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• Measurements of Higgs boson properties in the γγ decay channel (36 fb–1) 
• arXiv:1802.04146 (Feb 12, 2018 – Submitted to PRD) 
• Adds to previous conference note (ATLAS-CONF-2017-045 – July 2017) 

• Combination of Fiducial and Differential Cross Sections (γγ and 4ℓ) 
(36.1 fb–1) 
• Conference note: http://cdsweb.cern.ch/record/2308390 (Mar 12, 2018) 
• Paper in final stages of preparation 
• Last differential combination of γγ and ZZ results was in December 2015 (3.2 fb–1) 

• Brief outline: 
• Motivate differential cross sections and couplings (STXS) 
• Introduce H→γγ and H→ZZ*→4ℓ analyses 
• Describe differential cross section measurements and combination 
• Focus on H→γγ Couplings Results
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Latest ATLAS 13 TeV Results

https://arxiv.org/abs/1802.04146
http://cdsweb.cern.ch/record/2308390
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• H→ZZ→4ℓ channel 
• “Golden” – low backgrounds with 4 leptons (e,μ) 
• Very low branching ratio:  

• ~57 final events in 35 fb-1 
• Fully reconstructed final state, lots of angles 

• H→γγ channel 
• Higher branching ratio → 1740 final events 
• ... but much larger backgrounds (SM γγ, γj, jj) 
• Fully reconstructed final state
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Higgs Physics, H→γγ and H→ZZ
2. Theory 4

boson fusion has a distinct signature featuring two forward jets, and plays an important role in325

determining Higgs boson couplings [13]. Higgs production in association with top quarks (ttH) o↵ers326

direct access to the top Yukawa coupling.327
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Figure 2.1: Leading-order Feynman diagrams of Higgs boson decay modes. From left: gluon-gluon
fusion via heavy quark loops; vector boson (Z orW ) fusion with two forward jets; radiation
of a Higgs (higgstrahlung) from a W or Z boson; Higgs production in association with
top quarks.

The decays of the Higgs boson are illustrated in Figure 2.2; production and decay modes are328

summarized in Table 2.1.329
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Figure 2.2: Higgs decay modes. Left: decay to WW or ZZ spin-1 boson pairs; middle: decays to pho-
tons via virtual top and W loops; right: decays to fermion-antifermion pairs. Accessible
ff̄ pairs at the LHC include ⌧

+
⌧
�, µ+

µ
�, and bb̄.

The Higgs boson discovered in 2012 and measured using the Run I data set is so far consistent330

with the Standard Model prediction. Figure 2.3 shows the measured couplings to vector bosons and331

fermions in the ATLAS and CMS detectors, demonstrating their mass dependence as predicted by332

the SM.333

Part of the LHC program in the coming years will be to measure the properties of the newly334

discovered Higgs boson and compare them to the theoretical predictions. Deviations in cross section335

measurements, or di↵erences in di↵erential cross sections, can point to new physics.336

2.4 Diboson Physics, Triple Gauge Couplings and WZ337

The non-Abelian nature of the electroweak sector allows for triple and quartic gauge couplings—338

vertices with three and four gauge bosons. The triple gauge couplings (TGCs) allowed by the SM339

correspond to the WWZ and WW� vertices, accessible via the WW , W� and WZ production340

gluon fusion (87%) vector boson fusion (7%) “higgstrahlung” (4%) ttH (2%)
2. Theory 5

Production Mode Cross section (pb) %

gluon-gluon fusion 19.15 87

vector boson fusion 1.573 7

WH 0.6970 3

ZH 0.4112 1.9

bbH 0.2013 0.9

ttH 0.1280 0.6

Decay Mode Branching ratio (%)

H ! bb̄ 57.1

H ! WW 22.1

H ! gg, cc, ss, tt 11.4

H ! ⌧⌧ 6.25

H ! ZZ 2.74

H ! �� 0.228

H ! Z� 0.157

H ! µµ 0.021

Table 2.1: Predicted Higgs production cross sections and decay branching ratios, given a Higgs with
mass 125.4 GeV.
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Figure 2.3: Results combining ATLAS and CMS analyses of best-fit couplings to fermions and bosons,
using the coupling modifiers  = �/�SM. The construction illustrates the mass dependence
of the couplings to the Higgs [14].
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• Total Cross Section 
• Extrapolate outside of detector’s reach 
• Acceptance factor can be quite model dependent 

• Fiducial Cross Sections - a measurement that lasts 
• A cross section in a phase space matching analysis cuts 
• Correction factor for detector effects typically small 
• Rivet routine to allow theorists to run their favorite 

generator and apply fiducial selection 

• Fiducial Differential Cross Sections 
• Gets the shape of interesting variables 
• Deal with bin migrations by unfolding data distributions 

• E.g. Correction factors for each bin 

• Measurements of Production modes (couplings) 
• Use lepton multiplicity, jet topologies, etc. to probe 

production modes 
• Details covered later
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Precision Measurements with the Higgs

�total =
Ndata �Nbkg

Lint · C ·A ·BR

�fid =
Ndata �Nbkg

Lint · C

�fid
i =

Ndata,i �Nbkg,i

Lint · Ci
e.g.

