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• All the main Higgs boson production 
modes observed with > 5𝜎 


• All the main decay modes are also 
observed 
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10 years since Higgs Boson discovery
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From searching for a new particle to 
precision measurements!

Cross section spans different orders of magnitude due 
to the nature of the Yukawa coupling

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://www.sciencedirect.com/science/article/pii/S037026931200857X
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Fiducial and differential cross sections

• Fiducial region: defined to closely match to 
experimental acceptance


• Reduce model dependence by avoiding the 
extrapolation to the full phase space 

Full phase space

fiducial region

Experimental 
reconstruction

Fiducial cross section measurements

• Measure cross section in bins of some observables:

 … 


• The shape information provided by differential cross sections 
can be exploited for a range of further interpretations


pH
T , |yH | , Njet

Differential cross section measurements

SM

BSM?

σ f
id

pH
T , |yH | , NjetMany additional interpretations of the measured fiducial and differential 

cross sections that can be performed —— Francesco’s talk on Friday

https://indico.cern.ch/event/1083758/timetable/?view=standard#89-measurements-of-the-higgs-b
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Fiducial differential cross sections measurement
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Define a fiducial region + binning, 
matching experimental selections

Perform analysis in each experimental bin

Unfold

Unfold signal based on the 
migrations between experimental 
and fiducial bins

Can be performed for any 
measure variable
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ATLAS Run-2 results 
• Focus on the full Run2 available fiducial and differential cross sections measurement results 
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• Acceptance of the fiducial selection ~ 49%

• Inclusive fiducial cross-section:  


,    



• 10% level precision, and good agreement 
with SM predication 

σfid = 3.28 ± 0.30(stat.) ± 0.11(sys.) fb
σSM

fid = 3.41 ± 0.18 fb

6

Eur. Phys. J. C 80 (2020) 942
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Data
Syst. uncertainties
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MG5 FxFx + XH
NNLOPS + XH
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 fiducial cross-sectionH → ZZ* → 4ℓ

Fiducial x-sections 
Total


x-sections 

• 4 isolated leptons (muons or electrons)  2 lepton pairs, same flavour opposite sign  2 Z boson

• Signal extracted from a binned likelihood fit to the four-lepton invariant mass


• Dominant background: Non-resonant ZZ* estimated directly from data sideband 

• Z+jets and  constrained from control regions

→ →

tt̄

• Fiducial cross-sections in different lepton 
flavour are presented 

https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015
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Eur. Phys. J. C 80 (2020) 942 differential cross-sectionH → ZZ* → 4ℓ
• 20 1-dimension differential cross-section measurements presented

• 8 double differential observables 

0

0.02

0.04

0.06

0.08

0.1

0.12

 [
fb

/G
e
V

]
l

4 T
p

/d
σd

Data
Syst. uncertainties

 = 1.47, +XHKMG5 FxFx 
 = 1, +XHKNNLOJET 

 = 1, +XHKRadISH 
 = 1.1, +XHKNNLOPS 

XH = VBF+VH+ttH+bbH+tH
 syst. uncertainty⊕Total stat. 

