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Overview
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• Run 1 
• Extensively discussed already - will focus on CMS+ATLAS combined results 
• Properties: mass, width, spin/parity, couplings 

• Run 2 
• Rediscovery of H(125), first results in many channels now 
• Broad and growing range of measurements: 

signal 
strengths (μ)

couplings 
 (κ framework)

Fiducial 
cross sections

Differential 
cross sections

EFT interpretations

Template cross 
sections
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Run 1 Mass Combination

3

• Using high resolution H→γγ and H→ZZ→4l channels 

• Important to establish the best measurement of mH before attempting couplings 

• Statistical uncertainty still dominates, main systematics related to energy or 
momentum scale of e, μ and γ

mH = 125.09  ± 0.24 GeV = 125.09  ± 0.21 (stat.) ± 0.11 (syst) GeV 

Phys. Rev. Lett. 114 (2015) 191803
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Properties
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Spin/Parity

• Indirect constraint on the width using ratio of 
off-shell to on-shell production in H→ZZ  

• SM predicts Γ ~ 4 MeV 

• ATLAS and CMS find limits on Γ/ΓSM ~ 4-8 

• Also measured with H→WW but less sensitive

• Test many alternative hypotheses 
against SM CP-even scalar, JP = 0+, 

e.g. pseudoscalar, spin-2 

• All rejected at 99.9% CL
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Phys. Lett. B 736 (2014) 64

Eur. Phys. J. C75 (2015) 476
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• Based on the inputs to the separate CMS and ATLAS combinations: the main five 
decay channels + ttH analyses 

• H→μμ  only included for one particular result 

• Each analysis targeting a particular production/decay mode may also include 
contributions from other processes that are not specifically targeted, e.g. H→WW 
entering H→ττ analysis, single-top + Higgs production in ttH

Couplings Combination

5

• Not included as not in 
both CMS and ATLAS 
combination results: 

• H→Zγ search 

• Off-shell measurements 

• H→invisible searches 

• VBF H→bb

Untagged VBF VH ttH

H→γγ ✓ ✓ ✓ ✓

Η→ZZ→4l ✓ ✓ ✓ ✓

Η→WW→2l2ν ✓ ✓ ✓ ✓

H→ττ ✓ ✓ ✓ ✓

H→bb ✓ ✓

H→μμ ✓ ✓

JHEP 08 (2016) 045
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Signal Parameterisation
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Signal strengths, μ Couplings, κ

DRAFT

signal in the di�erent channels.157

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����� [27–31] P�����
VBF P����� P�����
W H P�����8 [32] P�����6.4 [33]
Z H: qq̄ ! Z H P�����8 P�����6.4
ggZ H: gg ! Z H P����� see text
ttH P����� P�����6.4
tHq: qb! tHq0 M��G���� [42] �MC@NLO [22]
tHW : gb! WtH �MC@NLO �MC@NLO
bbH P�����8 P�����6, �MC@NLO

Table 3 summarises the choices of event generators for ATLAS and CMS. The impact of using di�erent158

generators is negligible since the most relevant aspects of the simulation of Higgs boson production and159

decay are treated consistently between the two experiments. For each process and decay, the cross section160

and branching ratio are normalized to the higher order state-of-the-art theoretical calculations, namely the161

values given in Tables 1 and 2.162

The transverse momentum (pT) distribution of the Higgs boson for the ggF production process, that163

a�ects in many cases categorization and selection e�ciency, is reweighted to match the calculation of164

HR��2.1 [43, 44], which includes next-to-next-to-leading-order (NNLO) perturbative QCD corrections165

and next-to-next-to-leading logarithmic (NNLL) QCD corrections. Furthermore, gg ! H events with166

two or more jets are reweighted to match the transverse momentum distribution from M�NLO H+2-jet167

predictions [45].168

2.3 Signal strengths169

Since the onset of the Higgs boson physics at the LHC, the signal-strength parameter µ, defined as the ratio170

between the measured Higgs boson rate and its SM expectation, has been extensively used to characterise171

the Higgs boson yield. However, µ is not a universal quantity and its meaning is analysis dependent. For172

a specific production and decay channel i ! H ! f , the signal strengths for the production, µi , and for173

the decay, µ f , are defined as174

µi =
�i

�SM
i

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, bb̄, ⌧⌧, ...) are the production175

cross section of i ! H and the decay branching ratio of H ! f . The subscript and superscript “SM” refer176

to their respective SM predictions. By definition, µi = 1 and µf = 1 in the SM. Since �i and BR f cannot177
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be separately measured without additional assumptions, only the product of µi and µ f can be extracted178

experimentally, leading to a signal strength for the production and decay as a whole179

µfi ⌘
�i · BR f

(�i · BR f )SM
= µi ⇥ µf (3)

The combined ATLAS and CMS data are analysed using this signal-strength formalism and the results180

are presented in Section 5.181

2.4 Coupling modifiers182

Beyond the parameterisations using signal-strength parameters, coupling modifiers, also known as coup-183

ling scale factors, based on a leading-order motivated framework [25] (-framework) were proposed to184

interpret the LHC data. The same assumptions indicated above of a single SM-like Higgs boson resonance185

and that the narrow width approximation is valid are retained. Therefore, production and decay can be186

factorised such that the cross section times BR of an individual channel �(i! H ! f ) contributing to a187

measured signal yield can be parameterised as188

�i · BR f =
�i · �f

�H
, (4)

where �H is the total width of the Higgs boson. Coupling modifiers  are introduced to parameterise189

potential deviations in the Higgs boson couplings to other particles in the SM. For each production process190

and decay mode, a coupling modifier  j is defined such that191

2j = � j/�
SM
j and 2j = �j/�

SM
j (5)

where “ j” indicates either a production process or a decay mode.2 Individual coupling modifiers,192

corresponding to tree-level Higgs boson couplings to the di�erent particles, are introduced as well193

as e�ective coupling modifiers g and � that describe ggF production and H ! �� decay because194

new physics in these loops is not expected to appreciably change the kinematics of the corresponding195

process. In contrast, the gg ! Z H process, which occurs at leading order through box and triangular196

loop diagrams (see Figs. 2b and 2c) is not treated using an e�ective coupling modifier, because a197

ggH Z contact interaction from new physics would likely show a kinematic structure very di�erent from198

the SM gg ! Z H process [38, 46]. Any remaining BSM e�ects on the gg ! Z H process are related to199

modifications of the H Z Z and ttH interactions, which are best taken into account within the limitation200

of the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z and t . By201

construction, all  j = 1 in the SM.202

Changes in the couplings will result in a variation of the Higgs boson width. A new modifier, H , defined203

as 2H =
P

j BR j
SM

2
j , is introduced to characterise this variation. In case the only allowed decay modes204

2 In cases in which the Higgs boson production occurs through tree level diagrams involving couplings to di�erent particles, the
definition holds for e�ective “production properties” couplings that can be expressed as function of the individual coupling
modifiers.
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of the Higgs boson are the same as as in the SM, the relation 2H = �H/�
SM
H holds. If instead also BSM205

decays are allowed, the width �H can then be expressed as206

�H =
2H · �SM

H

1 � BRBSM
(6)

where BRBSM is the total branching ratio of BSM decays.207

Since �H is not experimentally constrained in a model-independent way to a meaningful precision at the208

LHC, only ratios of coupling strengths can be measured in the most generic model considered in the209

-framework.210

In the SM, it is possible to derive the relation between the coupling modifiers and the production cross211

sections �i and partial decay widths �f . The approximate expressions are indicated in Table 4. Given212

that observables are not sensitive to the absolute sign of the couplings but only to the relative ones through213

interference, in the following the convention of Z > 0 will be used without any loss of generality.214

Di�erent production processes and decay modes probe di�erent coupling modifiers as can be visualised215

from the Feynman diagrams in Section 2.1. The -parameterisations provides the possibility to test216

for specific modifications of the Higgs boson couplings related to new physics beyond the SM. Loop217

processes such as gg ! H and H ! �� can be studied through either the e�ective coupling modifiers218

or the modifiers of the SM particles in the loops. The former allows for the parameterisation of potential219

BSM physics in the loops. Interference contributions of di�erent diagrams give rise to the sensitivity of220

relative signs between Higgs boson couplings to di�erent particles. The e�ect is particularly large for the221

tH production. In the SM, the tH cross section is small, at about 14% of the ttH cross section because222

of the destructive interference between diagrams of the couplings to the W boson and the top quark, as223

shown in Table 4, as t and W have the same signs . However, the interference becomes constructive for224

negative t . The gb! WtH and qg ! tHbq0 cross sections increase by a factor of 6 and 13, respectively,225

making the tHprocess sensitive to the relative sign of the W boson and the top quark couplings, despite226

its small SM cross section.227

The SM values for production cross sections and decay branching ratios include the best available higher-228

order QCD and electroweak corrections and therefore all coupling modifiers are expected to be 1 in the229

SM. This is only strictly true in the case of the SM and therefore the measurements in this framework230

should be considered as compatibility tests with the SM predictions and in case of significant discrepancies231

alternative models should be tested.232

8th August 2015 – 00:05 10

12 Total width determined as

Where

2
H =

X

j

BRj
SM2

j

Parameters scale cross sections and 
BRs relative to SM

Scaling of generic i → H → f process

Parameters scale cross sections and 
partial widths relative to SM

• Both parametrisations based on scaling full phase-space cross sections:
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Parameter value
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Parameter value
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggF
µ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Signal strengths

7

Production Modes 
bbH grouped with ggF 
tH grouped with ttH Decay Modes

Higgs boson production processes and decay channels, in particular those which are expected to be small
in the SM but might be enhanced if new physics beyond the SM would be present.