2. Theory 4

boson fusion has a distinct signature featuring two forward jets, and plays an important role in325

determining Higgs boson couplings [13]. Higgs production in association with top quarks (ttH) o↵ers326

direct access to the top Yukawa coupling.327
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Figure 2.1: Leading-order Feynman diagrams of Higgs boson decay modes. From left: gluon-gluon
fusion via heavy quark loops; vector boson (Z orW ) fusion with two forward jets; radiation
of a Higgs (higgstrahlung) from a W or Z boson; Higgs production in association with
top quarks.

The decays of the Higgs boson are illustrated in Figure 2.2; production and decay modes are328

summarized in Table 2.1.329
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The Higgs boson discovered in 2012 and measured using the Run I data set is so far consistent330

with the Standard Model prediction. Figure 2.3 shows the measured couplings to vector bosons and331

fermions in the ATLAS and CMS detectors, demonstrating their mass dependence as predicted by332

the SM.333

Part of the LHC program in the coming years will be to measure the properties of the newly334

discovered Higgs boson and compare them to the theoretical predictions. Deviations in cross section335

measurements, or di↵erences in di↵erential cross sections, can point to new physics.336

2.4 Diboson Physics, Triple Gauge Couplings and WZ337

The non-Abelian nature of the electroweak sector allows for triple and quartic gauge couplings—338

vertices with three and four gauge bosons. The triple gauge couplings (TGCs) allowed by the SM339

correspond to the WWZ and WW� vertices, accessible via the WW , W� and WZ production340
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Differential Cross Section Measurements

Differential Cross Sections
• Motivating the Higgs variables 

• Introduction to the H→ γγ and H→ZZ*→4ℓ analyses 

• Differential Cross section results 

• Combination
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Higgs kinematic variables: 

• Higgs pT 

• Higgs rapidity 

Decay variables (assuming H→ZZ*→4l) 

• m12, m34 

• angles 

Jet variables 

• # of jets, jet pT 

• dijet variables:  mjj,    angles between jets
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Differential XS: Which Variables and Why?

spin/cp

Modeling of  
hard quark and 
gluon radiation

production 
modes

QCD calculations

PDF

Sarah Heim
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• Trigger events with asymmetric diphoton trigger 
(35 GeV, 25 GeV thresholds) 

• Select 2 tight, isolated photons 

• Split up events: 
• Categorize events according to topology (number of 

leptons, jets, event kinematics with BDTs...) 
• Differential bins of variables with interesting physics 

• In each bin/category, model the background mγγ  
distribution using a falling function or a 
polynomial 
• ... with as few degrees of freedom (DOF) as is required 

• Perform your S+B fit of mγγ distribution on data 
• Signal is modeled using double-sided Crystal Ball
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H→γγ Channel – General Introduction
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• Fast Facts: 
• electrons, muons, not taus 
• Fully reconstruct the final state 
• signal/background ~2 (115-130 GeV window) 

• Event selection: 
• 4 leptons, very loose identification, isolation 
• Form 2 opposite sign, same flavor pairs 

• “Z12” consistent with on-shell Z; “Z34” with  
off-shell Z 

• Constrain Z12 kinematically to MZ  

• Background estimates: 
• Irreducible from SM Z(*)Z(*)→4ℓ, ttV, VVV 

• modeled using simulation 
• Reducible from Z+jets and ttbar (and WZ), modeled 

using data-driven methods
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H→ ZZ→ 4ℓ – General Introduction
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Obtaining a differential distribution: H→ZZ*→4ℓ 
Reconstructed Distribution Obtain signal in each bin using fits in m4ℓ

Correct for detector effects (correction factors)
Unfolded Distribution

bin 1

bin 10

bin 2-9

Unfold by maximizing 
the profile likelihood ratio:

In the H ! �� fiducial phase space [10], events are selected with two photons with pseudorapidity
|⌘ | < 1.37 or 1.52 < |⌘ | < 2.37 and p�1

T > 0.35m��, p�2
T > 0.25m��, where p�1(2)

T refers to the transverse
momentum of the (sub)leading photon and m�� is the invariant mass of the two photons. The photons are
required to be isolated: the pT of the system of charged truth particles within �R < 0.2 of the photon is
required to be less than 0.05 times the pT of the photon. In the H ! Z Z⇤ ! 4` fiducial phase space [11],
events are selected with four muons, four electrons or two electrons and two muons. The pT of the leading
three leptons are required to be > 20, 15, 10 GeV. The lowest pT muon (electron) has to fulfill pT > 5
(7) GeV. The muons have to be within |⌘ | < 2.7 and the electrons within |⌘ | < 2.47. Following the
selection of events in data, requirements are applied on the masses of the two same flavor opposite sign
pairs, on the �R of two leptons, and the invariant mass of the four lepton system, 115 GeV < m4`<
130 GeV.

