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LHC Schedule
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• LHC operates very well:  
current data acquisition exceeds expectation 

• Higher centre-of-mass energy means larger cross sections  
ggF, VBF, VH: ~ ⨉2, ttH ⨉4 (similar for associated backgrounds) 

• Expect  
• 30 fb-1 @ 13 TeV by end of 2016 
• 120 fb-1 @ 13-13.5 TeV by end or Run-2, 2018 
• ~300 fb-1 @ 13-14 TeV by end of Run-3, 2023 
• ~3000 fb-1 @ 14 TeV, HL-LHC, 2026-2037

13.5 TeV?

30+120 = 150

2026-2037



I. Run-1 highlights

based on ~25 fb-1 7-8 TeV data
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Run-1 Higgs boson highlights

5Bertrand Laforge, ICHEP 2016  [GeV]bbm
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Figure 25. The distribution of mbb in data after subtraction of all backgrounds except for the
diboson processes, as obtained with the dijet-mass analysis for the (a) 8 TeV and (b) 7 TeV data. The
contributions from all lepton channels, pVT intervals, number-of-jets and 2-tag b-tagging categories
are summed weighted by their respective values of the ratio of expected Higgs boson signal to fitted
background. The contribution of the associated WH and ZH production of a SM Higgs boson with
mH = 125 GeV is shown as expected for the SM cross section (indicated as µ = 1.0). The size of
the combined statistical and systematic uncertainty on the fitted background is indicated by the
hatched band.

mass analysis. The main reason for these low correlations is the different shape of the pVT
distributions for V Z and for the Higgs boson signal, the pVT variable being used by both
the MVA and the dijet-mass analysis. The yield tables in the appendix show that the ratio
of the diboson contribution to that of the Higgs boson is indeed smaller in the higher pVT
interval than in the lower one. The additional variables input to the BDT provide further
separation in the MVA, leading to a very small diboson contribution in the most significant
bins of the BDTV H discriminant, as can be seen in table 8.

A value of µV Z = 0.50 ± 0.30(stat.) ± 0.38(syst.) is obtained for the 7 TeV dataset.
The signal strength obtained for the combined 7 and 8 TeV dataset is 0.74± 0.09(stat.)±
0.14(syst.) The V Z signal is observed with a significance of 4.9�, to be compared to an
expected significance of 6.3�. The fitted µV Z values are shown in figure 26 for the 7 TeV,
8 TeV and combined datasets, and for the three lepton channels separately for the combined
dataset, all with the MVA used for the 8 TeV data. A measurement of V Z production in
pp collisions at

p
s = 8 TeV in final states with b-tagged jets was recently reported by the

CMS Collaboration [99].
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Figure 11. Event yields as a function of log10(S/B), where S (signal yield) and B (background
yield) are taken from the BDT output bin of each event, assuming a signal strength µ = 1.4.
Events in all categories are included. The predicted background is obtained from the global fit
(with µ = 1.4), and signal yields are shown for mH = 125 GeV at µ = 1 and µ = 1.4 (the best-fit
value). The background-only distribution (dashed line) is obtained from the global fit, with µ fixed
at zero.

are
µ⌧⌧
ggF = 2.0 ± 0.8(stat.) +1.2

�0.8(syst.) ± 0.3(theory syst.)

and
µ⌧⌧

VBF+VH = 1.24 +0.49
�0.45(stat.)

+0.31
�0.29(syst.) ± 0.08(theory syst.),

in agreement with the predictions from the Standard Model. The two results are strongly
anti-correlated (correlation coefficient of �48%). The observed (expected) significances of
the µ⌧⌧

ggF and µ⌧⌧
VBF+VH signal strengths are 1.74� (0.95�) and 2.25� (1.72�) respectively.

A total cross section times branching ratio for H ! ⌧⌧ with mH = 125 GeV can
also be measured. The central value is obtained from the product of the measured µ

and the predicted cross section used to define it. The uncertainties are similarly obtained
by scaling the uncertainties on µ by the predicted cross section, noting that theoretical
uncertainties on the inclusive cross section cancel between µ and the predicted cross section
and thus are not included for the production processes under consideration. These include
the uncertainties on the inclusive cross section due to the QCD scale and the PDF choice as

– 44 –

H→ττ  
4.5σ (3.4σ)
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FIG. 35. Postfit combined transverse mass distributions
for nj  1 and for all lepton-flavor samples in the 7 and
8TeV data analyses. The plot in (b) shows the residuals
of the data with respect to the estimated background com-
pared to the expected distribution for an SM Higgs boson
with mH =125GeV; the error bars on the data are statisti-
cal (

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

the shaded band around 0) is at most about 25 events per
m

t

bin and partially correlated between bins. Background
processes are scaled by postfit normalization factors and the
signal processes by the observed signal strength µ from the
likelihood fit to all regions. Their normalizations also include
e↵ects from the pulls of the nuisance parameters.

nique [23] that improves background rejection. An
improved definition of missing transverse momentum,
pmiss

t

based on tracks, is introduced in the analysis
since it is robust against pile-up and provides im-
proved resolution with respect to the true value of
missing transverse momentum.

Signal acceptance is increased by 75% (50%) in the
nj =0 (1) category. This is achieved by lowering the p `2

t

threshold to 10GeV. Dilepton triggers are included in ad-
dition to single lepton triggers, which allows reduction of
the p `1

t

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

The methods used to estimate nearly all of the back-
ground contributions in the signal region are improved.
These improvements lead to a better understanding of
the normalizations and thus the systematic uncertainties.
The rejection of the top-quark background is improved
by applying a veto on b-jets with p

t

> 20GeV, which is
below the nominal 25GeV threshold in the analysis. A
new method of estimating the jet b-tagging e�ciency is
used. It results in the cancellation of the b-tagging uncer-
tainties between the top-quark control region and signal
regions in the nj =1 categories. The Z/�⇤ ! ⌧⌧ back-
ground process is normalized to the data in a dedicated
high-statistics control region in the nj  1 and nj � 2
ggF-enriched categories. The V V backgrounds are nor-
malized to the data using a new control region, based
on a sample with two same-charge leptons. Introducing
this new control region results in the cancellation of most
of the theoretical uncertainties on the V V backgrounds.
The multijet background is now explicitly estimated with
an extrapolation factor method using a sample with two
anti-identified leptons. Its contribution is negligible in
the nj  1 category, but it is at the same level as W+jets
background in the nj � 2 ggF-enriched category. A large
number of improvements are applied to the estimation of
the W+jets background, one of them being an estima-
tion of the extrapolation factor using Z+jets instead of
dijet data events.
Signal yield uncertainties are smaller than in the pre-