Table 8 shows the results of the fit to the data with a breakdown of the statistical and total systematic
uncertainties, while the complete breakdown into the four components of the uncertainties is shown
in Table 19 in Appendix A. The assumptions that the coupling modifiers are the same at the two centre-of-
mass energies is assumed to be valid in this case as in the parameterisation of the ratios of cross sections
and branching ratios. These tables only show the values and uncertainties for positive values of all the
parameters, while Fig. 9 illustrates the complete ranges of allowed values with their total uncertainties,
including the negative ranges allowed for �WZ and � tg , the two parameters chosen to illustrate possible
interference e�ects due to ggZ H or tH production. Figure 10 shows the likelihood scan results for
these two parameters in the case of the combination of ATLAS and CMS, both for the observed and
expected results. In both cases, the best-fit values correspond to the positive sign, but the sensitivity to the
interference terms remains small at this stage. As described in Section 2.4, these are responsible for the
small asymmetry between the likelihood curves for the positive and negative values of these parameters
of interest. The p-value of the compatibility between the data and the SM predictions is 13%. As for the
first generic parameterisation, all results are consistent with the SM predictions within less than 2� except
for �bZ and �tg which reflect similar tensions to those described in Section 4.1 for the measurement of
the ratios of the bb and Z Z decay branching ratios and of the ttH and ggF production cross sections.

5. Measurements of signal strengths

In Section 4.1, the fit results from a generic parameterisation, expressed mostly as ratios of cross sections
and of branching ratios, have been shown. This section probes more specific parameterisations with
additional assumptions. In the following, results from the fits are presented starting with the most
restrictive parameterisation as a function of a single parameter of interest, which has historically been
the approach to assess the sensitivity of the experimental data to the presence of a Higgs boson. The
results are obtained from the combined fits to the

p
s = 7 and 8 TeV data under the premise that the signal

strengths are the same at the two energies.

5.1. Global signal strength

The simplest and most restrictive signal strength parameterisation is to assume that the µi and µf values
are the same for all production processes and decay channels. In this case, the SM predictions of signal
yields in all categories are scaled by a global signal strength µ. Such a parameterisation 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-
tion 3.3. The overall systematic uncertainty of +0.09

�0.08 is larger than the statistical uncertainty and its largest
component is the theoretical uncertainty on the ggF cross section. This result is consistent with the SM
expectation of µ = 1 within less than 1� and the p-value of the compatibility between the data and the SM
predictions is 34%. This result is shown in Table 9, together with that from each experiment, including

26

• Most significant deviation from μ=1 is ttH (2.3σ)

Assumptions 
 - SM ratios of BRs or cross sections
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Generic signal strength results

8

• Most generic parametrisation:  one μ per production x decay combination

 B norm. to SM prediction⋅ σ
6− 4− 2− 0 2 4 6 8 10
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γγ
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bb
ττ
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Th. uncert.
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H
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ττ

WW
ZZ

γγ
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• Measurements mostly uncorrelated, 
except where multiple processes 
contribute to same categories, e.g. 
H→γγ WH and ZH 
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Couplings - allowing for BSM loop/decay contributions

9

• Use effective couplings for ggH (κg) and H→γγ (κγ) 

• Consider two scenarios:   ΒRBSM = 0 and BRBSM floating, but |κw|, |κZ| < 1 
• Sensitive to relative signs of κt, κW and κZ via interference in tH and ggZH production
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• Care needed with BRBSM: not 
just Higgs decays to new 
particles but also non-SM BRs 
to unmeasured final states, 
e.g. gg and cc

BRBSM < 0.34 @ 95% CL
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Couplings - no BSM loop/decay contributions
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• Resolve ggH (κg) and H→γγ (κγ) loops 

• Includes H→μμ analyses for reduced 
coupling vs particle mass
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

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

1+✏ and V,i = v · m2✏
V,i/M

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

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

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

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [130].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.
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1+✏ and V,i = v · m2✏
V,i/M

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

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

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

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [130].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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M, ε model:
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Run 2
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• Excellent LHC performance this year has delivered ~ 40 fb-1 of 13 TeV collision data to 
CMS and ATLAS 

• Compared to run 1: higher instantaneous luminosity, 50 → 25 ns bunch spacing and 
increased pileup 

• Detectors have been (and are being) upgraded, e.g. ATLAS insertable pixel b-layer during 
LS1, CMS pixel upgrade coming in extended technical stop 

• Despite these challenges already a wide array of Higgs boson measurements 
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Run 2 - Results
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Untagged VBF VH ttH
H→ZZ→4l

H→γγ

H→WW

H→bb

H→ττ

H→μμ

H→inv

ATLAS 2016 data CMS 2016 data CMS 2015 data only

• Already good coverage of major production and decay channels at 13 TeV 
• Many preliminary results on the partial 2016 dataset (~ 13 fb-1) and others only 

on 2015 (~ 2-3 fb-1) 
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Rediscovering H(125) at 13 TeV
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• Signal re-established in H→ZZ and Η→γγ with > 5σ significance
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• Best-fit μ / σ @ 125.09 GeV 

• Η→ΖZ 

• CMS: μ ̂= 0.99 +0.33 -0.26 

• ATLAS: σ = 81 ± 16 pb            
(σSM = 55.5 ± 4.1 pb exp.) 

• H→γγ 

• ΑTLAS: μ ̂= 0.85 ± 0.21 

• CMS: μ ̂= 0.91 ± 0.20 

• Signal strengths also measured 
per production mode via 
dedicated event categories           
⇒ see backup

ATLAS-CONF-2016-079 
ATLAS-CONF-2016-067 
CMS-PAS-HIG-16-033 
CMS-PAS-HIG-16-020
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Measuring properties
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• CMS measured the mass and width in the H→ZZ→4l final state: both compatible with 
SM expectation & Run 1 results 

• Width measured using only on-shell region (105 < m4l < 140 GeV) and the 
combination with the off-shell region (105 < m4l < 1600 GeV) which greatly enhances 
sensitivity 
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10.6 Measurement of the width from on-shell and off-shell region 23

other hand, precision on mass mH is driven by the peak position around m4` ⇠ 125 GeV only
and therefore does not depend on the mass range above 2mZ threshold.

An unbinned maximum likelihood fit of the m4` distribution is performed over the range of
selected events between 100 and 1500 GeV. The strength of fermion-induced couplings (gluon
fusion and tt̄H production mechanisms) and vector-boson-induced couplings (VBF and VH)
are independent and are left unconstrained in the fit. Constraints on the two sets of cou-
plings are possible due to splitting events into two categories with VBF-like two-jet topology
and the rest of the events. The general parameterization of the probability density function
P(m4`|mH, GH, µVBF+VH, µggH+tt̄H) for the VBF or gg ! background + H(125) ! 4` process,
is based on the framework of MCFM + JHUGEN + HNNLO within MELA, and it allows inclu-
sion of interference between various components. This interference is relevant in the off-shell
region, but also in the on-shell region when the width of the resonance is large, comparable to
the precision on the width from on-shell region only.

The joint constraint on the width GH and mass mH of the H(125) boson is shown in Fig. 12,
where results of two fits are shown: in the full mass range and in the on-shell only range,
with 12.9 fb�1 of 13 TeV data. Figure 13 shows likelihood as a function of GH with the mH
parameter unconstrained. As expected, the precision of the mH measurement does not depend
on the range used, while the precision on GH changes significantly with inclusion of the off-shell
events. The observed and expected results are summarized in Table 9.

Table 9: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the H(125) boson. The expected results are
quoted for the SM signal production cross section (µVBF+VH = µggH+tt̄H = 1) and the values of
mH = 125 GeV and GH = 0.0041 GeV.