In the total phase space, the quantities pH
T and |yH | are computed directly from the Higgs boson momentum

instead of its decay products, as in the fiducial analyses. Simulated particle-level jets are built from all
particles with c⌧ > 10 mm excluding neutrinos, electrons and muons that do not originate from hadronic
decays. Photons are excluded from jet finding if they originate directly from the Higgs boson decay or are
radiated o� leptons from the Higgs boson decay. Jets are reconstructed using the anti-kt algorithm [77]
with a radius parameter R = 0.4, and are required to have transverse momentum pT > 30 GeV.

Theory uncertainties on the signal acceptance related to PDF, higher order corrections and parton shower
are considered for the acceptance factors and are correlated between the two channels. The PDF uncertain-
ties are evaluated using the eigenvector variations of the PDF4LHC set. Scale uncertainties are obtained
from the envelope of varying the renormalisation and factorisation scales coherently and individually by
factors of 0.5 and 2. Parton shower uncertainties are evaluated from a comparison of the ggF default
showering P�����8 with H�����7. The Higgs mass is varied within the uncertainty of the ATLAS�CMS
combined measurement [14]. To account for model dependence, the fractions of production modes are
varied within the uncertainties from the dedicated measurements by the ATLAS and CMS collabora-
tions [78]. For tt̄H , the 13 TeV ATLAS results are used [79]. The total systematic uncertainties on the
acceptance factors range between 0.4% and 5%, depending on the observable and bin. The parton shower
uncertainty dominates.

The inclusive acceptance factors are 50% for the H ! �� channel and 42% for the H ! Z Z⇤ ! 4`
channel (with respect to the full phase space of H ! Z Z⇤ ! 2`2`0, where `, `0 = e or µ). The acceptance
is lower for H ! Z Z⇤ ! 4` than for H ! �� since it is less likely for the four leptons to fulfill the fiducial
requirements outlined above. Figure 1 shows the acceptance factors used for the di�erential observables,
including their systematic uncertainties. The fiducial acceptance falls o� steeply as the Higgs boson
rapidity increases, as both fiducial definitions include pseudo-rapidity requirements on the Higgs boson
decay products.

4 Statistical procedure

The combined measurement is based on maximising the profile-likelihood ratio [80]:

⇤(�) =
L(�, ˆ̂✓ (�))
L(�̂, ✓̂)

. (2)

6



K. Brendlinger LHC Physics Discussion: ATLAS Higgs Results – May 7, 2018 $10

H→ZZ*→4ℓ Differential Results
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H→γγ Differential Results
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Combination of ZZ* and γγ Channels

Correction Factors for γγ and ZZ

ZZ

• Channels are individually corrected to full phase space using an additional correction factor 

• Unfolding combination performed by maximizing the profile likelihood ratio: 

• Calculate a p-value between data and theory based on the profile likelihood ratio test statistic

In the H ! �� fiducial phase space [10], events are selected with two photons with pseudorapidity
|⌘ | < 1.37 or 1.52 < |⌘ | < 2.37 and p�1

T > 0.35m��, p�2
T > 0.25m��, where p�1(2)

T refers to the transverse
momentum of the (sub)leading photon and m�� is the invariant mass of the two photons. The photons are
required to be isolated: the pT of the system of charged truth particles within �R < 0.2 of the photon is
required to be less than 0.05 times the pT of the photon. In the H ! Z Z⇤ ! 4` fiducial phase space [11],
events are selected with four muons, four electrons or two electrons and two muons. The pT of the leading
three leptons are required to be > 20, 15, 10 GeV. The lowest pT muon (electron) has to fulfill pT > 5
(7) GeV. The muons have to be within |⌘ | < 2.7 and the electrons within |⌘ | < 2.47. Following the
selection of events in data, requirements are applied on the masses of the two same flavor opposite sign
pairs, on the �R of two leptons, and the invariant mass of the four lepton system, 115 GeV < m4`<
130 GeV.