Fitted ZZ* Normalisation

ATLAS

-1
 = 13 TeV, 139 fbs

l 4→ ZZ* →H 

 <
 2

7
 a

b
 9

5
%

 C
L

σ

-value MG5 FxFx = 15%p

-value NNLOJET = 15%p

-value RadISH = 6%p

-value NNLOPS = 8%p

0.5
1

1.5
2

T
h
e
o
ry

/D
a
ta

0 10 20 30 45 60 80 120 200 350 1000

 [GeV]l4

T
p

0.5

1

1.5

M
C

N
/N

0

1

2

3

4

5

 [
fb

]
l

4
y

/d
σd

Data
Syst. uncertainties

 = 1.47, +XHKMG5 FxFx 

 = 1.1, +XHKNNLOPS 
XH = VBF+VH+ttH+bbH+tH

 syst. uncertainty⊕Total stat. 
Fitted ZZ* Normalisation

ATLAS

-1
 = 13 TeV, 139 fbs

l 4→ ZZ* →H 

-value MG5 FxFx = 49%p

-value NNLOPS = 55%p

0.5
1

1.5
2

T
h
e
o
ry

/D
a
ta

0 0.15 0.3 0.45 0.6 0.75 0.9 1.2 1.6 2.0 2.5

l4
y

0.5

1

1.5

M
C

N
/N

pH
T yH

4−10

3−10

2−10

1−10

1

10

210

310

410

 [
fb

/G
e
V

]
l

4 T
p

/d
σd

= 0jetsN = 1jetsN = 2jetsN 3≥jetsN

Data
Syst. uncertainties

 = 1.47, +XHKMG5 FxFx 
 = 1, +XHKNNLOJET 

 = 1.1, +XHKNNLOPS 
XH = VBF+VH+ttH+bbH+tH

 syst. uncertainty⊕Total stat. 
Fitted ZZ* Normalisation

ATLAS

-1
 = 13 TeV, 139 fbs

l 4→ ZZ* →H 

-value MG5 FxFx = 41%p

-value NNLOJET = 11%p

-value NNLOPS = 23%p

0.5
1

1.5
2

2.5

T
h
e
o
ry

/D
a
ta

0
-1

5

1
5
-3

0

3
0
-1

2
0

1
2
0
-3

5
0

0
-6

0

6
0
-8

0

8
0
-1

2
0

1
2
0
-3

5
0

0
-1

2
0

1
2
0
-3

5
0

0
-1

2
0

1
2
0
-3

5
0

 [GeV]l4

T
p

0.5
1

1.5M
C

N
/N

 

double differential
pH

T and Njet

Jet:  > 30 GeV, <4.4pT |y |

https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015
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XH default MC + H→gg
XHSCETlib::qT + 

• Diphoton fiducial cross-section:  

,   


• 10% level precision, and good agreement with SM predication 

• Main systematics from spurious signal and photon energy resolution

σfid = 67 ± 5(stat.) ± 4(sys.) fb σSM
fid = 64 ± 4 fb

8

 fiducial cross-sectionH → γγ
• Diphoton channel: small branching ratio but high selection efficiency 

• Clean final state and precise reconstructed diphoton invariant mass 

• Main background: 

• continuum γγ production (irreducible), γ-jet and jet-jet (reducible)

5 different fiducial regions are presented 

arXiv:2202.00487
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https://inspirehep.net/literature/2023464
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 differential cross-sectionH → γγ

• Large set of kinematical observables probing different 
Higgs boson properties


• Including various 1D and 2D cross-section measurements
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 and  combination H → ZZ* → 4ℓ H → γγ ATLAS-CONF-2022-002
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Systematic uncertainty
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-1 = 8 TeV,  20.3 fbs
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• Based on individual channel measurements

• Extrapolated to the full phase space to perform the 

combination

• Inclusive in production modes 

• Uncertainties affected both channels are correlated 

• Overall uncertainty reduced

• Observed:  pb  vs. SM:   pb55.5+4.0
−3.8 55.6 ± 2.5

Total cross section

Differential cross section

pH
T |yH | number of jets


 > 30 GeV, <4.4pT |y |
 of leading jet pT

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
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• Indirectly constrain the Yukawa coupling using observed   distribution

• The interpretations are based on  shape only, normalisation is not used in constraints

• ggF and  +  production modes are parameterised as a function of  and 

pT
pT

bb̄ → H cc̄ → H κb κc

Yukawa coupling interpretation

2D contours of  and κb κc 1D contours of  and κb κc

: combined limit is less stringent than : 

• Cross-section depends quadratically on  

• Second minimum on NLL scan for large 

• Observed  from  is farther SM predication


: combined limit is similar to 

κb ZZ*
κb
κb

κb H → γγ

κc ZZ*

ATLAS-CONF-2022-002

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
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•  : largest branch ratio but complex background 

• First fully fiducial measurement in  final state

• Based on Run-2 resolved  analysis Eur. Phys. J. C 81 (2021) 178

H → bb̄
H → bb̄ + Emiss

T
VH(H → bb̄)

• Good agreement with SM predication

• Useful exercise in view of possible future fiducial 

measurements in all VH channels
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-015/
https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
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Boosted  channelH → bb̄
• Challenging channel but uniquely able to measure the highly boosted regime


 ⇒ Reach  to 1 TeV

• Reconstructed Higgs bosons with large Lorentz boost from single large-radius jets

• Mass of the large-radius jets ~ Higgs boson mass, used as final discriminant 

• Main background: QCD Multijet
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•  @ 95% CL

       SM 18.4 fb


 Provide 4  volumes

pH
T |yH |

σfid < 115 fb

← pH
T

Results are compatible with SM 
predictions within the uncertainty

Phys. Rev. D 105 (2022) 092003

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092003
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Conclusion

• Plenty of knowledge has been acquired in the 10 years since the Higgs boson discovery