Parameter m4` range Observed Expected
GH (GeV) [100, 1600] 0.010+0.014

�0.010 [0.000, 0.041] 0.004+0.013
�0.004 [0.000, 0.032]

GH (GeV) [105, 140] 0.3+1.4
�0.0 [0.0, 3.9] 0.0+1.1

�0.0 [0.0, 2.7]
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Figure 12: Observed likelihood scan of mH and GH using the full mass range 100 < m4` <
1600 GeV between 0 < GH < 100 MeV and the signal range 105 < m4` < 140 GeV between
0 < GH < 5 GeV with 12.9 fb�1 data.

mH = 124.5 ± 0.48 GeV

ΓH < 41 MeV (95% CL)
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Kappa framework
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• Remains a useful model for testing for deviations 
from the SM expectation 

• 2D κV-κF scans produced for H→ZZ and H→γγ 
decay modes 

• Eventually combination of all final states will 
provide the strongest constraint due to 
complementary regions of sensitivity, i.e. 
ATLAS+CMS Run 1 combination
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Fiducial cross sections
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• Fiducial volumes chosen to match experimental 
acceptance as closely as possible 

• Minimises extrapolation which depends on 
theoretical modelling and  assumptions on 
relative production mode rates 

• Measured values compared to latest N3LO ggH 
prediction 

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

�4.4 [N3LO + XH]
VBF-enhanced 4.0± 1.4 (stat.)± 0.7 (syst.) 2.04± 0.13 [NNLOPS + XH]
single lepton 1.5± 0.8 (stat.)± 0.2 (syst.) 0.56± 0.03 [NNLOPS + XH]
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

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

p
s = 13 TeV.

Full uncertainties are provided.

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

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

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

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

7.2 Fiducial cross sections

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

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

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

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

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)

23

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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given observable bin j at the fiducial level to the number of expected events in the bin i at the
reconstruction level. This response matrix is measured using signal simulation samples and
corrected for residual differences between data and simulation. In the case of the integrated
fiducial cross section measurement the efficiencies reduce to a single values, which for different
SM signal models are listed in Table 7.

An additional resonant contribution arises from events which are reconstructed but which do
not originate from the fiducial phase space. These events are due to detector effects which
cause differences between the quantities used for the fiducial phase space definition and the
analogous quantities at the reconstruction level. This contribution is treated as background
and is referred to as the “non-fiducial signal” contribution. The shape of these events is verified
using simulation to be identical to the shape of the fiducial signal, and its normalization is fixed
to be a fraction of the fiducial signal component. The value of this fraction, which we denote as
fnonfid, has been determined from simulation for each of the studied signal models. The value
of fnonfid for different signal models is shown in Table 7.

The variation between different models of the factor in the last column of Table 7, (1+ fnonfid)e,
is directly related to the model dependence of the measurement. The model dependence is
determined by repeating the unfolding procedure using different response matrices created by
varying the relative fraction of each production within its experimental constraints.

Table 7: Summary of different Standard Model signal models. For all production modes the
values given are for mH = 125 GeV. The uncertainties listed are statistical uncertainties only,
and the statistical uncertainty on the acceptance is ⇠ 0.001.

Signal process Afid e fnonfid (1 + fnonfid)e

Individual Higgs boson production modes
gg!H 0.371 0.608 ± 0.001 0.121 ± 0.001 0.682 ± 0.002
VBF 0.422 0.614 ± 0.002 0.089 ± 0.001 0.669 ± 0.002
WH 0.283 0.587 ± 0.002 0.241 ± 0.003 0.729 ± 0.003
ZH 0.307 0.611 ± 0.003 0.207 ± 0.004 0.738 ± 0.005
ttH 0.238 0.573 ± 0.004 0.593 ± 0.011 0.914 ± 0.009

The result of the simultaneous fit to the m4` spectrum and the measured fiducial cross sections
are shown in Fig. 9. The integrated fiducial cross section is measured to be:

sfid. = 2.29+0.74
�0.64(stat.)+0.30

�0.23(sys.)+0.01
�0.05(model dep.) fb (14)

This can be compared to the SM expectation sSM
fid. = 2.53 ± 0.13 fb. The integrated fiducial cross

section as a function of
p

s is also shown in Fig. 9.

The measured differential cross section results for pT(H) and N(jets) can be seen in Fig. 10.

10.5 Mass measurement

In this section we show the results of the measurement of the mass of the resonance that we
observed in the low mass region that uses additional information with respect to the likelihood
fit that we use for the signal extraction and cross section measurement.

The 1D likelihood scans vs. mH, while profiling the signal strength µ along with all other nui-
sance parameters are shown in Fig. 11 for a fit using 1D fit (L(m4`)), 2D fit (L(m4`,Dmass)) and
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(right) for a simulated H ! gg signal for mgg = 125 GeV.

The background model is extracted in each mass resolution category with the data-driven tech-
nique described in Section 8. The signal plus background fits to the data are shown in Figs. 18
and 19. The 1 standard deviation (green) and 2 standard deviation (yellow) uncertainty bands
shown for the background component of the fit include the uncertainty in the fitted parameters.

The fiducial cross section measurement is extracted through a simultaneous fit in the three cate-
gories in the acceptance region, performed while keeping the out-of-acceptance contamination
fixed to the standard model prediction, thus unfolding the measurement to the generator-level
acceptance through the subtraction of the outside-of-acceptance yield from the measured yield.

The measurement is compared to the standard model prediction, calculated as 1, where sth.
H

is the inclusive production cross section for a Higgs boson of 125.09 GeV and BR(Hgg) is its
branching ratio in the g � g channel, whose values are taken from [18]. The correct normalisa-
tion is restored by measuring the acceptance facc, defined as the ratio between the cross section
relative to the generator fiducial volume and the total cross section, computed using MAD-
GRAPH5 aMC@NLO and found to be 0.59. In summary, the fiducial cross section is obtained
from the relation:

sf id = sth.
H ⇥ BRgg ⇥ facc (1)

The theoretical prediction based on the values in [18] and folding in the acceptance factor yields
a value of 73.8± 3.8 fb for mH = 125.09 GeV, being thus the expected fiducial cross section. The
best fit fiducial cross section measured profiling the mass in the likelihood scan is found to be
ŝf id = 69+18

�22fb = 69+16
�22(stat.)+8

�6(syst.)fb, as can be seen in Fig. 20.
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Figure 16: The distribution of the sM/M|decorrfor Z ! e+e� events, where electrons are re-
constructed as photons, for events where both electrons are reconstructed in the ECAL barrel
region (left) and for all remaining events (right). The red hashed region represents the system-
atic uncertainty resulting from the impact on the mass of the systematic uncertainty assigned
to the per-photon energy resolution. Events in the gray region are discarded.
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reconstruction level. This response matrix is measured using signal simulation samples and
corrected for residual differences between data and simulation. In the case of the integrated
fiducial cross section measurement the efficiencies reduce to a single values, which for different
SM signal models are listed in Table 7.
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is directly related to the model dependence of the measurement. The model dependence is
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The measured differential cross section results for pT(H) and N(jets) can be seen in Fig. 10.

10.5 Mass measurement

In this section we show the results of the measurement of the mass of the resonance that we
observed in the low mass region that uses additional information with respect to the likelihood
fit that we use for the signal extraction and cross section measurement.
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• Differential cross sections 
give even more model-
independent information 
on the Higgs boson 
properties 

• H→γγ and H→ZZ at         
13 TeV given for several 
variable including pTH and 
Njets 

• Can be compared to 
different generator 
predictions 

• Also possible to use as 
probe of BSM 
contributions that appear 
in the tails of distributions
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• YR4 (arXiv:1610.07922) proposes simplified 
template cross sections 

• Several stages proposed with increasing split 
of production modes by jet multiplicity, pTH etc 

• Possibility to connect to BSM models in 
different frameworks, e.g. kappa model, EFT 
coefficients 

• First results from ATLAS combining H→γγ and 
H→ZZ

448 III.2.2. Guiding principles in the definition of simplified template cross section bins

(EW qqH)

ggF bb̄H tHtt̄HVBF
(H+ leptonic V )

V H

qq̄ !WH

qq̄ ! ZH

gg ! ZH

VBF

H+ had. V

(Run1-like)

Figure 217: Stage 0 bins.

it has to be carefully checked and balanced against the requirement to not introduce theory dependence,10486

e.g., by selecting specific regions of phase space.10487

Another design goal is to isolate regions of phase space, typically at large kinematic scales, where10488

BSM effects could be potentially large and visible above the SM background. Explicitly separating these10489

also reduces the dependence of the measurements on the assumed SM kinematic distribution.10490

In addition, the experimental sensitivity is maximized by allowing the combination of all decay10491

channels, which requires the framework to be used by all analyses. To facilitate the experimental im-10492

plementation, the bins should be mutually exclusive to avoid introducing statistical correlations between10493

different bins. In addition, the number of bins should be kept minimal to avoid technical complications10494

in the individual analyses as well as the global fit, e.g. in the evaluation of the full covariance matrix.10495

For example, each bin should typically have some sensitivity from at least one event category in order10496

to avoid the need to statistically combine many poorly constrained or unconstrained measurements. On10497

the other hand, in BSM sensitive bins experimental limits are already very useful for the theoretical10498

interpretation.10499

III.2.2.a Splitting of production modes10500

The definition of the production modes has some notable differences compared to Run1 to deal with10501

the fact that the naive distinction between the qq̄ ! V H and VBF processes, and similarly between10502

gg ! V H and gluon-fusion production, becomes ambiguous at higher order when the V decays hadron-10503

ically. For this reason, the V H production mode is explicitly defined as Higgs production in association10504

with a leptonically decaying V boson. The qq̄ ! V H process with a hadronically decaying V boson is10505

considered to be part of what is called “VBF production”, which is defined as electroweak qqH produc-10506

tion. Similarly, the gg ! ZH process with hadronically decaying Z boson is included in what is called10507