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

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

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

IX. RESULTS AND INTERPRETATIONS

Combining the 2011 and 2012 data in all categories,
a clear excess of signal over the background is seen in
Fig. 35. The profile likelihood fit described in Sec. VIIB
is used to search for a signal and characterize the pro-
duction rate in the ggF and VBF modes. Observation
of the inclusive Higgs boson signal, and evidence for the
VBF production mode, are established first. Following
that, the excess in data is characterized using the SM
Higgs boson as the signal hypothesis, up to linear rescal-

H→WW* 
6.8σ (5.8σ)

Table 11: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states in a
window of 120 < m4` < 130 GeV. The second column shows the number of expected signal events for the full mass range,
without a selection on m4`. The other columns show for the 120–130 GeV mass range the number of expected signal events,
the number of expected ZZ⇤ and reducible background events, and the signal-to-background ratio (S/B), together with the
number of observed events, for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as for the combined sample.

Final state Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range p

s = 7 TeV

4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2
2e2µ 0.66 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.50 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1
4e 0.46 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1

Total 2.62 ± 0.26 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p
s = 8 TeV

4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.69 ± 0.13 1.7 8.33 ± 0.6 12
2e2µ 3.92 ± 0.39 3.45 ± 0.34 1.67 ± 0.08 0.60 ± 0.10 1.5 5.72 ± 0.37 7
2µ2e 3.06 ± 0.31 2.71 ± 0.28 1.17 ± 0.07 0.36 ± 0.08 1.8 4.23 ± 0.30 5
4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.07 1.7 3.77 ± 0.27 7

Total 15.6 ± 1.6 13.8 ± 1.4 6.24 ± 0.34 2.00 ± 0.28 1.7 22.1 ± 1.5 31p
s = 7 TeV and

p
s = 8 TeV

4µ 6.80 ± 0.67 6.20 ± 0.61 2.82 ± 0.14 0.79 ± 0.13 1.7 9.81 ± 0.64 14
2e2µ 4.58 ± 0.45 4.04 ± 0.40 1.99 ± 0.10 0.69 ± 0.11 1.5 6.72 ± 0.42 9
2µ2e 3.56 ± 0.36 3.15 ± 0.32 1.38 ± 0.08 0.72 ± 0.12 1.5 5.24 ± 0.35 6
4e 3.25 ± 0.34 2.77 ± 0.29 1.22 ± 0.08 0.76 ± 0.11 1.4 4.75 ± 0.32 8

Total 18.2 ± 1.8 16.2 ± 1.6 7.41 ± 0.40 2.95 ± 0.33 1.6 26.5 ± 1.7 37
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Figure 13: The distribution of the four-lepton invariant mass, m4`, for the selected candidates (filled circles) compared to the
expected signal and background contributions (filled histograms) for the combined

p
s = 7 TeV and

p
s = 8 TeV data for the

mass ranges: (a) 80–170 GeV, and (b) 80–600 GeV. The signal expectation shown is for a mass hypothesis of mH = 125 GeV
and normalized to µ = 1.51 (see text). The expected backgrounds are shown separately for the ZZ⇤ (red histogram), and
the reducible Z + jets and tt̄ backgrounds (violet histogram); the systematic uncertainty associated to the total background
contribution is represented by the hatched areas.
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H→ZZ* 
8.1σ (6.2σ)

25

 [GeV]γγm
110 120 130 140 150 160

 w
ei

gh
ts

 - 
fit

te
d 

bk
g

∑

-5

0

5

10

 w
ei

gh
ts

 / 
G

eV
∑

0

20

40

60

80

100

120

140

160

180

Data

Signal+background

Background
Signal

 = 7 TeVs, -1dt = 4.5 fb  L∫
 = 8 TeVs, -1dt = 20.3 fb  L∫

S/B weighted sum
Signal strength categories

 = 125.4 GeVHm

ATLAS

FIG. 13. Diphoton invariant mass m�� spectrum observed in
the sum of the 7 TeV and 8 TeV data. Each event is weighted
by the signal-to-background ratio in the dataset and category
it belongs to. The errors bars represent 68% confidence in-
tervals of the weighted sums. The solid red curve shows the
fitted signal plus background model when the Higgs boson
mass is fixed at 125.4 GeV. The background component of
the fit is shown with the dotted blue curve. The signal com-
ponent of the fit is shown with the solid black curve. Both the
signal plus background and background-only curves reported
here are obtained from the sum of the individual curves in
each category weighted by their signal-to-background ratio.
The bottom plot shows the data relative to the background
component of the fitted model.

Table XIV. They are determined from the di↵erence in
quadrature between the nominal uncertainty and change
in the 68% CL range on µ when the corresponding nui-
sance parameters are fixed to their best fit values. The
sums of the squares of the theoretical uncertainties linked
to the QCD scales, PDFs, and H ! �� branching ratio
account for approximately 50% of the square of the to-
tal systematic uncertainty. The dominant experimental
uncertainty is from the photon energy resolution, which
represents approximately 30% of the total systematic un-
certainty (as above in terms of its contribution to the
square of the total systematic uncertainty). In the fit
to extract the signal strengths, the post-fit values of the
most relevant nuisance parameters (those apart from the
ones of the background model), do not show significant
deviations from their pre-fit input values.

The compatibility of the combined signal strength pre-
sented in this article with the one published in Ref. [13],
µ = 1.55 +0.33

�0.28, is investigated using a jackknife resam-
pling technique [111, 112] in which variances and covari-
ances of observables are estimated with a series of sub-

TABLE XIV. Main systematic uncertainties �syst.
µ on the

combined signal strength parameter µ. The values for each
group of uncertainties are determined by subtracting in
quadrature from the total uncertainty the change in the 68%
CL range on µ when the corresponding nuisance parameters
are fixed to their best fit values. The experimental uncer-
tainty on the yield does not include the luminosity contribu-
tion, which is accounted for separately.

Uncertainty group �syst.
µ

Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03
Experimental (migrations) 0.02
Resolution 0.07
Mass scale 0.02
Background shape 0.02

samples of the observations. The datasets used in the
two analyses are highly correlated: 142681 events are
selected in Ref. [13], 111791 events are selected in the
current analysis, and 104407 events are selected in both
analyses. The significance of the 0.4 di↵erence between
the combined signal strengths, including the e↵ect of the
74% correlation between the two measurements, is cal-
culated by applying the jackknife technique to the union
of the two datasets and is found to be 2.3�. An un-
certainty of 0.1� on the compatibility between the two
measurements is estimated by varying the size of the jack-
knife sub-samples. The decrease in the observed signal
significance (5.2�) with respect to the one published in
Ref. [13] (7.4�) is related to the reduction of the mea-
sured signal strength according to the asymptotic for-
mula Z = µ/�stat

µ , where �stat

µ is the statistical compo-
nent of the uncertainty on µ. In other words, the ob-
served reductions of the significance and signal strength
are consistent with each other and consistent with a sta-
tistical fluctuation at the level of ⇠ 2.3�.