In the total phase space, the quantities pH
T and |yH | are computed directly from the Higgs boson momentum

instead of its decay products, as in the fiducial analyses. Simulated particle-level jets are built from all
particles with c⌧ > 10 mm excluding neutrinos, electrons and muons that do not originate from hadronic
decays. Photons are excluded from jet finding if they originate directly from the Higgs boson decay or are
radiated o� leptons from the Higgs boson decay. Jets are reconstructed using the anti-kt algorithm [77]
with a radius parameter R = 0.4, and are required to have transverse momentum pT > 30 GeV.

Theory uncertainties on the signal acceptance related to PDF, higher order corrections and parton shower
are considered for the acceptance factors and are correlated between the two channels. The PDF uncertain-
ties are evaluated using the eigenvector variations of the PDF4LHC set. Scale uncertainties are obtained
from the envelope of varying the renormalisation and factorisation scales coherently and individually by
factors of 0.5 and 2. Parton shower uncertainties are evaluated from a comparison of the ggF default
showering P�����8 with H�����7. The Higgs mass is varied within the uncertainty of the ATLAS�CMS
combined measurement [14]. To account for model dependence, the fractions of production modes are
varied within the uncertainties from the dedicated measurements by the ATLAS and CMS collabora-
tions [78]. For tt̄H , the 13 TeV ATLAS results are used [79]. The total systematic uncertainties on the
acceptance factors range between 0.4% and 5%, depending on the observable and bin. The parton shower
uncertainty dominates.

The inclusive acceptance factors are 50% for the H ! �� channel and 42% for the H ! Z Z⇤ ! 4`
channel (with respect to the full phase space of H ! Z Z⇤ ! 2`2`0, where `, `0 = e or µ). The acceptance
is lower for H ! Z Z⇤ ! 4` than for H ! �� since it is less likely for the four leptons to fulfill the fiducial
requirements outlined above. Figure 1 shows the acceptance factors used for the di�erential observables,
including their systematic uncertainties. The fiducial acceptance falls o� steeply as the Higgs boson
rapidity increases, as both fiducial definitions include pseudo-rapidity requirements on the Higgs boson
decay products.

4 Statistical procedure

The combined measurement is based on maximising the profile-likelihood ratio [80]:

⇤(�) =
L(�, ˆ̂✓ (�))
L(�̂, ✓̂)

. (2)
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Comparison of Results since last Combination

ATLAS-CONF-2017-047ATLAS-CONF-2015-069

Measured total σ = 
(prediction =

Table 3: p-values in percent indicating the compatibility of the measured di�erential cross sections with various SM
ggF predictions. The NNLOPS and M�������5_�MC@NLO predictions are scaled to the N3LO cross section.
The non-ggF predictions are added, as discussed in Section 2. The uncertainties in the theoretical predictions are
neglected when calculating the p-values.

p-values [%] pH
T |yH | Njets pj1

T
NNLOPS (@N3LO) 29 92 45 5
HR�� 5 – – –
R�DISH + NNLOJET 29 – – –
SCET��� – 91 – 21
M�������5_�MC@NLO (@N3LO) – – 57 –

The compatibility of a measured di�erential cross section and a theoretical prediction is evaluated by
computing a p-value based on the di�erence between the value of �2 ln⇤ at the best-fit, and the value
obtained by fixing the cross sections in all bins to the ones predicted by the theory. The uncertainties in the
theoretical predictions are neglected when calculating the p-values. Table 3 shows the resulting p-values,
which overall indicate reasonable agreement between the probed SM predictions and the measurement.
The relatively low p-value for HR�� is due to the lower total cross section, as this prediction is at
NNLO+NNLL accuracy only. The lower p-values for pj1

T are due to larger cross sections measured for
high jet pT.

6 Conclusion

A combined measurement of the total and di�erential cross sections in the H ! �� and H ! Z Z⇤ ! 4`
decay channels was performed, using 36.1 fb�1 of 13 TeV proton-proton collision data produced by
the LHC and recorded by the ATLAS detector in 2015 and 2016. Good agreement was observed
comparing the results of the two channels, extrapolated to a common phase space. The total Higgs boson
production cross section was measured to be 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb, in agreement with the Standard

Model prediction. Di�erential cross section measurements were presented of the Higgs boson transverse
momentum distribution, Higgs boson rapidity, number of jets produced together with the Higgs boson,
and the transverse momentum of the leading jet. The larger data set and the combination of the two decay
channels allowed to decrease the measurement uncertainty significantly with respect to previous results.
Agreement of the combined results with Standard Model predictions was observed.

References

[1] M. Grazzini, A. Ilnicka, M. Spira and M. Wiesemann,
Modeling BSM e�ects on the Higgs transverse-momentum spectrum in an EFT approach,
JHEP 03 (2017) 115, arXiv: 1612.00283 [hep-ph].