“gluon-fusion production”.10508

In principle, also the separation of ZH production with a leptonic Z into qq̄ or gg initial states10509

becomes ambiguous at higher order. For present practical purposes, on the experimental side the split10510

can be defined according to the separate MC samples for qq̄ ! ZH and gg ! ZH used in the analyses.10511

III.2.2.b Staging10512

In practice, it will be impossible to define a set of bins that satisfies all of the above requirements for10513

every analysis. Some analyses will only be able to constrain a subset of all bins or only constrain the sum10514

of a set of bins. In addition, the number of bins that will be possible to measure increases with increasing10515

amount of available data. For this reason, several stages with an increasing number of bins are defined.10516

The evolution from one stage to the next can take place independently for each production mode.10517
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to the other families and flavour-changing structures are trivial to implement, which can

be directly done by users of FeynRules. As mentioned above, the interaction of eq. (2.2)

can also parametrise the e↵ects of a Ldim=6
Y = (�†�)QL�̃tR operator. Note also that all

requirements listed above are satisfied at the price of a small redundancy in the number of

parameters. The SM is obtained when c↵ = 1 and Hff = 1. The pseudoscalar state of a

type-II CP -conserving 2HDM or SUSY is obtained by setting s↵ = 1 and Aff = cot� or

Aff = tan� for up or down components of the SU(2) fermion doublet, respectively. The

parametrisation of CP mixing is entirely realised in terms of the angle ↵, i.e. independently

of the parameters i, so that many interesting cases, such as again CP -violation in generic

2HDM, can be covered.

The e↵ective lagrangian for the interaction of scalar and pseudoscalar states with vector

bosons can be written as follows:

LV
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⇢
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X0 , (2.4)

where the (reduced) field strength tensors are defined as follows:

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2.5)

Ga
µ⌫ = @µG

a
⌫ � @⌫G

a
µ + gsf

abcGb
µG

c
⌫ , (2.6)

and the dual tensor is:

eVµ⌫ =
1

2
✏µ⌫⇢�V

⇢� . (2.7)

The parametrisation of the couplings to vectors follows the same principles as that of the

couplings to fermions. In particular, the mixing angle ↵ allows for a completely general de-

scription of CP -mixed states. We stress here that while in general in a given model CP vio-

lation depends on the whole set of possible interactions among the physical states and can-

not be established by looking only at a sub sector [46], in our parametrisation ↵ 6= 0 or ↵ 6=
⇡/2 (and non-vanishing Hff ,Aff ,HV V ,AV V ) implies CP violation. This can be easily

understood by first noting that in eq. (2.2) ↵ 6= 0 or ↵ 6= ⇡/2 always leads to CP violation

and that the corresponding terms in eq. (2.4) are generated via a fermion loop by the X0ff

interaction. The CP -odd analogues of the operators in the last line of eq. (2.4) do vanish.
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parameters. The SM is obtained when c↵ = 1 and Hff = 1. The pseudoscalar state of a

type-II CP -conserving 2HDM or SUSY is obtained by setting s↵ = 1 and Aff = cot� or

Aff = tan� for up or down components of the SU(2) fermion doublet, respectively. The

parametrisation of CP mixing is entirely realised in terms of the angle ↵, i.e. independently

of the parameters i, so that many interesting cases, such as again CP -violation in generic

2HDM, can be covered.

The e↵ective lagrangian for the interaction of scalar and pseudoscalar states with vector

bosons can be written as follows:

LV
0 =

⇢

c↵SM



1

2
gHZZ ZµZ

µ + gHWW W+
µ W�µ

�

� 1

4
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µ⌫G

a,µ⌫ + s↵AgggAgg G
a
µ⌫

eGa,µ⌫
⇤

� 1

4

1

⇤

⇥

c↵HZZ Zµ⌫Z
µ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1

2

1

⇤

⇥

c↵HWW W+
µ⌫W

�µ⌫ + s↵AWW W+
µ⌫
fW�µ⌫

⇤

� 1

⇤
c↵
⇥

H@� Z⌫@µA
µ⌫ + H@Z Z⌫@µZ

µ⌫ +
�

H@W W+
⌫ @µW

�µ⌫ + h.c.
�⇤

�

X0 , (2.4)

where the (reduced) field strength tensors are defined as follows:

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2.5)

Ga
µ⌫ = @µG

a
⌫ � @⌫G

a
µ + gsf

abcGb
µG

c
⌫ , (2.6)

and the dual tensor is:

eVµ⌫ =
1

2
✏µ⌫⇢�V

⇢� . (2.7)

The parametrisation of the couplings to vectors follows the same principles as that of the

couplings to fermions. In particular, the mixing angle ↵ allows for a completely general de-

scription of CP -mixed states. We stress here that while in general in a given model CP vio-

lation depends on the whole set of possible interactions among the physical states and can-

not be established by looking only at a sub sector [46], in our parametrisation ↵ 6= 0 or ↵ 6=
⇡/2 (and non-vanishing Hff ,Aff ,HV V ,AV V ) implies CP violation. This can be easily

understood by first noting that in eq. (2.2) ↵ 6= 0 or ↵ 6= ⇡/2 always leads to CP violation

and that the corresponding terms in eq. (2.4) are generated via a fermion loop by the X0ff

interaction. The CP -odd analogues of the operators in the last line of eq. (2.4) do vanish.

– 5 –

• Use Higgs Characterisation model to probe for 
anomalous couplings in H→ZZ→4l: 

• BSM scalar - κHVV 

• BSM pseudo-scalar - κAVV*sin(α)  
• Split events into categories sensitive to different 

Higgs production modes 

• Fix SM contribution cos(α)*κSM to 1 
• Presence of BSM interactions modifies signal yields  

JHEP 11 (2013) 043 
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Anomalous couplings
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• CMS updated constraints on anomalous spin-0 couplings in H→ZZ→4l using 
decay kinematics 

• All results compatible with SM expectation so far 

• CMS and ATLAS parametrisations are related (⇒ see backup) 

10.8 Search for additional resonances 25

where P0ai is the probability density function of a term corresponding to ai coupling, and P ai
int

describes the interference of 0+ and ai terms.

Figure 14 shows distributions of events and expectations in the six kinematic discriminants
used in this analysis and listed in Table 1. Figure 15 shows a likelihood scan of the parameters
fa3 cos(fa3), fa2 cos(fa2), and fL1 cos(fL1) with 15.7 fb�1 of data at 13 TeV, where it is assumed
that ratios of anomalous couplings are real; that is, cos(fai) = ±1. The results are summarized
in Table 10.

Table 10: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on anomalous coupling parameters in HZZ interactions under
the assumption that all the coupling ratios are real (fai = 0 or p). The fL1 cos(fL1) observed
68% CL interval allows values below �1 in order to include the range [0.91, 1.00]. The expected
results are quoted for the SM signal production cross section (µ = 1).

Parameter Observed Expected
fa3 cos(fa3) �0.56+0.38

�0.32 [�1.00, 1.00] 0.00+0.26
�0.26 [�0.59, 0.59]

fa2 cos(fa2) �0.06+0.06
�0.09 [�0.22, 0.24] 0.00+0.24

�0.06 [�0.15, 0.92]
fL1 cos(fL1) �0.93+0.90

�0.16 [�1.00, 0.10] [ [0.77, 1.00] 0.00+0.13
�0.69 [�1.00, 0.24] [ [0.98, 1.00]

10.8 Search for additional resonances

The search for a scalar resonance X decaying to ZZ ! 4` is performed for the range of masses
mX between 130 and 2500 GeV. The width of the resonance GX is allowed to have any value,
starting from the narrow-width approximation (denoted as GX = 0) to an arbitrarily large
width, generally GX < mX. Production of the X resonance is considered to be either in gluon
fusion or vector boson fusion, where VH production is included according to expectation of the
relative VH and VBF cross sections. The fraction of VBF and VH production is parameterized
with fVBF, so that the gluon fusion cross section is sX ⇥ (1 � fVBF).

An unbinned maximum likelihood fit of the m4` distribution is performed over the full range
of selected events between 100 and 3000 GeV. Constraints on the resonance production cross
section sX are reported for a scan of the mX and GX values, where the value of fVBF can be either
fixed to a certain value or left unconstrained in the fit. Constraints on fVBF are possible due to
splitting events into two categories with VBF-like two-jet topology and the rest of the events.
The only exception is the RSE category of 4e and 2e2µ events which are treated inclusively in
the mass range m4` > 300 GeV.

The general parameterization of the probability density function P(m4`|mX, GX, sX) for the
VBF or gg ! 4` via background, H(125)⇤ and X(mX), is based on the framework of MCFM
+ JHUGEN + HNNLO within MELA, allows inclusion of interference between various compo-
nents, including the off-shell tail of H(125), in a parametric way with proper dependence of the
differential signal cross section dsX/dm4`. This way, both signal and background are treated
as one process, for either gluon fusion or vector boson fusion. The cross section sX is reported
for the pure signal process only without including effects of interference. For a wide resonance
with the pole mass mX below the 2mZ threshold, sX includes the off-shell production above the
threshold.