As can be seen in Figs. 17 and 18, the observed sig-
nal strengths of the tagged categories, which are domi-
nated by production processes other than ggF, tend to
be lower than the signal strengths measured with the
untagged categories, which are dominated by ggF pro-
duction. This tendency, combined with the optimized
sensitivity of this analysis to production processes other
than ggF, results in a lower combined signal strength
than those measured using alternative analyses of the
same dataset (or where the datasets are largely over-
lapping) that are inclusive with respect to the produc-
tion process. The compatibility of the combined signal
strength obtained in this analysis with the signal strength
µ = 1.29± 0.30 obtained in the mass measurement anal-
ysis quoted in Ref. [9] for the diphoton channel (where
the diphoton events are sorted into categories that de-

H→γγ 
5.0σ (4.6σ)
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9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

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

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

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Run-1 Higgs boson results

• Precision of mass measurement: 0.2% 240 MeV 
• Statistically limited, especially for ZZ*→4l : stat error ≈ 10 ⨉ syst error 

• Consistent with SM spin/CP expectation 0+  
Alternative models (spin 2, negative parity, etc.) excluded at at least 99.9% CL

6

Higgs boson mass
Spin/CP

q̃

EPJC 75 (2015) 476

PRL 114 (2015) 191803

http://arxiv.org/abs/1606.02266
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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Fig. 12 Results of fits for the two-parameter benchmark model defined
in Sect. 5.2.1 that probes different coupling-strength scale factors for
fermions and vector bosons, assuming only SM contributions to the
total width: a results of the two-dimensional fit to κF and κV , including
68 % and 95 % CL contours; overlaying the 68 % CL contours derived
from the individual channels and their combination; b the same mea-
surement, without the overlays of the individual channels; c the profile
likelihood ratio as a function of the coupling-strength scale factors κF
(κV is profiled) and d as a function of κV (κF is profiled). The dashed

curves in c and d show the SM expectations. In d the sign of the cho-
sen profiled solution for κF changes at κV ≈ 0.8 , causing a kink in
the likelihood. The profile likelihood curves restricting κF to be either
positive or negative are also shown to illustrate that this sign change
in the unrestricted profile likelihood is the origin of the kink. The red
(green) horizontal line indicates the value of the profile likelihood ratio
corresponding to a 68 % (95 %) confidence interval for the parameter
of interest, assuming the asymptotic χ2 distribution for the test statistic

of κV . The combined measurement without overlays is also
shown in Fig. 12b.

Figure 12a, b only show the SM-like minimum with a
positive relative sign, as the local minimum with negative
relative sign is disfavoured at the 4.0σ level, which can been
seen in the wider scan of κF , where κV is profiled, shown in
Fig. 12c. The likelihood as a function of κV , profiling κF , is
given in Fig. 12d. Around κV = 0.8 the sign of the chosen
profiled solution for κF changes, causing a kink in the like-
lihood. The profile likelihood curves restricting κF to either
positive or negative values are also shown in Fig. 12d as thin
curves, and illustrate that this sign change in the unrestricted
profile likelihood is the origin of the kink.

Both κF and κV are measured to be compatible with their
SM expectation and the two-dimensional compatibility of the
SM hypothesis with the best-fit point is 41 %. The best-fit
values and uncertainties are:

κV = 1.09 ± 0.07
[
+0.05
−0.05(stat.) +0.03

−0.03(syst.) +0.04
−0.03(theo.)

]

κF = 1.11 ± 0.16
[
+0.12
−0.11(stat.) +0.10

−0.09(syst.) +0.06
−0.05(theo.)

]
.

5.2.2 Allowing for invisible or undetected Higgs boson
decays in the total width

The second benchmark model of this section allows for the
presence of invisible or undetected Higgs boson decays by
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Fig. 4 Likelihood contours in the (µ
f
ggF+t t H , µ

f
VBF+V H ) plane for a

Higgs boson mass mH = 125.36 GeV measured separately for H →
WW ∗, Z Z∗, bb̄, γ γ and ττ decays. SM values are assumed for the
relative contributions between ggF and t t H and between VBF and V H
production. The straight lower portions of the H → γ γ and H →
Z Z∗ → 4ℓ contours are due to the small numbers of events in these
channels and the requirement of a positive probability density function.
The best-fit values to the data (plus symbol) and the 68 % (full) and 95 %
(dashed) CL contours are indicated, as well as the SM expectation (∗)

these categories often account for small fractions of the pro-
duction cross section and thus have limited impact on the total
cross-section measurement, which is dominated by processes
with larger expected cross sections. One good example is the
VBF category. It contributes significantly to the global signal-
strength measurement, but has a relatively minor impact on
the total cross-section measurement.

4.3 Boson and fermion-mediated production processes

The Higgs boson production processes can be categorised
into two groups according to the Higgs boson couplings to
fermions (ggF and t t H ) or vector bosons (VBF and V H ).
Potential deviations from the SM can be tested with two
signal-strength parameters, µ f

ggF+t t H ≡ (µ
f
ggF = µ

f
t t H ) and

µ
f
VBF+V H ≡ (µ

f
VBF = µ

f
V H ) for each decay channel f ,

assuming SM values for the ratio of ggF and t t H cross sec-
tions and the ratio of VBF and VH cross sections. Signal con-
taminations from one group to another, e.g. ggF events with
two jets passing the VBF selection, are taken into account in
the simultaneous fit. The 68 and 95 % CL two-dimensional
contours of µ f

ggF+t t H and µ
f
VBF+V H of the five main decay

channels are shown in Fig. 4. The measurements of H → µµ

and H → Zγ decays have relatively poor sensitivities and
are therefore not included in the figure. The cutoff in the con-
tours of the H→ γ γ and H → Z Z∗ decays is caused by the
expected sum of signal and background yields in one of the
contributing measurements going below zero in some regions

Table 6 The best-fit values and their uncertainties for the ratio R f f of
cross sections for the vector-boson- and fermion-mediated production
processes relative to their SM values at mH = 125.36 GeV for the
individual decay channels and their combination. Shown in the square
brackets are uncertainty components: statistical (first), systematic (sec-
ond) and signal theoretical (third) uncertainties. These results are inde-
pendent of the Higgs boson decay branching ratios