[2] ATLAS Collaboration, Constraints on non-Standard Model Higgs boson interactions in an
e�ective Lagrangian using di�erential cross sections measured in the H ! �� decay channel atp

s = 8 TeV with the ATLAS detector, Phys. Lett. B 753 (2016) 69,
arXiv: 1508.02507 [hep-ex].

9

Here � and ✓ are the parameters of interest and the nuisance parameters, respectively, and L represents
the likelihood function. The �̂ and ✓̂ terms denote the unconditional maximum likelihood estimates of the
best-fit values for the parameters, while ˆ̂✓ (�) is the conditional maximum likelihood estimate for given
parameter values.

The likelihood function L includes the signal extraction, the correction to particle level, and the extra-
polation to the total phase space in each channel. Therefore, the total cross sections in di�erent bins for
each observable can be derived directly as parameters of interest � based on the combined dataset from
the H ! �� and H ! Z Z⇤ ! 4` channels.

The systematic shape and normalisation uncertainties of all components are included in the likelihood
function as nuisance parameters ✓ with constraints from subsidiary measurements. This allows to correlate
uncertainties between bins, decay channels and correction and acceptance factors. Bin boundaries of all
probed observables agree between the H ! �� and the H ! Z Z⇤ ! 4` analyses [10, 11]. Where one
bin in one of the measurements corresponds to two bins in the other, the wider bin size is used. The sum
of the cross sections in the finer bins is considered as the parameter of interest in these cases, with an
additional unconstrained nuisance parameter describing the di�erence between the merged bins floating
in the fit. The normalization and shape parameters of the H ! �� background estimate [10] are fit to the
data as nuisance parameters without any initial constraint.

The test statistic �2 ln⇤ is assumed to follow a �2 distribution for constructing confidence intervals [80].
This asymptotic assumption has been tested with pseudo-experiments for bins with low numbers of events
and found to be appropriate.

5 Results

The total cross section is measured in the H ! �� decay channel to be 47.9+9.1
�8.6 pb and in the H ! Z Z⇤ !

4` channel to be 68+11
�10 pb. The result of the combined measurement is 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb, in

agreement with the SM prediction of 55.6±2.5 pb [13]. The results of the individual decay channels are
compatible with a p-value of 14%.

Figure 2 shows the di�erential cross sections in the total phase space measured in the H ! �� and
H ! Z Z⇤ ! 4` decay channels as well as the combined measurement as a function of pH

T , |yH |, Njets,
and pj1

T . Di�erent SM predictions are overlayed.

For all di�erential observables and bins the measurement is dominated by statistical uncertainties, which
vary between 20% and 30%. Significant uncertainties a�ecting all observables, including the total cross
section, include the uncertainty on the 2015 and 2016 integrated luminosity, which is 3.2% [81], a�ecting
the signal and simulated background estimates in the H ! Z Z⇤ ! 4` decay channel, with an impact
of about 4% on the measurement, and the background estimate in the H ! �� signal extraction [10],
typically 2�6%. For Njets and pj1

T , the uncertainties on the reconstruction of the jet energy scale and
resolution are important as well, typically 3�6% (>10% for Njets� 3) [82].

The agreement between the two channels in the total phase space is evaluated by using a profiled likelihood
as a function of the di�erence of the cross sections in each bin i, �i

�� � �i

4` . The number of degrees of
freedom is the same as the number of bins in the tested distribution. The corresponding p-values indicate
agreement between the results in the two channels: 58% for pH

T , 40% for |yH |, 53% for Njets and 67% for
pj1

T .

7

)

New Results:
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Results - Differential Cross Section Combination

p-values [%] pH
T

|yH| Njets pj1
T

NNLOPS (@N
3
LO) 29 92 45 5

HRes 5 – – –

RaDISH + NNLOJET 29 – – –

SCETlib – 91 – 21

Madgraph5 aMC@NLO (@N
3
LO) – – 57 –

p-values [%] pH
T

|yH| Njets pj1
T

NNLOPS (@N
3
LO) 29 92 45 5

HRes 5 – – –

RaDISH + NNLOJET 29 – – –

SCETlib – 91 – 21

Madgraph5 aMC@NLO (@N
3
LO) – – 57 –

Higgs pT Higgs |y|

• Results compatible with Standard Model 

• HRes more discrepant - has a lower 
predicted cross section (NNLO+NNLL 
accuracy)
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Results - Differential Cross Section Combination

p-values [%] pH
T

|yH| Njets pj1
T

NNLOPS (@N
3
LO) 29 92 45 5

HRes 5 – – –

RaDISH + NNLOJET 29 – – –

SCETlib – 91 – 21

Madgraph5 aMC@NLO (@N
3
LO) – – 57 –
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LO) 29 92 45 5