Figure 16 shows observed and expected 95% CL limits on the pp ! X ! ZZ ! 4` cross section
including the four-lepton branching fraction, as a function of mX and GX, floating fVBF. The
systematic uncertainties are similar to those used in the other measurements. The uncertainties
on the background predictions affect the shape of the m4` spectrum at high mass and these
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• Results from Run 1: stronger 
constraints possible by combining 
channels but results depend on 
exact assumptions made 
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Reinterpretation of differential cross sections
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• Results from Run 1: ATLAS reinterpret 
H→γγ differential cross sections using an 
effective Lagrangian approach 

• Statistical correlation matrix between bins 
of different observables provided - allows 
for further reinterpretation 

• Likelihood scans performed for coefficients 
of new CP-even and CP-odd interactions 

PLB 753 (2016) 69-85
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1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] offers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
κ-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can differ from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the effective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the effects of operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied using an EFT-inspired effective
Lagrangian. The analysis is performed using a simultaneous fit to five detector-corrected differential cross
sections in the H → γγ decay channel, which were previously published by the ATLAS Collaboration [9].
These are the differential cross sections as functions of the diphoton transverse momentum (pγγT ), the number
of jets produced in association with the diphoton system (Njets), the leading-jet transverse momentum (pj1T ),
and the invariant mass (mj j) and difference in azimuthal angle (∆φ j j) of the leading and sub-leading jets
in events containing two or more jets. The inclusion of differential information significantly improves the
sensitivity to operators that modify the Higgs boson’s interactions with W and Z bosons. To perform a
simultaneous analysis of these distributions, the statistical correlations between bins of different distributions
need to be included in the fit procedure. These correlations are evaluated by analysing the H → γγ candidate
events in the data, and are published as part of this Letter to allow future studies of new physics that produces
non-SM kinematic distributions for H → γγ.

2 Higgs effective Lagrangian

The effective Lagrangian used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is
augmented with the dimension six CP-even operators of the Strongly Interacting Light Higgs formulation [6]
and corresponding CP-odd operators. The H → γγ differential cross sections are mainly sensitive to the
operators that affect the Higgs boson’s interactions with gauge bosons and the relevant terms in the effective
Lagrangian can be specified by

Leff = c̄γOγ + c̄gOg + c̄HWOHW + c̄HBOHB
+ c̃γÕγ + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coefficients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the

2
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ttH → multileptons
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• ttH cross section σ(13 TeV)/σ(8 TeV) ~ 4: improves sensitivity (though 
backgrounds also increase) 

• Heightened interest due to moderate excess in the Run 1 combination: 

• μttH = 2.3 ± 0.7 

• Both CMS and ATLAS continue to see this excess at 13 TeV - stay tuned! 

SM
σ/σ = µBest fit 
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ttH→bb
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• ATLAS results for 13.2 fb-1 show a moderate excess 
• Systematic uncertainties already important, in 

particular the modelling of the tt+b(b) background 

• CMS results for 2.7 fb-1 show a deficit 

 = 125 GeVH at m
SM

σ/σ = µBest fit 
10− 5− 0 5

Combined

Dilepton

Lepton+Jets

CMS Preliminary  (13 TeV)-12.7 fb

CMS ATLAS

applied. The shape of these distributions, and the relative normalisation of the tt̄ + �1b and tt̄ + �1c
sub-components, are constrained by the uncertainties described above.

An uncertainty of 30% is assumed for the W /Z + jets cross-section, decorrelated among jet bins, with an
additional 30% uncertainty used for W + heavy flavour jets. These uncertainties are based on variations
of the scales and matching parameters in Sherpa MC. An uncertainty of +5%

�4% is used on the total cross-
section for single-top production [80–82]. An additional uncertainty on initial and final-state radiation
is evaluated in a manner similar to that used for tt̄. The uncertainty on the interference between Wt
and tt̄ production at NLO [79] is assessed by comparing the default “diagram removal” scheme to an
alternative “diagram subtraction” scheme. A 50% normalisation uncertainty on the diboson background
is used, which includes uncertainties on the inclusive cross-section and additional jet production [96].
The uncertainty on the tt̄V NLO cross-section prediction is 15% [97]. Finally, a 50% uncertainty is used
for the data-driven non-prompt lepton estimation.

Uncertainty source �µ
tt̄+ � 1b modelling +0.53 �0.53
Jet flavour tagging +0.26 �0.26
tt̄H modelling +0.32 �0.20
Background model statistics +0.25 �0.25
tt̄+ � 1c modelling +0.24 �0.23
Jet energy scale and resolution +0.19 �0.19
tt̄+light modelling +0.19 �0.18
Other background modelling +0.18 �0.18
Jet-vertex association, pileup modelling +0.12 �0.12
Luminosity +0.12 �0.12
tt̄ Z modelling +0.06 �0.06
Light lepton (e, µ) ID, isolation, trigger +0.05 �0.05
Total systematic uncertainty +0.90 �0.75
tt̄+ � 1b normalisation +0.34 �0.34
tt̄+ � 1c normalisation +0.14 �0.14
Statistical uncertainty +0.49 �0.49
Total uncertainty +1.02 �0.89

Table 6: Summary of the e�ects of the systematic uncertainties on µ. The background model statistics refers to
the statistical uncertainties from the limited number of simulated events and from the data-driven determination of
the non-prompt and fake lepton background component in the single-lepton channel. Due to correlations between
the di�erent sources of uncertainties, the total systematic uncertainty can be di�erent from the sum in quadrature
of the individual sources. This leads to an asymmetry in the total uncertainty which is not present in the individual
sources. The normalisation factors for both tt̄+ � 1b and tt̄+ � 1c are included in the statistical component. The
impact of the systematic uncertainties is evaluated after the fit described in Section 7.

7. Results

The distributions of the discriminants from each of the regions are combined to test for the presence of
a signal. No distinction is made in the fit between signal and control regions. The statistical analysis
is based on a likelihood function L(µ, ✓), constructed as a product of Poisson probability terms over

20

ATLAS-CONF-2016-080 
CMS-PAS-HIG-16-004
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• Combination of γγ, multilepton and bb analyses from ATLAS gives a consistent 
picture with Run 1 results 

• 1. 

• Run 2  combination gives 2.8σ observed significance (1.8σ expected) 

• Already exceeds Run 1 sensitivity (1.5σ expected) 

• Some tensions between individual channels in CMS and ATLAS to be resolved 
with further data and (hopefully) reduction of systematic uncertainties 
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VH→bb
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• Updated result with 13.2 fb-1 from ATLAS  

• Analysis makes use of BDTs trained to 
separate signal in categories based on the 
number of jets and pT(V) 

• Validated by extracting VZ→bb as signal 
instead: μVZ = 0.91 ± 0.17 (stat) ± 0.30 (syst)

Run 1 CMS+ATLAS μ̂

WH→bb 1.0 ± 0.4 (stat) ± 0.3(syst)

ZH→bb 0.4 ± 0.3 (stat) ± 0.2 (syst)

• Slight deficit in measured signal 
strength, similar to run 1 

ATLAS-CONF-2016-091
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VBF H→bb
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• CMS: 2.3 fb-1 of 13 TeV data - similar strategy to Run 1 

• ATLAS: novel approach requiring high pT γ in the final state - more efficient 
triggering and reduced non-resonant background 

μ̂
CMS Run 1 + Run 2 (2.3 fb-1) 1.3 +1.2 -1.1

ATLAS Run 1 -0.8 ± 2.3

ATLAS Run 2  (VBF + γ) -0.39 + 2.8 -2.7

q q

q q

H b

b̄

γ

W/Z

W/Z

CMS Run1 + Run2 combined

• Both measurements with relatively large 
uncertainties and compatible with SM 

ATLAS-CONF-2016-063 
CMS-PAS-HIG-16-003
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Summary
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• Currently the best global picture of Higgs boson couplings from the Run 1 
ATLAS+CMS combination 

• There is good progress on moving beyond the signal strength and kappa 
framework results: 
• Fiducial inclusive and differential measurements 

• Direct EFT interpretations 

• Template cross sections 

• With a large 13 TeV dataset now in hand will significantly improve sensitivity in 
new results by early next year 
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Signal strength ratios
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• Normalise the rate for any particular channel to a 
reference process using ratios of cross sections 
and branching ratios 

• Motivation: 

• Explicitly no assumptions on relative cross 
sections or BRs (unlike other results) 

• Measured values independent of SM 
prediction and inclusive theory uncertainties 

• Cancellation of common systematic 
uncertainties in ratios 

• Choose reference process as one measured with 
the smallest systematic uncertainty: gg→H→ZZ 

Table 6: Parameters of interest in the two 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 ratios

As discussed in Section 3.1, the measured Higgs boson rates are only sensitive to cross sections times
branching ratios. Thus, from the rate measurements alone, the cross sections and decay branching ratios
cannot be separately determined in a model-independent way. However, ratios of cross sections and of
branching ratios can be extracted, without any additional assumptions beyond the general ones discussed
in Section 1, from a combined fit to the data. This is achieved by normalising the yield of any specific
channel i ! H ! f to a reference process. In this paper, gg ! H ! Z Z is chosen as the reference,
because the combined value for �(gg ! H ! Z Z ) has the smallest systematic and one of the smallest
overall uncertainties.