Decay channel Cross-section ratio R f f

H → γ γ 0.56 +0.66
−0.45

[
+0.62
−0.42

+0.15
−0.09

+0.18
−0.15

]

H → Z Z∗ 0.18 +1.20
−0.52

[
+1.16
−0.50

+0.23
−0.05

+0.23
−0.16

]

H → WW ∗ 1.47 +0.80
−0.54

[
+0.63
−0.47

+0.37
−0.19

+0.31
−0.18

]

H → ττ 0.81 +2.19
−0.49

[
+1.36
−0.41

+1.68
−0.15

+0.39
−0.23

]

H → bb̄ 0.33 +1.03
−0.25

[
+0.39
−0.20

+0.94
−0.14

+0.18
−0.06

]

Combined 0.96 +0.43
−0.31

[
+0.33
−0.26

+0.20
−0.13

+0.18
−0.10

]

of the parameter space shown in Fig. 4. The SM expectation
of µ f

ggF+t t H = 1 and µ
f
VBF+V H = 1 is within the 68 % CL

contour of most of these measurements.
The relative production cross sections of the processes

mediated by vector bosons and by fermions can be tested
using the ratio µ

f
VBF+V H/µ

f
ggF+t t H . When measured sepa-

rately for each decay channel, this ratio reduces to the ratio
of production cross sections because the Higgs boson decay
branching ratios cancel and is equivalent to the ratio of µi
defined in Sect. 4.1, i.e.,

µ
f
VBF+V H

µ
f
ggF+t t H

= σVBF+V H/σggF+t t H[
σVBF+V H/σggF+t t H

]
SM

= µVBF+V H

µggF+t t H
≡ R f f .

(5)

The observed ratios are shown in Table 6 and illustrated in
Fig. 5 for the five main decay channels. The signal-strength
parameter µ f

ggF+t t H of each decay channel is profiled in the
fit. The combination of these measurements yields an overall
value of the ratio of cross sections for the vector-boson- and
fermion-mediated processes (relative to its SM prediction):

RCombined = 0.96 +0.43
−0.31 = 0.96 +0.33

−0.26 (stat.)+0.20
−0.13 (syst.)+0.18

−0.10 (theo.).

4.4 Ratios of production cross sections and partial decay
widths

At the LHC, the Higgs boson production cross sections and
decay branching ratios cannot be separately determined in a
model-independent way as only their products are measured.
However, the ratios of cross sections and ratios of branching
ratios can be disentangled without any assumptions, within
the validity of the narrow width approximation of the Higgs
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Table 4 Measured signal strengths µ at mH = 125.36 GeV and
their total ±1σ uncertainties for different production modes for the√
s = 8 TeV data and the combination with the

√
s = 7 TeV data. The√

s = 7 TeV data do not have sufficient statistical power to yield mean-
ingful measurements for individual production modes, but are included

in the combination. Shown in the square brackets are uncertainty com-
ponents: statistical (first), systematic (second) and signal theoretical
(third) uncertainties. These results are derived using SM values for the
ratios of branching ratios of different Higgs boson decay channels

Production process Signal strength µ at mH = 125.36 GeV
√
s = 8 TeV Combined

√
s = 7 and 8 TeV

ggF 1.23 +0.25
−0.21

[
+0.16
−0.16

+0.10
−0.08

+0.16
−0.11

]
1.23 +0.23

−0.20

[
+0.14
−0.14

+0.09
−0.08

+0.16
−0.12

]

VBF 1.55+0.39
−0.35

[
+0.32
−0.31

+0.17
−0.13

+0.13
−0.11

]
1.23 ± 0.32

[
+0.28
−0.27

+0.13
−0.12

+0.11
−0.09

]

V H 0.93 ± 0.39
[
+0.37
−0.33

+0.20
−0.18

+0.12
−0.06

]
0.80 ± 0.36

[
+0.31
−0.30

+0.17
−0.17

+0.10
−0.05

]

t t H 1.62 ± 0.78
[
+0.51
−0.50

+0.58
−0.54

+0.28
−0.10

]
1.81 ± 0.80

[
+0.52
−0.50

+0.58
−0.55

+0.31
−0.12

]

Fig. 3 The best-fit signal-strength values of different production
modes determined from the combined fit to the

√
s = 7 and 8 TeV

data. Higgs boson signals corresponding to the same production pro-
cess but from different decay channels are combined together, assuming
SM values for the ratios of the branching ratios of different Higgs boson
decay channels. The inner and outer error bars correspond to 68 and
95 % CL intervals. Total uncertainties combining statistical, experimen-
tal and theoretical systematic uncertainties are shown

production process remains to be firmly established in future
LHC runs. Thus, a 95 % CL upper limit on its signal strength
is also derived. Combining the results from various analyses
with sensitivity to t t H production, the observed and expected
limits are µt t H < 3.2 and 1.4, respectively.

The signal-strength measurements shown in Table 4 are
extrapolated to total cross-section measurements for each
production process, as shown in Table 5 for

√
s = 8 TeV,

with the further assumption of SM values for the Higgs
boson decay branching ratios. The theoretical uncertainties
on the absolute values of the SM Higgs boson production
cross sections are thereby removed, but significant theoreti-
cal uncertainties remain, related to the modelling of the Higgs
boson production and of the acceptance of the event selec-
tion. One can sum the different cross sections to obtain an
overall extrapolated cross section for Higgs boson produc-

Table 5 Measured cross sections of different Higgs boson production
processes at

√
s = 8 TeV for mH = 125.36 GeV obtained from the

signal-strength values of Table 4. Their SM predictions can be found in
Table 1. Shown in the square brackets are uncertainty components: sta-
tistical (first), systematic (second) and signal theoretical (third) uncer-
tainties. The theoretical uncertainties here arise from the modelling of
Higgs boson production and decays. These results are derived using the
SM values of the Higgs boson decay branching ratios

Production process Cross section (pb) at
√
s = 8 TeV

ggF 23.9 ± 3.6
[
+3.1
−3.1

+1.9
−1.6

+1.0
−1.0

]

VBF 2.43 ± 0.58
[
+0.50
−0.49

+0.27
−0.20

+0.19
−0.16

]

V H 1.03 ± 0.53
[
+0.37
−0.36

+0.22
−0.20

+0.13
−0.06

]

t t H 0.24 ± 0.11
[
+0.07
−0.07

+0.08
−0.08

+0.01
−0.01

]

tion. The measurement is performed at
√
s = 7 TeV as well

despite of the limited statistical power of the dataset. The
resulting total Higgs boson production cross sections at the
two energies are

