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Introduction

LHC Run 1:
Discovery of the Higgs boson with the combination
of dibosonic decay channels:
H → γγ, H → ZZ , H →WW
Property measurements: mH = 125.09± 0.24 GeV,
spin, CP, ...

→ in good agreement with the Standard Model (SM).
LHC Run 2:

establish discovery in remaining decay channels /
production modes (e.g. evidence of H → bb̄),
Higher precision Higgs boson properties
measurements.
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→ Focus on measurement in the H → γγ, H → ZZ∗ and H →WW ∗ using L = 36 fb−1

at
√
s = 13 TeV:
couplings and cross sections.
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H → γγ: Couplings

H → γγ disfavored in terms of branching ratio but excellent mγγ resolution O( 2%).
→ Clean signal peak, fully reconstructed, extracted from well understood backgrounds

(γγ, γ + jet, di-jet).
Measurement beased on maximum likelihood fit on mγγ distribution:

signal function double-sided Crystal Ball,
background functional form - limiting the potential bias on the fitted signal.
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−0.12 (stat.) +0.06
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−0.05 (th.)

Improved by ×2 factor the Run 1 uncertainties.
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H → γγ: Simplified Template Cross Section

Simplified Template Cross Section:
fiducial cross-section
exclusive region defined at particle level,
maximizing the experimental sensitivities,
reducing the dependency on the theory uncertainties.

Stage-0: measurement of the production mode σ × BR(H → γγ) with |yH| < 2.5.
Stage-1: finer granularity
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H → γγ: Fiducial cross-section

Fiducial cross-section: σ(pp → H → γγ) = Nsig

c
∫
L dt

.
correction factor for detector inefficiency and resolution cγγ = 0.75± 0.03 from MC

Compared to several state-of-the-art gluon-fusion Higgs theory predictions.
Measurements in several fiducial regions, targeting H prod. mode, or sensitive to
BSM.
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-1 = 13 TeV,  36.1 fbs, γγ→H

Data, tot. unc. Syst. unc.

 = 125.09 GeVHm

XHLO + 3N
XH default MC + H→gg

XHPowheg NNLOPS + 

bbH+ttH+VH = VBF+XH

σfid = 55± 9 (stat.)± 4 (syst.)± 0.1 (th.) fb

σSMfid = 64± 2 fb
Main systematic uncertainties: luminosity (3.2%), photon energy scale and resolution
(4%), background modeling (4%)
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H → ZZ ∗ → 4`: Cross-section measurement by prod. modes

Low branching fraction: BR(H → 4`) ∼ 0.0125%

Main bkg. from non-resonant ZZ∗ production.

Other bkg. (Z + jets, top) strongly suppressed by selection

Production cross-section measured inclusively, and in STXS
regions:

σ · BR(H → ZZ∗) = 1.73+0.24
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+0.10
−0.08(syst.)± 0.04(th.) pb
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H → ZZ ∗ → 4`: Fiducial cross section

σ(pp → H → ZZ∗ → 4`)

Cross section [fb] Data (± (stat) ± (sys) ) LHCXSWG prediction p-value [%]

σ4µ 0.92 +0.25
−0.23

+0.07
−0.05 0.880± 0.039 88

σ4e 0.67 +0.28
−0.23

+0.08
−0.06 0.688± 0.031 96

σ2µ2e 0.84 +0.28
−0.24

+0.09
−0.06 0.625± 0.028 39

σ2e2µ 1.18 +0.30
−0.26

+0.07
−0.05 0.717± 0.032 7

σ4µ+4e 1.59 +0.37
−0.33

+0.12
−0.10 1.57 ± 0.07 65

σ2µ2e+2e2µ 2.02 +0.40
−0.36

+0.14
−0.11 1.34 ± 0.06 6

σsum 3.61 ± 0.50 +0.26
−0.21 2.91 ± 0.13 19

σcomb 3.62 ± 0.50 +0.25
−0.20 2.91 ± 0.13 18

σtot [pb] 69 +10
−9 ±5 55.6 ± 2.5 19

The 2e2µ and 2µ2e fiducial cross sections are
higher than the predictions

The combined fiducial cross and the LHCXSWG
prediction differ by 1.3 σ
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H → γγ and H → ZZ ∗ coupling combination

Combination of measurements of Higgs boson production in H → γγ and H → ZZ∗

µRun 2 = 1.09± 0.09 (stat.) +0.06
−0.05 (syst.)+0.06

−0.05 (th.) = 1.09± 0.12

ATLAS+CMS Run 1 combination (no N3LO ggH): µRun 1 = 1.09+0.11
−0.10

universal coupling-strength modifiers, kF (for all fermions) and kV (for all bosons):
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H → γγ and H → ZZ ∗ cross section combination