HRes 5 – – –

RaDISH + NNLOJET 29 – – –

SCETlib – 91 – 21

Madgraph5 aMC@NLO (@N
3
LO) – – 57 –
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|yH| Njets pj1
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NNLOPS (@N
3
LO) 29 92 45 5

HRes 5 – – –

RaDISH + NNLOJET 29 – – –

SCETlib – 91 – 21

Madgraph5 aMC@NLO (@N
3
LO) – – 57 –

p-values [%] pH
T

|yH| Njets pj1
T

NNLOPS (@N
3
LO) 29 92 45 5

HRes 5 – – –

RaDISH + NNLOJET 29 – – –

SCETlib – 91 – 21

Madgraph5 aMC@NLO (@N
3
LO) – – 57 –

Leading jet pTNjets
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Additional H→γγ Results

Additional H→γγ Results
• Using differential cross sections to constrain effective Lagrangians 

• Couplings using Simplified Template Cross Sections
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Using Differential XS Measurements to constrain EFT

Constraints on Wilson Coefficients+

• Unfolded differential measurements can be used 
to constrain effective Lagrangian operators  
• Provide differential measurements of several variables, 
• plus covariance matrices of statistical, experimental 

and theoretical uncertainties to theorists 
• With these two ingredients, can constrain parameter 

space of effective Lagrangians
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Couplings using Simplified Template Cross Sections
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(1)

(2)

• (1) Split your Higgs particle phase space into “truth 
categories” (based on production modes, kinematics) 

• (2) Construct reco categories to ~match truth 
categories 

• (3) Measure cross section in each category
Particle-level (truth) categories

Reco categories to be measured 
individually

 • More model-independent than measuring signal strengths μ 
 • Maximize sensitivity of measurements, while 
 • reducing theory dependencies folded into measurement
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Simplified template cross sections: H→ZZ*→4ℓ
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STXS Reco-Truth Matrix
“Migration Matrix”

Truth

Reco
***Theory migration uncertainties, 
but not theory yield uncertainties
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Reco Category Purity (focusing on prod. mode)

ttH (ideally all purple)

VH leptonic (ideally all light/dark blue)

VBF + VH hadronic (ideally all dark green)

ggH + gg→Z(→qq)H

Reco Category

Truth processes:

*** Measured cross sections will be correlated, 
so we must provide a correlation matrix alongside 
our final results for proper interpretation
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H→ γγ STXS Results
Correlation among measured σ

• Note that some truth categories have been “merged away” due to lack of sensitivity. 

• A theorist could take the above and plug in his favorite BSM model to see how it compares to data
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Measured σ for each production mode
Correlation among measured σ
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• Fiducial and differential cross section 
measurements in H→γγ and H→ZZ*→4ℓ 
channels 

• Combination of differential measurements 

• Constraints on Effective Lagrangians using 
differential results 

• H→γγ Couplings using Simplified Template Cross 
Sections

$24

Conclusions
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• LHC has delivered 93 fb–1 of data so far in Run 2 

• H→γγ and H→ZZ*→4ℓ results using the first 36 fb–1 of this data 
• Adding 2017 data will double the dataset for these measurements 

• 2018 data-taking period began again on April 28 
• Already reached a peak luminosity of 20×1033 cm–2s–1 
• Looking forward to Physics with 150 fb–1!

$25

Outlook – Run 2 Physics at 150 fb–1

Run II so far... 2018...

Shown today
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• Measurements of Higgs boson properties in the γγ decay channel (36 fb–1) 
• arXiv:1802.04146 (Feb 12, 2018 – Submitted to PRD) 
• Adds to previous conference note (ATLAS-CONF-2017-045 – July 2017) 

• Combination of Fiducial and Differential Cross Sections (γγ and 4ℓ) 
(36.1 fb–1) 
• Conference note: http://cdsweb.cern.ch/record/2308390 (Mar 12, 2018) 
• Paper in final stages of preparation 
• Last differential combination of γγ and ZZ results was in December 2015 (3.2 fb–1) 

• Other recent results: 
• Couplings combination of H→γγ and H→ZZ*→4ℓ (ATLAS-CONF-2017-047) – July 2017 
• Mass combination (ATLAS-CONF-2017-046) – July 2017 
• H→ZZ*→4ℓ Differential (JHEP 10 (2017) 132) – Aug 2017 
• H→ZZ*→4ℓ Couplings (JHEP 03 (2018) 095) – Dec 2017

$26

Latest ATLAS 13 TeV Results

https://arxiv.org/abs/1802.04146
http://cdsweb.cern.ch/record/2308390
https://cds.cern.ch/record/2273854
https://cds.cern.ch/record/2273853
https://doi.org/10.1007/JHEP10(2017)132
https://doi.org/10.1007/JHEP03(2018)095
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BACKUP