σH (7 TeV) = 22.1 +7.4
−6.0 pb

= 22.1 +6.7
−5.3 (stat.)+2.7

−2.3 (syst.)+1.9
−1.4 (theo.) pb, and

σH (8 TeV) = 27.7 ± 3.7 pb

= 27.7 ± 3.0 (stat.)+2.0
−1.7 (syst.)+1.2

−0.9 (theo.) pb ,

to be compared with the theoretical predictions of 17.4 ±
1.6 pb at

√
s = 7 TeV and 22.3 ± 2.0 pb at

√
s = 8 TeV, as

shown in Table 1.
These cross sections are different from what one would

naively expect from the global signal-strength values dis-
cussed in Sect. 4.1, particularly for

√
s = 7 TeV. The differ-

ences are largely the result of analysis categorisation. Cat-
egories often explore production processes or phase-space
regions with distinct signal-event topologies. The resulting
high signal-to-background ratios can significantly improve
the precision of the signal-strength measurements. However,
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Run-1 Higgs boson results
• The Higgs boson production and decay were 

studied using  
• Dedicated analyses in 7 different decay 

modes (γγ, ZZ*, WW*, bb, ττ, Zγ, µµ) 
• Full Run-1 dataset: ~25 fb-1 

• All results are consistent with the Standard 
Model expectation 

• “Micro-anomalies”:  
H→bb low by ~2.5σ, ttH high by ~2.3σ

7EPJC (2016) 76:6
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Run-1 Higgs boson results
• Differential cross sections and normalized shapes of kinematic distributions 

measured both in individual channels (fiducial regions of γγ, ZZ*, WW*) and 
combined (γγ+ZZ*), correcting for acceptances and branching ratio 

• Higgs boson pT, jet multiplicity, mjj, etc. 
• “Micro-anomalies”: pT,H spectrum harder and more jets (see below) 

p-value for SM-agreement: 4% (8%) or better for norm+shape (shape-only)

8
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FIG. 3 (color online). Differential cross sections (left) and normalized cross-section shapes (right) for inclusive Higgs boson
production measured by combining the H → γγ and H → ZZ! → 4l channels. The measured variables are the Higgs boson transverse
momentum pH

T (top) and its rapidity jyHj (middle), and the transverse momentum of the leading jet pj1
T (bottom). The 0–30 GeV bin of

the pj1
T distributions corresponds to events without jets above 30 GeV. Various theoretical predictions are presented, using the same bin

widths as the measurement.
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of þ7.5
−6.9 % is assigned to the LHC-XS prediction, derived

following the recommendations in Ref. [17]. This uncer-
tainty is increased by þ0.3

−0.1 % for the ADDFGHLM pre-
diction corresponding to the change in uncertainty of the
MSTW2008nnlo PDF set when changing the calculation
from NNLO to N3LO. The PDF uncertainty is treated as
uncorrelated with the QCD scale uncertainty.
The central value of the measured total cross section

is larger than the SM predictions presented in Fig. 1. A
likelihood-ratio test statistic is used to quantify the agree-
ment, using a bifurcated Gaussian to model the asymmetric
theory uncertainties. The resulting p values are 5.5% and
9.0% for the agreement between data and the predictions
from LHC-XS and ADDFGHLM, respectively. The ratio of
the measured cross section to the LHC-XS prediction is
higher than the results presented in Refs. [23,24,38], which
use an event categorization based on the expected SM
yields in the different Higgs boson production modes.
The larger Higgs event yield observed in data motivates

measurements of differential cross sections to investigate
if the excess is localized to specific kinematic regions.
Figure 2 shows the comparison of the combined cross
sections in different inclusive and exclusive jet multiplicity
bins with state-of-the-art predictions, including NLO-
accurate multi-leg (ML) merged ggF MC event generators
(further details are given in Table I). Jets are reconstructed
using the anti-kt algorithm [39] with a radius parameter
R ¼ 0.4 [40], and are required to have pT > 30 GeV and
jyj < 4.4. Simulated particle-level jets are built from all
particles with cτ > 10 mm excluding neutrinos, electrons,
and muons that do not originate from hadronic decays.

Photons are excluded from jet-finding if they lie inside a
cone of radius ΔR < 0.1 of an electron or muon, and
neither the photon nor lepton originate from a hadron
decay. To allow comparisons with the unfolded measure-
ments, the analytical calculations are corrected for effects
of hadronization and multiple particle interactions. These
correction factors and their associated uncertainties are
obtained using the PYTHIA8 and HERWIG [41] MC event
generators with different tunes [42–44]. The total cross
sections from the ML merged predictions are lower
than from fully inclusive NNLOþ NNLL calculations.
However, for Njets ≥ 1, the MC predictions formally have
NLO accuracy, which is the same as the analytical
calculations. Contributions from other relevant Higgs
boson production modes are generated using POWHEG

for VBF and PYTHIA8 for VH, tt̄H, and bb̄H, and are
scaled to the cross sections in Ref. [10]. Uncertainties
are assigned to all MC predictions from QCD scale and
PDF variations. The ML-merged ggF predictions also have
uncertainties due to the choice of merging scale. The
SHERPA uncertainties further include resummation scale
variations. The measured cross sections are higher than the
predictions for all measured jet multiplicities. The poorest
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FIG. 2 (color online). Measured Higgs boson production cross
sections in inclusive and exclusive jet multiplicity bins compared
to different theoretical predictions (see Table I for details and
references).

TABLE I. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second column
states the order in QCD perturbation theory and which threshold
resummation is applied, if any. Further details are provided
in the footnotes. All predictions are for mH ¼ 125.4 GeV andffiffiffi
s

p
¼ 8 TeV.

