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ttH, H → leptons
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‣ ATLAS: cut&count in regions 
with high jet multiplicity

‣ CMS: fit to #jet and BDT score

ee+eμ+μμ

3l

3l

ee μμ

eμ

ttH (->leptons)



37

ttH (->leptons)
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‣ H→WW*,ZZ*,!!→leptons: final states with e, μ, jets, b-tagged jets, ET
miss

 and !-jets 

‣ all hadronic top-pair decay not targeted 

‣ 2 same-signed leptons to reject top pair events

ttH, H → leptons

12

Dominant Backgrounds
Non-prompt and charge-flip from 

ttbar, ttV

Non-prompt from ttbar, ttV, WZ

ttV, ZZ
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‣ H→WW*,ZZ*,!!→leptons: final states with e, μ, jets, b-tagged jets, ET
miss

 and !-jets 

‣ all hadronic top-pair decay not targeted 

‣ 2 same-signed leptons to reject top pair events

ttH, H → leptons

12
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ttH, H → leptons

14
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‣ 2l SS: single most sensitive category at ~3.5x!SM (exp), excess observed in both experiments