BACKUP
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Additional H→ZZ*→4ℓ Variables
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H→γγ Differential Variables
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H→γγ Differential Variables
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H→γγ pT and Njet Systematic uncertainties
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• Monte Carlo used: 

• Cross section predictions used to normalize MC:

$32

Monte Carlo and Predictions for Combination

2 Monte Carlo samples, cross sections and branching fractions

The Monte Carlo (MC) event generators that are used to simulate gluon fusion (ggF), vector boson
fusion (VBF), associated Higgs boson production (V H , V = W, Z), as well as Higgs boson production
in association with a heavy quark pair (tt̄H , bb̄H) are listed in Table 1. The accuracy of the calculations
and the used PDF sets are also given. NLO is the abbreviation for next-to-leading order, NNLO for
next-to-next-to-leading order, and NNLL for next-to-next-to-leading logarithm. For ggF, VBF, V H , bb̄H
in both decay channels and tt̄H in the H ! �� decay channel, P�����8 [15, 16] is used for decay, parton
shower, hadronisation and multiple parton interactions. For tt̄H in the H ! Z Z⇤ ! 4` decay channel,
H�����++ [17, 18] is used.

Table 1: Description of MC samples used to simulate Higgs boson production, including the generators, accuracy
of calculations in QCD, and PDF sets.

Process Generator Accuracy in QCD PDF set
ggF P�����-B�� v2 (NNLOPS) [19–22] NNLO in |yH | [23], PDF4LHC [24]

pH
T consistent with H�T

(NNLO+NNLL) [25, 26]
VBF P�����-B�� v2 [19–21, 27] NLO PDF4LHC
V H P�����-B�� v2 (M�NLO) [19–21, 28] NLO PDF4LHC
tt̄H M�������5_�MC@NLO (v.2.2.3) [29] NLO CT10nlo [30]
bb̄H M�������5_�MC@NLO (v.2.3.3) [29, 31] NLO NNPDF23 [32]

The samples are normalised to the cross section predictions taken from Refs. [13, 33–35]. These pre-
dictions are obtained assuming a Higgs boson mass of 125.09 GeV [14] to calculate cross sections and
branching ratios. Details are given in Table 2, including the accuracy of the calculations, and the com-
position of the production modes in the SM. N3LO is the abbreviation for next-to-next-to-next-to-leading
order and EW for electroweak.

Table 2: Description of cross section predictions used to normalize the MC samples, the accuracy of the calculations
(in QCD if not noted otherwise), and the composition of the production modes in the SM

Process Accuracy Fraction [%]
ggF N3LO, NLO EW corrections [36–49] 87.4
VBF NLO, NLO EW corrections [50–52] 6.8

with approximate NNLO QCD corrections [53]
V H NNLO [54, 55], NLO EW corrections [56] 4.1
tt̄H NLO [57–60] 0.9
bb̄H five-flavour: NNLO, four-flavour: NLO [61] 0.9

In addition to the NNLOPS sample scaled to the N3LO cross section, further SM ggF predictions are
compared to the measurements. If not mentioned otherwise, the cross sections predicted by the respective
calculations are used. For the comparison with data, the non-ggF Higgs boson production processes are
added using the samples and cross sections described above.

• The pH
T distribution is compared to the prediction from HR�� [62, 63] and R�DISH + NNLO-

JET [64]. HR�� includes resummation to NNLL and computes fixed-order cross sections for ggF
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ATLAS-CONF-2018-002
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Reconstruction-level Categorization

DRAFT

Table 4: Shorthand label and event selection defining each of the 31 event categories for the measurement of the
signal strengths and simplified template cross sections. The category names denote the predominant production
process or kinematic properties the category targets. Jets are required to have pT > 30 GeV unless otherwise noted.
The categories are mutually exclusive and criteria are applied in descending order of the shown categories.

Category Selection

tH lep 0fwd Nlep = 1, Ncen
jets  3, Nb�tag � 1, Nfwd

jets = 0 (pjet
T > 25 GeV)

tH lep 1fwd Nlep = 1, Ncen
jets  4, Nb�tag � 1, Nfwd

jets � 1 (pjet
T > 25 GeV)

ttH lep Nlep � 1, Ncen
jets � 2, Nb�tag � 1, Z`` veto (pjet

T > 25 GeV)
ttH had BDT1 Nlep = 0, Njets � 3, Nb�tag � 1, BDTttH > 0.92
ttH had BDT2 Nlep = 0, Njets � 3, Nb�tag � 1, 0.83 < BDTttH < 0.92
ttH had BDT3 Nlep = 0, Njets � 3, Nb�tag � 1, 0.79 < BDTttH < 0.83
ttH had BDT4 Nlep = 0, Njets � 3, Nb�tag � 1, 0.52 < BDTttH < 0.79
tH had 4j1b Nlep = 0, Ncen

jets = 4, Nb�tag = 1 (pjet
T > 25 GeV)

tH had 4j2b Nlep = 0, Ncen
jets = 4, Nb�tag � 2 (pjet

T > 25 GeV)