Total cross-section calculations
LHC-XS [10] NNLOþ NNLLa,b,c

ADDFGHLM [34–37] N3LOa,b,c

Analytical differential cross-section predictions
HRES 2.2 [21,22] NNLOþ NNLLa,e,f

STWZ [28], BLPTW [45] NNLOþ NNLLc,d,e,g,h

JetVHeto 2.0 [46–48] NNLOþ NNLLa,c,e

Monte Carlo event generators
SHERPA 2.1.1 [49,50] H þ 0; 1; 2 jets @NLOi,j

MG5_aMC@NLO [51,52] H þ 0; 1; 2 jets @NLOi,k,l

POWHEG NNLOPS [53,54] NNLO≥0j, NLO≥1j
e,l,m

aConsiders b- (and c-) quark masses in the gg → H loop.
bIncludes electroweak corrections.
cBased on MSTW2008nnlo [19] (αs from PDF set).
dUses π2-resummed gg → H form factor.
eNNLO refers to the total cross section.
fBased on the CT10nnlo PDF set.
gIn the notation of Ref. [28], this corresponds to NNLL0.
hIncludes 1-jet resummation included at NLL0 þ NLO.
iBased on the CT10nlo PDF set.
jUses MEPS@NLO method and CKKW merging scheme
[55–57].
kSoftware version 2.2.1, NLO merged using FxFx scheme
[52].
lInterfaced with PYTHIA8 for parton showering.
mUses MINLO method and yH reweighting to HNNLO [54,58,59].
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II. Current Run-2 results

H→γγ, 13.3 fb-1

H→ZZ→4l, 14.8 fb-1

See talk by Yusheng Wu for details on the individual analyses 
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• Extracted event yields after 
analysis selection (without 
further categorization) are 
converted to a production 
cross section: 
 
 
 

• Profile likelihood ratio fit with 
systematics implemented as 
~200 nuisance parameters used

�pp!H =
ndata

"L ⇥ 1

BSM ASM

Fiducial cross 
section

BR and acc. 
Fiducial → total  
extrapolation

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

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

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 37+14
�13 pb

H ! ZZ⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 81+18
�16 pb

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

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

�9.2 (stat.) +4.4
�3.5 (syst.) pb

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

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

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

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

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

�0.17.

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

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

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

No significant deviation from the Standard Model predictions is observed.
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Run-2 Higgs boson couplings
• Targeting Higgs production mode with dedicated 

analysis event categories: 13 for γγ, 5 for ZZ→4l. 
• Combined fits for cross sections and coupling 

parameters performed using these categories 
• Global signal strength: 

~10σ (8.6σ) significance 
• Fitted production mode cross sections (below and 

right) consistent with SM expectation

11VBF vs ggF

SM BR  
assumed



III. Projected results

• 120 fb-1 @ 13-13.5 TeV by end or Run-2, 2018 
• ~300 fb-1 @ 13-14 TeV by end of Run-3, 2023 
• ~3000 fb-1 @ 14 TeV, HL-LHC, 2026-2037 (Runs 4&5)
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Detector upgrades

13

HL-LHC
• During the HL-LHC 

beam intensity will 
increase to ⨉7.5 the 
design intensity  

• Major detector detector 
upgrades needed 

• Main detector improvements with implications on physics: 
• New all-silicon tracker with significantly improved fwd. coverage: |η|<4 (now 2.5) 
• Improved granularity of forward calorimeter 
• Improved triggering capabilities 
• New high-granularity timing detector in the forward region 

• Will improve capabilities to suppress pileup, in particular in the forward region: 
→ enhanced precision to study events with VBF topology 

• Projections for Run-3 (300 fb-1) and HL-LHC (3000 fb-1) derived using MC hadron-
level samples with detector smearing functions derived from full simulation of the 
expected upgraded detector and the correspond to the expected beam conditions
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Projections

14

Higgs boson mass 
Run-1 result  
γγ:  ±0.43 (stat) ±0.27 (sys) GeV 
ZZ*: ±0.53 (stat) ±0.04 (sys) GeV 
ATLAS comb: ±0.36 GeV 
 
due to smaller systematics, ZZ will drive 
the mass measurement by the end of 
Run-2 (120 fb-1): ~±0.20 GeV

All H→γγ H→ZZ→4l H→WW*→lνlν

13.3 0.75M 600 20 400

120 7M 6,000 200 4,000

300 17M 14,000 500 10,000

3000 170M 140,000 5,000 100,000

L [fb�1]

Expected event yields After full analysis selection 
(rough approximation) 

Goals for ATLAS Higgs physics program 
• Improve precision on Higgs boson 

coupling and cross section 
measurements 

• Establish rare Higgs decays 
• Study Higgs self coupling 
• Search for BSM signatures 



Dag Gillberg (Carleton)
ATLAS combined Higgs measurements

SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

Figure 3: Relative uncertainty expected for the determination of coupling scale factor ratios �XY in a
generic fit without assumptions, assuming a SM Higgs boson with a mass of 125 GeV and with 300 fb�1

or 3000 fb�1 of 14 TeV LHC data. The hashed areas indicate the increase of the estimated error due to
current theory systematic uncertainties. The numerical values can be found in model Nr. 15 in Table 5.
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Higgs coupling measurements

15

Precision on signal 
strength 

Precision on Higgs 
coupling ratios:  

 λXY = κX/κY  

Higgs coupling vs mass  
(PR plot)

~9% 
~4%

~3.5% 
~2%

Global Higgs boson signal strength/
rate precision (stat+exp. unc. only): 
→ ICHEP, 13.3 fb-1, 18%  (γγ+ZZ only) 
→ Run-2, 120 fb-1, ~7% (γγ+ZZ) 
→ Run-3, 300 fb-1, ~5% 
→ HL-LHC, 3 ab-1, ~2.5%

   
   

   
  

iy
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µ

ATLAS Simulation Preliminary

 = 14 TeVs

νlνl→WW*→4l, h→ZZ*→, hγγ→h
γZ→, hµµ→bb, h→, hττ→h
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Figure 4: Fit results for the reduced coupling scale factors yV,i =
q
V,i
gV,i
2v =

p
V,i

mV,i
v for weak bosons

and yF,i = F,i
gF,ip

2
= F,i

mF,i
v for fermions as a function of the particle mass, assuming 300 fb�1 or

3000 fb�1 of 14 TeV data and a SM Higgs boson with a mass of 125 GeV. The corresponding uncertainties
on the coupling scale factors can be found in model Nr. 7 in Table 3. The diagonal, dashed line indicates
the predicted mass dependence for the SM Higgs boson.
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ATL-PUB-2014-016

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016
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Di-Higgs and rare decays

16

HH→γγbb 
1.3σ excess  
expected w. 
3 ab-1 (8 events)

The Higgs boson self coupling 

H→Zγ→eeγ, 3.9σ excess expected in 3 ab-1 
~25% uncertainty on rate 

H→µµ,  
7.0σ excess 

expected in 3 ab-1 
~21% error on rate 

SM sensitivity (1σ) 
expected with  

~70 fb-1 (2018)

Combination with many other  
decay channels will improve  
the sensitivity.   ATL-PUB-2014-006

ATL-PUB-2013-014

ATL-PUB-2014-019

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016
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Figure 1: Schematic overview of the simplified template cross section frame-
work.