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

�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 !
Z Z ) constraining the normalisation, the ratios in Eq. 10 can be determined separately, based on the five
production processes (ggF, VBF, W H , Z H and ttH) and five decay modes (H ! Z Z , H ! WW ,
H ! ��, H ! ⌧⌧ and H ! bb). The combined fit results can be presented as a function of nine
parameters of interest: one reference cross section times branching ratio, �(gg ! H ! Z Z ), four
ratios of production cross sections, �i/�ggF and four ratios of branching ratios, BR f /BRZZ as shown in
Table 6.

Expressing the measurements through ratios of cross sections and branching ratios has the advantage that
the ratios are independent of the theoretical predictions on the inclusive production cross sections and
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Assumptions 
 - Only the 7/8 TeV ratios

Parameter value norm. to SM prediction
1− 0 1 2 3 4 5 6

ZZ/BbbB

ZZ/BττB

ZZ/BγγB

ZZ/BWWB

ggFσ/ttHσ

ggFσ/ZHσ

ggFσ/WHσ

ggFσ/VBFσ

ZZ)→H→(ggσ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Th. uncert.
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 norm. to SM predictionZZ/BbbB
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Λ
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ln
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9
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Run 1 LHC
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]ZZB/WW, BZZB/γγ, BZZB/bb, BZZB/ττB

,ggFσ/ZHσ, ggFσ/WHσ, ggFσ/ttHσ, ggFσ/VBFσ, ZZ
ggFσ[

Observed
SM expected

Parameter value norm. to SM prediction
1− 0 1 2 3 4 5 6

ZZ/BbbB

ZZ/BττB

ZZ/BγγB

ZZ/BWWB

ggFσ/ttHσ

ggFσ/ZHσ

ggFσ/WHσ

ggFσ/VBFσ

ZZ)→H→(ggσ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Th. uncert.

Signal strength ratios
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• Largest disagreement in BRbb/BRZZ (2.4σ) 

• Though some care needed with the uncertainties 
on ratios ⇒ non-Gaussian behaviour 

Table 6: Parameters of interest in the two 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 ratios

As discussed in Section 3.1, the measured Higgs boson rates are only sensitive to cross sections times
branching ratios. Thus, from the rate measurements alone, the cross sections and decay branching ratios
cannot be separately determined in a model-independent way. However, ratios of cross sections and of
branching ratios can be extracted, without any additional assumptions beyond the general ones discussed
in Section 1, from a combined fit to the data. This is achieved by normalising the yield of any specific
channel i ! H ! f to a reference process. In this paper, gg ! H ! Z Z is chosen as the reference,
because the combined value for �(gg ! H ! Z Z ) has the smallest systematic and one of the smallest
overall uncertainties.

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

�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 !
Z Z ) constraining the normalisation, the ratios in Eq. 10 can be determined separately, based on the five
production processes (ggF, VBF, W H , Z H and ttH) and five decay modes (H ! Z Z , H ! WW ,
H ! ��, H ! ⌧⌧ and H ! bb). The combined fit results can be presented as a function of nine
parameters of interest: one reference cross section times branching ratio, �(gg ! H ! Z Z ), four
ratios of production cross sections, �i/�ggF and four ratios of branching ratios, BR f /BRZZ as shown in
Table 6.

Expressing the measurements through ratios of cross sections and branching ratios has the advantage that
the ratios are independent of the theoretical predictions on the inclusive production cross sections and

19
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Parameter value norm. to SM prediction
1− 0 1 2 3 4 5 6

ZZ/BbbB

ZZ/BττB

ZZ/BγγB

ZZ/BWWB

ggFσ/ttHσ

ggFσ/ZHσ

ggFσ/WHσ

ggFσ/VBFσ

ZZ)→H→(ggσ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Th. uncert.

Signal strength ratios

32

• Correlation matrix also provided 

• Non-zero correlations due to use of ratios which 
explicitly relate different processes  

Table 6: Parameters of interest in the two 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 ratios

As discussed in Section 3.1, the measured Higgs boson rates are only sensitive to cross sections times
branching ratios. Thus, from the rate measurements alone, the cross sections and decay branching ratios
cannot be separately determined in a model-independent way. However, ratios of cross sections and of
branching ratios can be extracted, without any additional assumptions beyond the general ones discussed
in Section 1, from a combined fit to the data. This is achieved by normalising the yield of any specific
channel i ! H ! f to a reference process. In this paper, gg ! H ! Z Z is chosen as the reference,
because the combined value for �(gg ! H ! Z Z ) has the smallest systematic and one of the smallest
overall uncertainties.

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

�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 !
Z Z ) constraining the normalisation, the ratios in Eq. 10 can be determined separately, based on the five
production processes (ggF, VBF, W H , Z H and ttH) and five decay modes (H ! Z Z , H ! WW ,
H ! ��, H ! ⌧⌧ and H ! bb). The combined fit results can be presented as a function of nine
parameters of interest: one reference cross section times branching ratio, �(gg ! H ! Z Z ), four
ratios of production cross sections, �i/�ggF and four ratios of branching ratios, BR f /BRZZ as shown in
Table 6.

Expressing the measurements through ratios of cross sections and branching ratios has the advantage that
the ratios are independent of the theoretical predictions on the inclusive production cross sections and
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2D scans of κV, κF

33

• Commonly-presented model in which 

• κV = κW = κZ 

• κF = κt = κb = κτ 

• Perform additional scans in a model with  
separate κVf, κFf per decay-mode 

• In contrast to previous CMS combinations 
this is a 10 parameter fit instead of 5 x 2 
parameter fits 

• Here the best-fit is restricted to quadrant where 
κV>0, κF>0 

• All channels compatible with κV=κF=1 

f
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2D scans of κV, κF

34

WW
Fκ

)
W

W
F
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

ATLAS andCMS
LHC Run 1
Preliminary

SM expected
Observed

]ττVκ,ττFκ,
γγ

Vκ,
γγ

Fκ,ZZ
Vκ,ZZ

Fκ,WW
Vκ,WW

Fκ,bb
Vκ,bb

Fκ[

bb
Fκ

)
bb F
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

ATLAS andCMS
LHC Run 1
Preliminary

SM expected
Observed

]ττVκ,ττFκ,
γγ

Vκ,
γγ

Fκ,ZZ
Vκ,ZZ

Fκ,WW
Vκ,WW

Fκ,bb
Vκ,bb

Fκ[

γγ
Fκ

)γγ F
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10

3− 2− 1− 0 1 2 3

ATLAS andCMS
LHC Run 1
Preliminary

SM expected
Observed

]ττVκ,ττFκ,
γγ

Vκ,
γγ

Fκ,ZZ
Vκ,ZZ

Fκ,WW
Vκ,WW

Fκ,bb
Vκ,bb

Fκ[

ττ
Fκ

)ττ F
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

ATLAS andCMS
LHC Run 1
Preliminary

SM expected
Observed

]ττVκ,ττFκ,
γγ

Vκ,
γγ

Fκ,ZZ
Vκ,ZZ

Fκ,WW
Vκ,WW

Fκ,bb
Vκ,bb

Fκ[

ZZ
Fκ

)
ZZ F
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10

3− 2− 1− 0 1 2 3

ATLAS andCMS
LHC Run 1
Preliminary

SM expected
Observed

]ττVκ,ττFκ,
γγ

Vκ,
γγ

Fκ,ZZ
Vκ,ZZ

Fκ,WW
Vκ,WW

Fκ,bb
Vκ,bb

Fκ[

• Most channels nearly degenerate in relative sign of κV and κF 

f
Vκ

0 0.5 1 1.5 2

f F
κ

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2 ATLAS andCMS
LHC Run 1
Preliminary

γγ →H 
 ZZ→H 
 WW→H 
 bb→H 
ττ →H 

Combined

SM 68% CL
Best fit 95% CL



A. Gilbert27/10/16

2D scans of κV, κF
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Signal Processes - Summary
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13 TeV signal strengths by production mode

37

the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) versus �VBF+VH · B(H ! ZZ⇤). The measured values for �ggF+tt̄H+bb̄H ·
B(H ! ZZ⇤), �VBF · B(H ! ZZ⇤) and �VH · B(H ! ZZ⇤) with their SM expectations (on the right) are
respectively:

�ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.80+0.49
�0.44 pb �SM,ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.31 ± 0.07 pb

�VBF · B(H ! ZZ⇤) = 0.37+0.28
�0.21 pb �SM,VBF · B(H ! ZZ⇤) = 0.100 ± 0.003 pb

�VH · B(H ! ZZ⇤) = 0+0.15 pb �SM,VH · B(H ! ZZ⇤) = 0.059 ± 0.002 pb
(8)

The compatibility between the measured �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) and the SM prediction is at the level
of 1.1 standard deviations, while for the �VBF · B(H ! ZZ⇤) the compatibility with the SM prediction is
at the level of 1.4 standard deviations.