• The measurements of the fiducial and differential cross-section in several Higgs boson 

decays modes with good precision

ZZ γγ ττ WW bb

• Good agreement between the measurements and SM predictions


• Combination of  and  improves precision of individual measurements

• Interpretation of c- and b-quarks coupling modifiers using  shape information

•  allows exploration of high  region


•  Statistical uncertainty is still the dominant uncertainty source

H → γγ H → ZZ*
pH

T
H → bb̄ pH

T

• Several Run-2 results will come out soon

• Run3 has just started with much more to come



Back up
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Leptons and jets

Muons pT > 5 GeV, |⌘| < 2.7
Electrons ET > 7 GeV, |⌘| < 2.47
Jets pT > 30 GeV, |⌘| < 4.5

Lepton selection and pairing

Lepton kinematics pT > 20, 15, 10 GeV

Leading pair (m12) SFOC lepton pair with smallest |mZ �m``|
Subleading pair (m34) Remaining SFOC lepton pair with smallest |mZ �m``|

Event selection (at most one Higgs boson candidate per channel)

Mass requirements 50 GeV< m12 < 106 GeV and mthreshold < m34 < 115 GeV

Lepton separation: �R(`i, `j) > 0.1
Lepton/Jet separation �R(µi(ei), jet) > 0.1(0.2)
J/ veto m(`i, `j) > 5 GeV for all SFOC lepton pairs

Impact parameter |d0|/�(d0) ¡ 5 (3) for electrons (muons)

Mass window 105 GeV < m4` < 160 GeV

Vertex selection: �2/Ndof ¡ 6 (9) for 4µ (other channels)

If extra lepton with pT > 12 GeV Quadruplet with largest matrix element (ME) value

Leptons and jets
Leptons pT > 5 GeV, |⌘| < 2.7
Jets pT > 30 GeV, |y| < 4.4

Lepton selection and pairing
Lepton kinematics pT > 20, 15, 10 GeV

Leading pair (m12) SFOC lepton pair with smallest |mZ �m``|
Subleading pair (m34) remaining SFOC lepton pair with smallest |mZ �m``|

Event selection (at most one quadruplet per event)
Mass requirements 50 GeV< m12 < 106 GeV and 12 GeV < m34 < 115 GeV

Lepton separation �R(`i, `j) > 0.1
Lepton/Jet separation �R(`i, jet) > 0.1
J/ veto m(`i, `j) > 5 GeV for all SFOC lepton pairs

Mass window 105 GeV < m4` < 160 GeV

If extra lepton with pT > 12 GeV Quadruplet with largest matrix element value

  selection and fiducial region H → ZZ* → 4ℓ
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Cross section [fb] Data ( ± (stat.) ± (syst.) ) Standard Model prediction p-value [%]
�4µ 0.81 ±0.12 ±0.03 0.90(5) 46
�4e 0.62 ±0.17 ±0.05 0.90(5) 14
�2µ2e 0.74 ±0.15 ±0.05 0.80(4) 67
�2e2µ 1.01 ±0.15 ±0.03 0.80(4) 15
�4µ+4e 1.43 ±0.21 ±0.05 1.81(10) 10
�2µ2e+2e2µ 1.75 ±0.21 ±0.06 1.61(9) 51
�sum 3.18 ±0.31 ±0.11 3.41(18) 49
�comb 3.28 ±0.30 ±0.11 3.41(18) 67

�tot [pb] 53.5 ±4.9 ±2.1 55.7(28) 66

  cross-section H → ZZ* → 4ℓ
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Object particle-level detector-level

Photons ET > 0.35/0.25 ⇥ m��  same

|⌘ | 2 [0, 1.37] [ [1.52, 2.37]  same

tight identification (shower shapes)
E

iso

T
(�R < 0.2, pT > 1 GeV, charged) < 0.05ET E

iso, track

T
(�R < 0.2, pT > 1 GeV) < 0.05ET

E
iso, calo

T
(�R < 0.2) < 0.065ET

Leptons dressed with photons in �R < 0.1

|z0 sin ✓ | < 0.5 mm ^ |d0/�(d0) | < 5(e)/3(µ)
pT > 15 GeV  same

e: |⌘ | 2 [0, 1.37] [ [1.52, 2.47]  same

µ: |⌘ | 2 [0, 2.7]  same

medium identification requirements
calorimeter and track-based isolation

Jets anti-kt R = 0.4 (excluding ⌫, `, X  H) anti-kt R = 0.4 particle-flow

pT > 30 GeV  same

|y | < 4.4  same

tight-JVT for jets with |⌘ | < 2.5 and pT < 60 GeV

b-jets jets with |⌘ | < 2.5 and b-hadron of pT > 5 GeV

within �R < 0.4
jets passing the DL1r b-tagging at 70% e�ciency

E
miss

T

P
pT of neutrinos not from hadrons �P pT of selected �, `, jets + soft tracks from

primary vertex

 selection and fiducial regionH → γγ
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Fiducial region Measured [fb] SM prediction [fb] 95% CLs upper limit [fb] p-value