Combination of fiducial and differential
cross-section measurements in H → γγ and
H → ZZ∗

σ(pp → H) = Nsig

BR·A·c·
∫
L dt

A acceptance correction fiducial→ full phase
space: ∼ 50% H → γγ, ∼ 42% H → 4`

σ(pp → H) = 57.0+6.0
−5.9 (stat.) +4.0

−3.3 (syst.) pb

Perfect agreement with theory:
σ(pp → H)SM = 55.0± 2.5 pb

Individual decay channels are compatible with a
p-value of 14%.
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Results presented also as differential cross-section in bin of:
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T ,

sensitive to perturbative QCD calculations, PDF, modelling of high-pT quark and gluon
emission

Excellent compatibility of 4` and γγ for all the observables: p-value > 40%

Stefano Manzoni (INFN-MI) Higgs properties 7th May 2018 9 / 13

ATLAS-CONF-2017-047

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/


H → γγ and H → ZZ ∗ differential cross section combination
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H → WW ∗ → eνµν: production cross-sections

Signal consists of two prompt isolated leptons
produced with a small opening angle and missing
transverse energy
Background:

Dominant: WW , tt, tW , Z/γ∗ → ττ
constrained with data control regions
Mis-identified leptons in W + jets and multijets
events: fake factor methods from Z + jets data
Other diboson (WZ , ZZ , Wγ) from MC

ggF production measured in 0,1j events
discriminant
mT =

√
(E ``T + Emiss

T )2 − |p``T + Emiss
T |2

VBF production measured in ≥ 2j events
BDT discriminant built from jet/` kin., mjj, m``,
∆yjj, ∆φ``
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H → WW ∗ → eνµν: production cross-sections

Signal strengths:

µggF = 1.21+0.12
−0.11(stat.)

+0.18
−0.17(syst.) = 1.21+0.22

−0.21
µVBF = 0.62+0.30

−0.28(stat.) ± 0.22(syst.) = 0.62+0.37
−0.36

Precision as good or better than the Run 1 combination
(µATLAS+CMS

ggF = 0.84+0.17
−0.17, µ

ATLAS+CMS
VBF = 1.2+0.4

−0.4)
Cross-section time branching ratio:

σggF · BR(H →WW ∗) = 12.6+1.3
−1.2(stat.)

+1.9
−1.8(syst.) pb = 12.6+2.3

−2. pb
σVBF · BR(H →WW ∗) = 0.50+0.24

−0.23(stat.) ± 0.18(syst.) pb = 0.50+0.30
−0.29 pb
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1 σ compatibility with SM prediction
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Conclusion

With Run 2 data, we are entering the precision era; analysis of the diboson final states
is allowing measurements with precision better than Run 1.

Analyses of the 2015+2016 dataset (36 fb−1) are a milestone in preparation for the
Run 2 legacy papers.

The new results obtained in Run 2 confirmed the good agreement between Higgs
boson measured and expected properties.

More data are required to test with more accuracy possible tensions between theory
and experiment.

44 fb−1 recorded at
√
s = 13 TeV in 2017 and 2018 LHC data taking has just started

→ looking forward new results exploiting the whole Run 2 statistics!
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Higgs Mass measurement

mγγ
H = 125.11± 0.21 (stat.)± 0.36 (syst) GeV

Limited by photon energy scale systematic uncertainties
mZZ∗

H = 124.88± 0.37 (stat)± 0.05 (syst) GeV
Higher statistical uncertainty → smaller σ × BR
Smaller systematic uncertainty → measurement driven by 4-µ final state.

Good agreement between two channel measurements:
∆mH = 0.23± 0.42 (stat)± 0.36 (syst) GeV = 0.23± 0.55 GeV

 [GeV]
H

m

124 124.5 125 125.5 126 126.5

Total Stat. Syst.
 PreliminaryATLAS

­1 = 13 TeV, 36.1 fbs

		Total      Stat.   Syst.

Combined  0.21) GeV± 0.19 ± 0.28 ( ±124.98 

γγ→H  0.36) GeV± 0.21 ± 0.42 ( ±125.11 

l4→ZZ*→H  0.05) GeV± 0.37 ± 0.37 ( ±124.88 

LHC Run 1  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

Excellent agreement and similar precision to Run 1 ATLAS+CMS
→ Preliminary result with inflated photon systematics: improvements underway!
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STXS framework
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H → γγ: Coupling categorization

Category Selection

tH lep 0fwd Nlep = 1, Ncen
jets ≤ 3, Nb−tag ≥ 1, N fwd

jets = 0 (pjetT > 25 GeV)

tH lep 1fwd Nlep = 1, Ncen
jets ≤ 4, Nb−tag ≥ 1, N fwd

jets ≥ 1 (pjetT > 25 GeV)

ttH lep Nlep ≥ 1, Ncen
jets ≥ 2, Nb−tag ≥ 1, Z`` veto (pjetT > 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 (pjetT > 25 GeV)

tH had 4j2b Nlep = 0, Ncen
jets = 4, Nb−tag ≥ 2 (pjetT > 25 GeV)