The cross section results by production mode from the event categorisation can also be interpreted in the
LO framework [40, 96] ( framework) in which coupling modifiers, i are introduced to parameterise
possible deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.
One interesting benchmark allows for two di↵erent Higgs boson coupling strength modifiers to fermions
and bosons, reflecting the di↵erent structure of the interactions of the SM Higgs sector with gauge bosons
and fermions. The universal coupling-strength scale factors F for all fermions and V for all vector
bosons are defined as V = W = Z and F = t = b = ⌧ = g = µ. The likelihood contours at 68%
CL (solid line) and 95% CL (dashed line) in the V � F plane are shown in Figure 7 (only the quadrant
F > 0 and V > 0 is shown since this channel is not sensitive to the relative sign of the two coupling
modifiers). The Higgs boson mass is assumed to be mH = 125.09 GeV and no undetected or invisible
Higgs boson decays is assumed to exist.
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Anomalous coupling approaches

38

• CMS: 

• Define cross section fractions: 

• ATLAS: 

• ATLAS coupling ratios can be related CMS cross sections: 

Appendix A

To compare the exclusion limits obtained in this analysis to other existing studies, the final results of
this analysis are also expressed in terms of effective cross-section fractions ( fg2, φg2) and ( fg4, φg4). The
definitions proposed in Section 11.4.2 of Ref. [3] and Section II of Ref. [44] are used:

fgi =
|gi|2σi

|g1|2σ1 + |g2|2σ2 + |g4|2σ4
, φi = arg

(

gi
g1

)

. (13)

Here the symbols g1, g2 and g4 denote the SM, BSM CP-even and BSM CP-odd tensor couplings of
the HVV scattering amplitude, respectively. The numeric coefficients σ1, σ2 and σ4 are effective cross
sections of the HVV interactions calculated when only the g1-, g2- or g4-related terms are present in the
amplitude, respectively, such that gi = 1, gi! j = 0.

When, in addition to the SM term, only one CP-even or CP-odd BSM contribution is present, the con-
version between the parameterisation used in this analysis and the ( fgi, φgi) parameterisation is given by
Eq. (13) rewritten in the following way:

fgi =
r2i1

1 + r2i1
; (i = 2, 4), (14)

where r41 and r21 are chosen such that:

r221 =
σHVV
σSM

(

k̃HVV
kSM

)2

, and r241 =
σAVV
σSM

(

k̃AVV
kSM

)2

tan2 α. (15)

The numeric coefficients σSM, σHVV and σAVV are effective cross sections of the HVV interaction calcu-
lated when only each of the κSM-, κHVV - and κAVV-related terms is present in the Lagrangian.

For consistency with previous measurements reported in Ref. [5], the expected and observed results of
the current analysis of the H → WW∗ → eνµν and H → ZZ∗ → 4ℓ channels and for their combin-
ation are expressed in terms of fgi and φgi parameters for the H → ZZ∗ → 4ℓ decay, ( f ZZg2 , φ

ZZ
g2 ) and

( f ZZg4 , φ
ZZ
g4 ). These parameters are denoted hereafter by ( fg2, φg2) and ( fg4, φg4). The corresponding results

are presented in Tables 10 and 11. To obtain these results, the effective cross sections σSM, σHVV and
σAVV of the HZZ interaction are calculated using the MadGraph5_aMC@NLO Monte Carlo generator
[16] at leading order. The ratios of cross sections used in the calculation are: σHVV/σSM = 0.349 and
σAVV/σSM = 0.143, respectively.
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The third case would imply CP-violation in the Higgs sector. In the case of CP mixing, the Higgs boson
would be a mass eigenstate, but not a CP eigenstate. In all cases, only one resonance with a mass of
about 125 GeV is considered. It is also assumed that the total width of the resonance is small compared
to the typical experimental resolution of the ATLAS detector (of the order of 1–2 GeV in the four-lepton
and γγ final states, as documented in Ref. [12]). Interference effects between the BSM signals and SM
backgrounds are neglected.

The EFT approach, used by the Higgs boson characterisation model, is only valid up to a certain energy
scale, Λ. The models described in Ref. [7] assume that the resonance structure corresponds to one new
boson (X(JP) with JP = 0± or 2+), assuming that any other BSM particle only exists at an energy scale
larger than Λ. The Λ scale is set to 1 TeV to account for the experimental results obtained at the LHC and
previous collider experiments, which do not show any evidence of new physics at lower energy scales.

The case where the observed resonance has JP = 1± is not studied in this paper. The H → γγ decay is
forbidden by the Landau–Yang theorem [13, 14] for a spin-1 particle. Moreover, the spin-1 hypothesis
was already studied in the previous ATLAS publication [4] in the H → ZZ∗ → 4ℓ and H → WW∗ → eνµν
decays and excluded at a more than 99% confidence level.

3.1 The spin-0 hypothesis

In the spin-0 hypothesis, models with fixed spin and parity, and models with mixed SM spin-0 and BSM
spin-0 CP-even and CP-odd contributions are considered. In Ref. [7], the spin-0 particle interaction with
pairs of W or Z bosons is given through the following interaction Lagrangian:

LV0 =
{

cos(α)κSM
[

1
2gHZZZµZ

µ + gHWWW+µW−µ
]

− 14
1
Λ

[

cos(α)κHZZZµνZµν + sin(α)κAZZZµνZ̃µν
]

(1)

− 12
1
Λ

[

cos(α)κHWWW+µνW−µν + sin(α)κAWWW+µνW̃−µν
]}

X0.

Here Vµ represents the vector-boson field (V = Z,W±), the Vµν are the reduced field tensors and the
dual tensor is defined as Ṽµν = 1

2ε
µνρσVρσ. The symbol Λ denotes the EFT energy scale. The symbols

κSM, κHVV and κAVV denote the coupling constants corresponding to the interaction of the SM, BSM
CP-even or BSM CP-odd spin-0 particle, represented by the X0 field, with ZZ or WW pairs. To ensure
that the Lagrangian terms are Hermitian, these couplings are assumed to be real. The mixing angle α
allows for production of CP-mixed states and implies CP-violation for α ! 0 and α ! π, provided the
corresponding coupling constants are non-vanishing. The SM couplings, gHVV , are proportional to the
square of the vector boson masses: gHVV ∝ m2V . Other higher-order operators described in Ref. [7],
namely the derivative operators, are not included in Eq. (1) and have been neglected in this analysis since
they induce modifications of the discriminant variables well below the sensitivity achievable with the
available data sample.

As already mentioned, for the spin-0 studies the SM Higgs boson hypothesis is compared to two altern-
atives: the CP-odd JP = 0− and the BSM CP-even JP = 0+h hypotheses. All three models are obtained
by selecting the corresponding parts of the Lagrangian described in Eq. (1) while setting all other con-
tributions to zero. The values of the couplings corresponding to the different spin-0 models are listed in
Table 1.

The investigation of the tensor structure of the HVV interaction is based on the assumption that the ob-
served particle has spin zero. Following the parameterisation defined in Eq. (1), scenarios are considered
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1 Introduction
The observation of a new boson [1–3] with a mass around 125 GeV and properties consistent
with those of the standard model (SM) Higgs boson [4–10] has ushered in a new era of precision
Higgs physics. The ATLAS and CMS collaborations at the CERN LHC have begun a compre-
hensive study of the boson properties. The spin-parity of the Higgs boson has been studied
in H ! ZZ, Zg⇤,g⇤g⇤ ! 4`, H ! WW ! `n`n, and H ! gg decays [11–16], where ` is an
electron or muon. The CDF and D0 collaborations have set limits on the pp ! VH produc-
tion cross section (with V = W or Z) at the Tevatron, for two exotic spin-parity models of the
Higgs boson [17]. In all cases, the spin-parity JCP of the boson has been found to be consistent
with the SM prediction. Based on a study of anomalous couplings in H ! ZZ ! 4` decays,
the CMS collaboration has excluded the hypothesis of a pure pseudoscalar spin-zero boson at
99.98% confidence level (CL), while an effective pseudoscalar cross section fraction f ZZ

a3
> 0.43

is excluded at 95% CL (assuming a positive, real valued ratio of scalar and pseudoscalar cou-
plings) [15]. Under the same assumptions, the ATLAS collaboration has excluded f ZZ

a3
> 0.11

at 95% CL [18].

We present here the first search for anomalous pseudoscalar HVV couplings at the LHC in
the topology of associated production, VH. It will be shown that the VH channels are strong
probes of the structure of the HVV interaction, with sensitivity even to small anomalous cou-
plings. The ultimate LHC sensitivity to a potential pseudoscalar interaction in these channels
is expected to greatly exceed that of H ! VV [19]. Due to the highly off-shell nature of the
propagator in VH production, small anomalous couplings can lead to significant modifications
of cross sections and kinematic features. In particular, the propagator mass, measured by the
VH invariant mass, m(VH), is highly sensitive to anomalous HVV couplings [20].