duction modes is an essential aspect of the simplified template cross sections128

to reduce their model dependence.129

2 Guiding principles in the definition of simplified130

template cross section bins131

As outlined above, several considerations have been taken into account in132

the definition of the simplified template cross section bins.133

One important design goal is to reduce the dependence of the measure-134

ments on theoretical uncertainties in SM predictions. This has several as-135

pects. First, this requires avoiding that the measurements have to extrap-136

olate from a certain region in phase space to the full (or a larger region137

of) phase space whenever this extrapolation carries nontrivial or sizeable138

theoretical uncertainties. A example is the case where an event category139

selects an exclusive region of phase space, such as an exclusive jet bin. In140

this case, the associated theoretical uncertainties can be largely avoided in141

the measurement by defining a corresponding truth jet bin. The definition142

of the bins is preferably in terms of quantities that are directly measured by143

4

Higgs cross sections
• Measurements of fiducial and differential cross sections will be done in individual channels 

• Back-of-the-envelope precision of σ(pTH>100 GeV) for γγ+ZZ combination: 
~40%, ~14%, ~5% with 13.3 fb-1, 120 fb-1, 3000 fb-1 

• Simplified template cross sections provides natural way to combine different channels  
→ cross sections extracted via global fit  
• “Stage-0” measurements already performed for ICHEP 2016 
• “Stage-1” measurements as outlined in Yellow Report 4 are in progress

17Yellow Report 4

https://cds.cern.ch/record/2138079?ln=en
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duction modes is an essential aspect of the simplified template cross sections128

to reduce their model dependence.129

2 Guiding principles in the definition of simplified130

template cross section bins131

As outlined above, several considerations have been taken into account in132

the definition of the simplified template cross section bins.133

One important design goal is to reduce the dependence of the measure-134

ments on theoretical uncertainties in SM predictions. This has several as-135

pects. First, this requires avoiding that the measurements have to extrap-136

olate from a certain region in phase space to the full (or a larger region137

of) phase space whenever this extrapolation carries nontrivial or sizeable138

theoretical uncertainties. A example is the case where an event category139

selects an exclusive region of phase space, such as an exclusive jet bin. In140

this case, the associated theoretical uncertainties can be largely avoided in141

the measurement by defining a corresponding truth jet bin. The definition142

of the bins is preferably in terms of quantities that are directly measured by143

4

Higgs cross sections
• Measurements of fiducial and differential cross sections will be done in individual channels 

• Back-of-the-envelope precision of σ(pTH>100 GeV) for γγ+ZZ combination: 
~40%, ~14%, ~5% with 13.3 fb-1, 120 fb-1, 3000 fb-1 

• Simplified template cross sections provides natural way to combine different channels  
→ cross sections extracted via global fit  
• “Stage-0” measurements already performed for ICHEP 2016 
• “Stage-1” measurements as outlined in Yellow Report 4 are in progress
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Figure 3: Stage 1 binning for gluon fusion production.

4.1 Bins for gg ! H production283

Stage 0 Inclusive gluon fusion cross section within |YH | < 2.5. Should284

the measurements start to have acceptance beyond 2.5, an additional bin285

for |YH | > 2.5 can be included.286

Stage 1 Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is287

depicted in Fig. 3 and summarized as follows:288

• Split into jet bins: Nj = 0, Nj = 1, Nj � 2, Nj � 2 with VBF topol-289

ogy cuts (defined with the same cuts as the corresponding bin in VBF290

production). For the Nj � 2 with VBF topology cuts, pHT < 200 GeV291

is required, which gives priority to the pHT > 200 GeV bin for Nj � 2.292

Otherwise, the Nj � 2 with VBF topology cuts is excluded from the293

Nj � 2 bins. The jet bins are motivated by the use of jet bins in294

the experimental analyses. Introducing them also for the simplified295

template cross sections avoids folding the associated theoretical un-296

certainties into the measurement. The separation of the Nj � 2 with297

VBF topology cuts is motivated by the wish to separately measure298

the gluon fusion contamination in the VBF selection. If the fit has no299

sensitivity to determine the gluon fusion and the VBF contributions300

with this topology, the sum of the two contributions can be quoted as301

result.302

• The Nj � 2 with VBF topology bin is split further into an exclusive303

9

Higgs simplified template cross section, “Stage-1” ggF categorization

https://cds.cern.ch/record/2138079?ln=en
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Summary
• LHC Run-2 currently delivers data beyond expectation 

• High-quality data being recorded by the ATLAS detector 
• In ICHEP dataset, the Higgs boson was observed in the γγ+ZZ channels with 

~10σ (8.6σ) observed (expected) significance 
• Preliminary measurements of the Higgs boson cross section and couplings 

examined in first Run-2 and are consistent with SM expectations 
• Significant detector upgrades and improvements will be installed for HL-LHC 

phase: 2026-2035, during with we expect to collect 3 ab-1 data 
• In particular improvements will be made to the forward region: 

tracking extended to |eta|<4 + improved calorimetry and timing detector 
→ increase acceptance for all physics objects  
→ improve ETmiss resolution 
→ in particular helpful for VBF topology 

• Higgs physics remains a very important part of the LHC physics program 
• Improve precision of cross section and coupling measurements 
• Study Higgs self coupling 
• Search for rare decays and BSM signatures

19
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References
• ATLAS Run-1 papers 

• H→γγ, H→ZZ→4l, H→WW*, H→bb, H→ττ 
• Mass (ATLAS+CMS), Spin/CP,  couplings, differential, couplings (ATLAS+CMS) 

• ATLAS Run-2 conference note for ICHEP 2016 
• ATLAS-CONF-2016-067, H→γγ 
• ATLAS-CONF-2016-079, H→4l 
• ATLAS-CONF-2016-081, γγ+ZZ combination 

• ATLAS public projection, 300 and 3000 fb-1 
• ATL-PHYS-PUB-2014-016, Higgs couplings 
• ATL-PHYS-PUB-2014-017, BSM Higgs  
• ATL-PHYS-PUB-2014-006, H→Zγ 
• ATL-PHYS-PUB-2014-019, HH→bbγγ 

• Full list: 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
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More Run-2 coupling results

21
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Figure 2: Cross sections (� · B) f
i as given in Table 4 for ggF, VBF, VHhad, VHlep and top measured in H ! ��

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

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

11%.

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

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

11

where the �i are the cross sections considered in Section 4.2. With the present data sample and the decay
channels taken into account, the combined analysis is only sensitive to (�·B)ZZ

ggF, �VBF/�ggF and B��/BZZ .
In the combined fit, the remaining ratios between cross sections and ggF are profiled.