VH dilep Nlep ≥ 2, 70 GeV ≤ m`` ≤ 110 GeV

VH lep High Nlep = 1, |meγ − 89 GeV| > 5 GeV, p
`+Emiss

T
T > 150 GeV

VH lep Low Nlep = 1, |meγ − 89 GeV| > 5 GeV, p
`+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 pHjjT |∆ηjj | > 2, |ηγγ − 0.5(ηj1 + ηj2)| < 5, pHjjT > 25 GeV, BDTVBF > 0.47

VBF loose, high pHjjT |∆ηjj | > 2, |ηγγ − 0.5(ηj1 + ηj2)| < 5, pHjjT > 25 GeV, −0.32 < BDTVBF < 0.47

VBF tight, low pHjjT |∆ηjj | > 2, |ηγγ − 0.5(ηj1 + ηj2)| < 5, pHjjT < 25 GeV, BDTVBF > 0.87

VBF loose, low pHjjT |∆ηjj | > 2, |ηγγ − 0.5(ηj1 + ηj2)| < 5, pHjjT < 25 GeV, 0.26 < BDTVBF < 0.87
ggH 2J BSM ≥ 2 jets, pγγT ≥ 200 GeV
ggH 2J High ≥ 2 jets, pγγT ∈ [120, 200] GeV
ggH 2J Med ≥ 2 jets, pγγT ∈ [60, 120] GeV
ggH 2J Low ≥ 2 jets, pγγT ∈ [0, 60] GeV
ggH 1J BSM = 1 jet, pγγT ≥ 200 GeV
ggH 1J High = 1 jet, pγγT ∈ [120, 200] GeV
ggH 1J Med = 1 jet, pγγT ∈ [60, 120] GeV
ggH 1J Low = 1 jet, pγγT ∈ [0, 60] GeV
ggH 0J Fwd = 0 jets, one photon with |η| > 0.95
ggH 0J Cen = 0 jets, two photons with |η| ≤ 0.95
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H → γγ: Coupling categorization

Fraction of Signal Process / Category
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H → γγ: Additional couplings measurement

Process Result Uncertainty SM prediction

(|yH | < 2.5) Total Stat. Exp. Theo.

σVBF/σggH 0.20 +0.10
−0.07

(
+0.09
−0.06

+0.04
−0.02

+0.04
−0.02

)
0.078+0.005

−0.006

σVH/σggH 0.04 +0.06
−0.05

(
+0.06
−0.04

+0.01
−0.01

+0.01
−0.01

)
0.045+0.004

−0.005

σtop/σggH 0.009 +0.010
−0.009

(
+0.010
−0.009

+0.002
−0.001

+0.002
−0.001

)
0.012+0.001

−0.002
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H → γγ: Fiducial regions

Objects Definition

Photons |η| < 1.37 or 1.52 < |η| < 2.37, piso,0.2T /pγT < 0.05
Jets anti-kt, R = 0.4, pT > 30 GeV, |y| < 4.4
Leptons, ` e or µ, pT > 15 GeV, |η| < 2.47 for e (excluding 1.37 < |η| < 1.52) and |η| < 2.7 for µ

Fiducial region Definition

Diphoton fiducial Nγ ≥ 2, pγ1T > 0.35mγγ = 43.8 GeV, pγ2T > 0.25mγγ = 31.3 GeV

VBF-enhanced Diphoton fiducial, Nj ≥ 2 with pjetT > 25 GeV,
mjj > 400 GeV, |∆yjj | > 2.8, |∆φγγ,jj | > 2.6

Nlepton ≥ 1 Diphoton fiducial, N` ≥ 1
High Emiss

T Diphoton fiducial, Emiss
T > 80 GeV, pγγT > 80 GeV

tt̄H-enhanced Diphoton fiducial, (Nj ≥ 4, Nb-jets ≥ 1) or (Nj ≥ 3, Nb-jets ≥ 1, N` ≥ 1)

Fraction of Signal Process / Fiducial Region (after reconstruction)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ttH-enhanced

miss
TEHigh

 1≥leptonN

VBF-enhanced

Diphoton fiducial

ggH VBF WH ZH ggZH ttH bbH tHjb tHW

ATLAS Simulation GeV = 125.09  H ,  mγγ→H
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H → γγ: Differential cross-section
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H → ZZ ∗ → 4`: Coupling categorization

 