Results from the VH channels are ultimately combined with those from H ! VV measure-
ments [15]. The qq ! VH ! Vbb and gg ! H ! VV processes involve the Yukawa fermion
coupling Hff and the same HVV coupling, assuming gluon fusion production is dominated by
the top-quark loop. The dominance of the gluon fusion production mechanism of the Higgs
boson at the LHC is supported by experimental measurements [4–10]. It is interesting to con-
sider models where the ratio of the Hbb and Htt coupling strengths in the VH and H ! VV
processes is not affected by the presence of anomalous contributions [21]. In such a case, it
is possible to relate the cross sections of the two processes for arbitrary anomalous HVV cou-
plings and perform a combined analysis of the VH and H ! VV processes, exploiting both
kinematics and the relative signal strengths of the two processes. The H ! VV signal strength
is relatively well measured and can provide a strong constraint on the VH signal strength. For
modest values of f ZZ

a3
, the VH signal strength is constrained to large values. The added con-

straint thereby significantly improves the sensitivity to anomalous couplings.

In the following, we consider only the interactions of a spin-zero boson with the W and Z
bosons, for which the scattering amplitude is parameterized as

A(HVV) ⇠
"

aHVV
1 +

kHVV
1 q2

V1
+ kHVV

2 q2
V2�

LHVV
1

�2

#
m2

V1
e⇤V1

e⇤V2
+ aHVV

2 f ⇤(1)µn f ⇤(2)µn + aHVV
3 f ⇤(1)µn f̃ ⇤(2)µn,

(1)
where the aHVV

i are arbitrary complex coupling parameters which can depend on the V1 and
V2 squared four-momenta, q2

V1
and q2

V2
; f (i)µn is the field strength tensor of a gauge boson

with momentum qVi and polarization vector eVi , given by e
µ
Vi

qn
Vi
� en

Vi
qµ

Vi
; f̃ (i)µn is the dual field

strength tensor, given by 1
2 eµnrs f (i)rs; mV1 is the pole mass of the vector boson; and LHVV

1 is
the energy scale where phenomena not included in the SM become relevant [19]. The aHVV

1 ,

BSM CP-even BSM CP-odd
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detailed in Table 6. The fiducial volume acceptance for various SM production modes is given
in Table 7.

Table 6: Summary of requirements and selections used in the definition of the fiducial phase
space for the H ! 4` cross section measurements.

Requirements for the H ! 4` fiducial phase space
Lepton kinematics and isolation

Leading lepton pT pT > 20 GeV
Next-to-leading lepton pT pT > 10 GeV
Additional electrons (muons) pT pT > 7(5) GeV
Pseudorapidity of electrons (muons) |h| < 2.5(2.4)
Sum of scalar pT of all stable particles within DR < 0.4 from lepton < 0.4 · pT

Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z1 candidate 40 GeV < mZ1 < 120 GeV
Inv. mass of the Z2 candidate 12 GeV < mZ2 < 120 GeV
Distance between selected four leptons DR(`i, `j) > 0.02 for any i 6= j
Inv. mass of any opposite sign lepton pair m`+`0� > 4 GeV
Inv. mass of the selected four leptons 105 GeV < m4` < 140 GeV

We measure the integrated fiducial cross section for pp ! H ! 4` by performing a maximum
likelihood fit of the signal and background parameterizations to the observed 4` mass distri-
bution, Nobs(m4`), and the fiducial cross section (sfid) is directly extracted from the fit. In order
to keep the model dependence minimal, the fit is done inclusively (i.e. without any event cat-
egorization) and does not use the Dkin

bkg observable. The systematic uncertainties are included
in the form of nuisance parameters and are effectively integrated out in the fit procedure. The
results are obtained using an asymptotic approach [55] with a test statistic based on the profile
likelihood ratio [56]. This procedure for the unfolding of the detector effects from the observed
distributions is the same as in Refs. [18] and [57].

The maximum likelihood fit is performed simultaneously in all final states and assumes a Higgs
boson mass of mH = 125.0 GeV, and the branching ratio of the Higgs boson to different final
states (4e, 4µ, 2e2µ) is allowed to float. The number of expected events in each final state f and
in each bin i of a considered observable is expressed as a function of m4` as:

Nf,i
obs(m4`) = Nf,i

fid(m4`) + Nf,i
nonfid(m4`) + Nf,i

nonres(m4`) + Nf,i
bkg(m4`)

= ef
i,j ·

⇣
1 + f f,i

nonfid

⌘
· s

f,j
fid · L · Pres(m4`)

+ Nf,i
nonres · Pnonres(m4`) + Nf,i

bkg · Pbkg(m4`),

(13)

The shape of the resonant signal contribution, Pres(m4`), is described by a double-sided Crystal
Ball function as described in Section 9, and the normalization is proportional to the fiducial
cross section. The shape of the non-resonant signal contribution, Pcomb(m4`), which arises
from WH, ZH, and tt̄H production where one of the leptons from the Higgs boson decay is lost
or not selected, is modeled by a Landau distribution whose shape parameters are constrained
in the fit to be within a range determined from simulation. This contribution is referred to as
the “combinatorial signal” and is treated as a background in this measurement.

The ef
i,j represents the detector response matrix that maps the number of expected events in a

CMS H→ZZ 
fiducial 
definition

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

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

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

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

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

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

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

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

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

7

ATLAS H→ZZ 
fiducial 
definition
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diphoton baseline VBF enhanced single lepton

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

T > 0.35m�� and p�2

T > 0.25m��

Jets - pT > 30GeV , |y| < 4.4 -

- mjj > 400GeV, |�yjj | > 2.8 -

- |����,jj | > 2.6 -

Leptons - - pT > 15GeV

|⌘| < 2.47

CMS H→γγ 
fiducial 
definition

ATLAS H→γγ 
fiducial 
definition

26 12 Fiducial cross section measurement

mation of the relative mass resolution sM/M, calculated under the assumption that the correct
vertex was chosen, where sM represents the mass resolution. The transformation removes any
correlation between the mass resolution and the mass itself, caused by the dependence of the
energy resolution on the energy. The transformation is built using the cumulative distribution
functions (CDFs) of the sM/M estimator in bins of the diphoton mass mgg, using events from a
gg simulated sample. The transformation is derived separately for events where both photons
are reconstructed in ECAL barrel region and for the remaining events. The transformed mass
resolution estimator is then reinterpreted as a physical mass resolution by applying another
transformation, using the inverse cumulative distribution function CDF(sM/M) calculated at
mgg = 125 GeV. The correlation of the mass resolution estimator with the pseudo-rapidities
of the two photons is not removed by the transformation, allowing the use of the transformed
variable to categorise events according to the typical mass resolution in a given region of the
detector. The final decorrelated mass resolution estimator is referred to as sM/M|decorr.

The definition of the event categories is achieved analogously to the “Untagged” categories de-
scribed in Section 7. The optimal number of categories is found to be 3, whose boundaries cor-
respond to values of sM/M|decorrof 0, 0.0076, 0.0109,0.0288. Events with sM/M|decorrexceeding
the last boundary of the categorisation are discarded. Simultaneously to the category defini-
tion, the requirement on the minimum BDTg ID score of both photons is optimised and set to
0.32.

Fig. 16 shows the sM/M|decorrfor electrons reconstructed as photons in Z ! e+e� events, in
data and simulation. The hashed region in Fig. 16, corresponds to the propagation of the sys-
tematic uncertainty on the per-photon energy resolution estimate (to which a 5% uncertainty
is assigned in both barrel and endcaps) directly on the diphoton mass. The distributions are
shown separately for events where both electrons are reconstructed in the ECAL barrel region
(left) and for all remaining events (right). A discrepancy in the latter category between data
and simulation is observed. The impact of this discrepancy on the cross section measurement,
through migrations of signal events across categories, is found to produce a bias on the mea-
surement of 2%, which is negligible compared to the statistical uncertainties.

The signal model is built using the same techniques employed in the main analysis, as de-
scribed in Section 8. However, for the fiducial measurement, the signal model is built in each
category inclusively for all production mechanisms, rather than for each process separately.
The fiducial region is defined at generator-level with the following requirements:

• p
g1,(2)
T,gen
mgg

> 1
3 (

1
4 ) for the generator-level transverse momentum of the leading (sublead-

ing) photon,
• |hg

gen| < 2.5 for the generator-level pseudorapidities of both photon
• the generator-level isolation of the photons, calculated as the sum of the transverse

momenta of all stable particles inside a cone of aperture R = 0.3 around the photon,
is required to be smaller than 10 GeV.

The signal model is constructed separately for events falling inside the fiducial volume, both at
generator-level and reconstruction-level (inside-of-acceptance component, IA) and for events
falling outside of the generator-level acceptance, but inside the reconstruction-level acceptance
(outside-of-acceptance component, OA). The ratio between the fractions of reconstructed sig-
nal events falling outside-of-acceptance and inside-of-acceptance is 0.8%. The largest migration
across the acceptance boundary occurs in the worst resolution category, where the ratio be-
tween outside- and inside-of-acceptance signal components amounts to 1.32%. Fig. 17 shows
the parametrised signal shape for the best resolution category (left) and all categories combined