Parameter value norm. to SM value
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ggFσ/VBFσ

ZZ/BγγB

ZZ
ggF

 B)⋅ σ(

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

Observed 68% CL SM Prediction

Figure 5: Measurement of (�·B)ZZ
ggF, �VBF/�ggF and B��/BZZ . The fit results are normalised to the SM predictions for

the various parameters and the grey bands indicate the theoretical uncertainties in these predictions. The remaining
ratios between production cross sections and ggF are profiled in the combined fit. The blue error bars show the full
uncertainty, including experimental uncertainties and theoretical uncertainties that impact the measurements.

Figure 5 shows the measurement of (� ·B)ZZ
ggF, �VBF/�ggF and B��/BZZ compared to their SM expectation.

The fit results displayed in Figure 5 are normalised to the SM predictions for the various parameters and
the grey bands indicate the theoretical uncertainties in these predictions.

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

5%.

Evidence for the the vector-boson fusion production process is established at
p

s = 13 TeV, with a local

14
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Projected signal strengths uncertainties

22

�µ/µ 300 fb�1

All unc. No theory unc.
H ! �� (comb.) 0.13 0.09

(0j) 0.19 0.12
(1j) 0.27 0.14

(VBF-like) 0.47 0.43
(WH-like) 0.48 0.48
(ZH-like) 0.85 0.85
(ttH-like) 0.38 0.36

H ! ZZ (comb.) 0.11 0.07
(VH-like) 0.35 0.34
(ttH-like) 0.49 0.48

(VBF-like) 0.36 0.33
(ggF-like) 0.12 0.07

H ! WW (comb.) 0.13 0.08
(0j) 0.18 0.09
(1j) 0.30 0.18

(VBF-like) 0.21 0.20
H ! Z� (incl.) 0.46 0.44

H ! bb̄ (comb.) 0.26 0.26
(WH-like) 0.57 0.56
(ZH-like) 0.29 0.29

H ! ⌧⌧ (VBF-like) 0.21 0.18
H ! µµ (comb.) 0.39 0.38

(incl.) 0.47 0.45
(ttH-like) 0.74 0.72

3000 fb�1

All unc. No theory unc.
0.09 0.04
0.16 0.05
0.23 0.05
0.22 0.15
0.19 0.17
0.28 0.27
0.17 0.12
0.09 0.04
0.13 0.12
0.20 0.16
0.21 0.16
0.11 0.04
0.11 0.05
0.16 0.05
0.26 0.10
0.15 0.09
0.30 0.27
0.14 0.12
0.37 0.36
0.14 0.13
0.19 0.15
0.16 0.12
0.18 0.14
0.27 0.23

Table 1: Relative uncertainty on the signal strength µ for the combination of Higgs analyses at 14 TeV,
with 300 fb�1 (left) and 3000 fb�1 (right), assuming a SM Higgs boson with a mass of 125 GeV and
assuming production cross sections as in the SM. For both 300 and 3000 fb�1 the first column shows
the results including current theory systematic uncertainties, while the second column shows the uncer-
tainties obtained using only the statistical and experimental systematic uncertainties. The abbreviation
“(comb.)” indicates that the precision on µ is obtained from the combination of the measurements from
the di↵erent experimental sub-categories for the same final state, while “(incl.)” indicates that the mea-
surement from the inclusive analysis was used.

3

ATL-PUB-2014-016

http://arxiv.org/abs/1606.02266
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Expected precision on Higgs couplings

23

Nr. Coupling 300 fb�1 3000 fb�1

Theory unc.: Theory unc.:
All Half None All Half None

1  4.2% 3.0% 2.4% 3.2% 2.2% 1.7%
V = Z = W 4.3% 3.0% 2.5% 3.3% 2.2% 1.7%

2 F = t = b = ⌧ = µ 8.8% 7.5% 7.1% 5.1% 3.8% 3.2%
Z 4.7% 3.7% 3.3% 3.3% 2.3% 1.9%

3 W 4.9% 3.6% 3.1% 3.6% 2.4% 1.8%
F 9.3% 7.9% 7.3% 5.4% 4.0% 3.4%
V 5.9% 5.4% 5.3% 3.7% 3.2% 3.0%

4 u 8.9% 7.7% 7.2% 5.4% 4.0% 3.4%
d 12% 12% 12% 6.7% 6.2% 6.1%
V 4.3% 3.1% 2.5% 3.3% 2.2% 1.7%

5 q 11% 8.7% 7.8% 6.6% 4.5% 3.6%
l 10% 9.6% 9.3% 6.0% 5.3% 5.1%
V 4.3% 3.1% 2.5% 3.3% 2.2% 1.7%

6 q 11% 9.0% 8.1% 6.7% 4.7% 3.8%
⌧ 12% 11% 11% 9.2% 8.4% 8.1%
µ 20% 20% 19% 6.9% 6.3% 6.1%
Z 8.1% 7.9% 7.8% 4.3% 3.9% 3.8%
W 8.5% 8.2% 8.1% 4.8% 4.1% 3.9%

7 t 14% 12% 11% 8.2% 6.1% 5.3%
b 23% 22% 22% 12% 11% 10%
⌧ 14% 13% 13% 9.8% 9.0% 8.7%
µ 21% 21% 21% 7.3% 7.1% 7.0%
Z 8.1% 7.9% 7.9% 4.4% 4.0% 3.8%
W 9.0% 8.7% 8.6% 5.1% 4.5% 4.2%
t 22% 21% 20% 11% 8.5% 7.6%
b 23% 22% 22% 12% 11% 10%

8 ⌧ 14% 14% 13% 9.7% 9.0% 8.8%
µ 21% 21% 21% 7.5% 7.2% 7.1%
g 14% 12% 11% 9.1% 6.5% 5.3%
� 9.3% 9.0% 8.9% 4.9% 4.3% 4.1%
Z� 24% 24% 24% 14% 14% 14%

Table 3: Expected precision on Higgs coupling scale factors with 300 or 3000 fb�1 of
p

s = 14 TeV
data for selected parametrizations, assuming no decay modes beyond those in the SM. With SM decay
modes only, the Higgs total width can still di↵er from the SM value if any of its couplings to SM particles
di↵er from the expected values. The coupling scale factor  represents all SM particles, V represents
the gauge bosons W and Z, F represents all fermions, u represents all up-type fermions, d represents
all down-type fermions, q represents all quarks, and l represents all leptons. The results are reported
for 3 di↵erent assumptions on the theory uncertainties: the current size, half of the current size, and no
theory uncertainties.
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