± stat ± sys

Diphoton 67 ± 5 ± 4 64 ± 4 - 69%

VBF-enhanced 1.8 ± 0.5 ± 0.3 1.53 ± 0.10 - 64%

Nlepton � 1 0.81 ± 0.23 ± 0.06 0.59 ± 0.03 - 36%

High E
miss

T
0.28 ± 0.27 ± 0.07 0.302 ± 0.017 0.85 93%

tt̄H-enhanced 0.53 ± 0.27 ± 0.06 0.60 ± 0.05 1.13 79%

Total 132 ± 10 ± 8 126 ± 7 - 69%

 cross-sectionH → γγ
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Figure 1: Acceptance factors for the extrapolation from the fiducial to the total phase space for the � ! WW decay
channel (red) and the � ! //

⇤ ! 4✓ decay channel (blue), for (a) Higgs boson transverse momentum ?
�
T , (b)

Higgs boson rapidity |H� |, (c) number of jets #jets with ?T > 30 GeV, and (d) transverse momentum of the leading
jet ?lead. jet

T , including systematic uncertainties. The first bin in the ?
lead. jet
T distribution corresponds to the 0-jet bin

in the #jets distribution, as indicated by the black vertical line. For ?�T and ?
lead. jet
T , the acceptance factors are shown

for the merged binning used in the combined results.

6

 and  acceptance H → ZZ* → 4ℓ H → γγ
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Interpretations with shape and normalisation
• Interpretation of  and  with shape only and shape + normalisationκb κc

shape only shape + normalisation
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Selection Detector-level Particle-level

Leptons

No electrons or muons
pT > 7GeV

Electrons Muons

|⌘| < 2.47 |⌘| < 2.7
LooseLH Loose

|d0/�d0
| < 5 |d0/�d0

| < 3
|z0 sin ✓| < 0.5mm |z0 sin ✓| < 0.5mm

Loose track-isolation

No electrons or muons
pT > 7GeV

Electrons Muons

|⌘| < 2.47 |⌘| < 2.7

Hadronic ⌧

pT > 20GeV
|⌘| < 1.37 or 1.52 < |⌘| < 2.5

Medium
⌧ -labelled central jets

Anti-kt R = 0.4 Jets

From topological clusters
� 2 central jets

Central Forward

pT > 20GeV pT > 30GeV
|⌘| < 2.5 2.5 < |⌘| < 4.5

From collider-stable particles
� 2 central jets

Central Forward

pT > 20GeV pT > 30GeV
|⌘| < 2.5 2.5 < |⌘| < 4.5

b-jets 2 b-tagged central jets, MV2 (70% e�ciency) 2 b-labelled central jets
At least one b-jet with pT > 45GeV At least one b-labelled jet with pT > 45GeV

Jet categories Two, with exactly 2 and 3 jets One, with 2 or 3 jets

Overlap removal Between e, µ, ⌧ and jets Remove e/µ within �R = 0.4 of a jet, remove ⌧ -labelled jets

E
miss
T

Negative vectorial sum of pT of
jets, leptons, taus and photons
plus a track-based soft term

> 150GeV

Negative vectorial sum of pT of all
stable interacting particles with |⌘| < 5,

including muons with pT > 6GeV
> 150GeV

HT > 120GeV (2 jets), > 150GeV (3 jets) > 120GeV (2 jets), > 150GeV (3 jets)
min��( ~Emiss

T ,~j) > 20� (2 jets), > 30� (3 jets) > 20� (2 jets), > 30� (3 jets)

��( ~Emiss
T ,~b1 +~b2) > 120� > 120�

��(~b1,~b2) < 140� < 140�

��( ~Emiss
T , ~p

miss
T ) < 90� �

E
miss
T regions

150GeV  E
miss
T < 250GeV

E
miss
T � 250GeV

150GeV  E
miss
T < 250GeV

E
miss
T � 250GeV

  selection and fiducial region VH(H → bb̄)