VH dilep Nlep � 2, 70 GeV  m``  110 GeV

VH lep HIGH Nlep = 1, |me� � 89 GeV| > 5 GeV, p
l+Emiss

T
T > 150 GeV

VH lep LOW Nlep = 1, |me� � 89 GeV| > 5 GeV, p
l+Emiss

T
T < 150 GeV, Emiss

T significance > 1
VH MET HIGH 150 GeV < Emiss

T < 250 GeV, Emiss
T significance > 9 or Emiss

T > 250 GeV
VH MET LOW 80 GeV < Emiss

T < 150 GeV, Emiss
T significance > 8

jet BSM pT,j1 > 200 GeV
VH had tight 60 GeV < mjj < 120 GeV, BDTVH > 0.78
VH had loose 60 GeV < mjj < 120 GeV, 0.35 < BDTVH < 0.78

VBF tight, high pH j j
T �⌘jj > 2, |⌘�� � 0.5(⌘j1 + ⌘j2)| < 5, pH j j

T > 25 GeV, BDTVBF > 0.47
VBF loose, high pH j j

T �⌘jj > 2, |⌘�� � 0.5(⌘j1 + ⌘j2)| < 5, pH j j
T > 25 GeV, �0.32 < BDTVBF < 0.47

VBF tight, low pH j j
T �⌘jj > 2, |⌘�� � 0.5(⌘j1 + ⌘j2)| < 5, pH j j

T < 25 GeV, BDTVBF > 0.87
VBF loose, low pH j j

T �⌘jj > 2, |⌘�� � 0.5(⌘j1 + ⌘j2)| < 5, pH j j
T < 25 GeV, 0.26 < BDTVBF < 0.87

ggH 2J BSM � 2 jets, p��T � 200 GeV
ggH 2J HIGH � 2 jets, p��T 2 [120, 200] GeV
ggH 2J MED � 2 jets, p��T 2 [60, 120] GeV
ggH 2J LOW � 2 jets, p��T 2 [0, 60] GeV
ggH 1J BSM = 1 jet, p��T � 200 GeV
ggH 1J HIGH = 1 jet, p��T 2 [120, 200] GeV
ggH 1J MED = 1 jet, p��T 2 [60, 120] GeV
ggH 1J LOW = 1 jet, p��T 2 [0, 60] GeV
ggH 0J FWD = 0 jets, one photon with |⌘| > 0.95
ggH 0J CEN = 0 jets, two photons with |⌘|  0.95
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• The number of signal in a given reconstruction category sc is the sum of the 
contributions from each truth bin: 

• L is luminosity 

• σtγγ is the cross section × BR of a given truth category t 
• These are the parameters we want to find 

• Acceptance factor for a given truth bin t to fall into reco category c:  
  εtc = ntc/nt, estimated using MC 
• (introduces small migration theory uncertainty) 

• Similarities with differential cross sections: 

• Want our reconstruction categories to be 
as pure as possible in a single truth category → analogy to bin-to-bin migrations 
in differential XS
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Relationship between truth bins and reco categories

sc = L ·
X

t

���
t ✏tc

acceptance factor

K. Brendlinger Higgs Precision Measurements in Run II

• Total Cross Section 
• Extrapolate outside of detector’s reach 
• Acceptance factor can be quite model dependent 

• Fiducial Cross Sections - a measurement that lasts 
• A cross section in a phase space matching analysis cuts 
• Correction factor for detector effects typically small 
• Rivet routine to allow theorists to run their favorite 

generator and apply fiducial selection 

• Fiducial Differential Cross Sections 
• Gets the shape of interesting variables 
• Deal with bin migrations by unfolding data distributions 

• E.g. Correction factors for each bin 

• Measurements of Production modes (couplings) 
• Use lepton multiplicity, jet topologies, etc. to probe 

production modes 
• Details covered later

4

Precision Measurements with the Higgs

Precision Measurements
�total =

Ndata �Nbkg

Lint · C ·A ·BR

�fid =
Ndata �Nbkg

Lint · C

�fid
i =

Ndata,i �Nbkg,i

Lint · Ci
e.g.
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Using BDTs in the reconstruction categories
2 of the 6 input variables

BDT Score (VBF high-PT,Hjj)

• 4 BDTs are used to enhance certain production 
processes (ttH, VH Hadronic, VBF (x2) 

• Can significantly improve significance 

• We try to avoid introducing large uncertainties by 
avoiding variables that are poorly described by theory