VH-Had-enriched†

p
T

j > 200 GeV

p
T

j < 200 GeV

118 < m
4l
 < 129 GeV

0j

1j-p
T

4l-Medium

1j-p
T

4l-Low

1j-p
T

4l-High

 ttH
ttH-enriched

 N
lep

 ≥ 5

VH-Lep-enriched

 N
jets

 ≥ 2

VBF-enriched-p
T

j-Low

VBF-enriched-p
T

j -High

m
jj
 < 120 GeV

m
jj
 > 120 GeV

 N
jet

 = 1

 p
T

4l > 120 GeV

 60 < p
T

4l < 120 GeV

 p
T

4l < 60 GeV

 N
jet

 = 0

ATLAS

ttH

ggF-2j

ggF-0j

VH-Lep

VH-Had

VBF-p
T

j-Low 

VBF-p
T

j-High 

 p
T

H < 60 GeV

 p
T

H > 120 GeV

 60 < p
T

H < 120 GeV

≥ 2-jets

0-jet

1-jet

ggF-1j-p
T

H-High 

ggF-1j-p
T

H-Low 

ggF-1j-p
T

H-Medium 

 p
T

j > 200 GeV

 p
T

j < 200 GeV

Leptonic V decay

Hadronic V decay

Stage 0
Reduced

Stage 1

VH

VBF

ttH

Reconstructed event categoriesProduction bins

ggF

†: VH-Had enriched is divided into p
T

4l > 150 GeV 

and p
T

4l < 150 GeV sub-categories for tensor 

structure measurment

Stefano Manzoni (INFN-MI) Higgs properties 7th May 2018 22 / 13

JHEP 03 (2018) 095

https://arxiv.org/abs/1712.02304


H → ZZ ∗ → 4`: BDT discriminator

To further increase the sensitivity BDT discriminants are introduced in reconstructed
event categories with a sufficiently high number of events

Reconstructed event category BDT discriminant Input variables
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H → γγ and H → ZZ ∗: additional combination results

Cross section normalized to SM
1− 0 1 2 3 4 5

Measurement

Stat. uncertainty

Syst. uncertainty

SM prediction
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Two-dimensional compatibility with the SM prediction corresponds to a p-value of 3%
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H → WW ∗ → eνµν: Signal and Control region definitions

Signal Region definition

Category Njet = 0 Njet = 1 Njet≥ 2, VBF

Preselection

Two isolated, different-flavour, leptons (`= e, µ) with opposite charge
pleadT > 22 GeV , psubleadT > 15 GeV

m``> 10 GeV

Emiss, track
T > 20 GeV

Background rejection
Nb-jet,(pT>20 GeV) = 0

∆φ(``, Emiss
T ) > π/2 max

(
m`

T

)
> 50 GeV

p``T > 30 GeV mττ <mZ − 25 GeV

H→WW ∗→ eνµν
topology

m``< 55 GeV Central Jet Veto
∆φ``< 1.8 Outside Lepton Veto

Discriminant Variable mT BDT
BDT input variables mjj , ∆yjj , m``, ∆φ``, mT,

∑
C`,

∑
`,jm`j , p

tot
T

Control Region definition

CR Njet = 0 Njet = 1 Njet≥ 2, VBF

WW

55<m``< 110 GeV m``> 80 GeV
∆φ``< 2.6 |mττ −mZ |> 25 GeV

b-jet veto
m`

T> 50 GeV

Top-quark

Nb-jet,(20 GeV<pT<30 GeV) > 0
Nb-jet,(pT>30 GeV) = 1

Nb-jet,(pT>20 GeV) = 1
Nb-jet,(20 GeV<pT<30 GeV) = 0

∆φ(``, Emiss
T ) > π/2 max

(
m`

T

)
> 50 GeV Central Jet Veto

p``T > 30 GeV mττ <mZ − 25 GeV
∆φ``< 2.8 Outside Lepton Veto

Z → ττ

no Emiss, track
T requirement Outside Lepton Veto
m`` < 80 GeV Central Jet Veto

∆φ`` > 2.8 mττ > mZ − 25 GeV
Nb-jet,(pT>20 GeV) = 0
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H → WW ∗ → eνµν: Control regions

Control regions for the WW , top-quark, and Z → ττ processes for Njet = 0, 1
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ATLAS: A Toroidal LHC Apparatus

General purpose experiment
precise measurement of SM
search for new physics beyond the SM

44 m long, 25 m of diameter and mass of about 7000 tons

Four sub-detectors.

Inner Detector:
charged particles tracking
reconstruction of interaction and
secondary vertices

Electromagnetic Calorimeter:
electron and photon energy and
position reconstruction

Hadronic Calorimeter:
detection of charged and neutral
hadrons

Muon spectrometer:
identification of muons and
measurement of the muon momentum
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