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! Report today on final Run 2 results the individual fiducial measurements:  
" H ➞ 4l  Eur. Phys. J. C 80 (2020) 942   Nov 2020 

" H ➞ 𝛄𝛄 Submitted to JHEP                   Feb 2022 

! and their combination: 
" CERN-EP-2022-143  *NEW*  

! H4l and H𝛄𝛄 are fully-resolved high-resolution Higgs decay channels 

" See refs for details of each channel

H➞ZZ*➞4l (H4l) and H➞γγ (H𝛄𝛄) channels
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! Cross sections and kinematic distributions are measured in space defined by 
the detector acceptance (fiducial region) 

" Includes minimum physics assumptions 

" Allows for easy comparison of physics models today and in the future 

# Tradeoff some precision relative to reco-level measurements for “longevity” of data 

! Measurements are corrected for detector response (unfolding) 
" Response matrix unfolding is included in the likelihood fit  

# past measurements used bin-by-bin 

! To combine two decay channels, e.g. H ➞ 4l and H ➞ 𝛄𝛄, one must “correct”/“unfold” to the full 
phase space since fiducial regions are different (acceptance + BR) 

" Requires assumption on acceptance correction from fiducial to full phase space (acc ~50%) 

" But of course, combining the two results improves statistical precision

Inclusive and differential fiducial measurements
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Higgs production in full phase space: 
hard scatter + parton shower

fiducial region: 
  particle-level selection 
close to final selection

selected events at reconstructed level
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! To “extract” distributions in fiducial volume, one uses a response matrix Rtruth_reco to 
map reco to truth accounting for bin migrations 

! An important point is to adjust the “bin sizes” to limit bin migration in truth <-> reco 
" This limits the “inflation” of the statistical uncertainty in transformation of reco to truth 

# little migration for Higgs variables (pT, decay, masses),  
# larger for jet-related due to resolution

A word on “unfolding”
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! Most measurements are “inclusive” of production mode => dominated by ggF 

! Total cross sections:  
" in fiducial phase space for H4l and H𝛄𝛄, total phase space for combined 

! Common distributions H4l and H𝛄𝛄: 

" Higgs: pT, |y|, pT vs |y|,        Jets: Njets, Nb-jets, pTj1,       VBF:  mjj, |Δηjj|, Δφjj  

! Distributions specific to H4l: 
" Z masses: m12, m34, decay angles (masses most sensitive to BSM) 

! Distributions specific to H𝛄𝛄: 

" pT𝛄1/m𝛄𝛄, pT𝛄2/m𝛄𝛄, additional 1-jet and 2-jet variables 

" Has fiducial phase spaces for VBF, VH and ttH 

! Interpretations: 
" H4l: anomalous couplings to H and Z (Pseudo Observables Framework)  

" H𝛄𝛄: EFT constraints on Warsaw-basis couplings with pT𝛄𝛄, Njets, pTj1, mjj, Δφjj distributions 

" Combined: constraints on c- and b-quark Yukawa couplings

Cross sections, distributions and interpretations
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! Predictions for comparison: (see HIGG-2019-13 for details) 
" ggF: (~90% of x-sec) 

# NNLOPS - normalized to N3LO (default) 
# MG5 FxFx - normalized to N3LO 
# HRes 2.3 - normalized to N3LO 
# RadISH + NNLOJet, MATRIX+RadISH 
# SCETlib + MCFM8 
# Sherpa + MCFM + OpenLoops 

" Others production modes use state-of-the-art generators, 
and normalized to NNLO for VBF,VH and NLO for ttH,bbH 
# labelled: XH = VBF+WH+ZH+ttH+bbH  (~10% of x-sec) 

" Normalizations all include EW corrections

Inclusive and differential fiducial measurements
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
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! Total x-sec for H4l and H𝛄𝛄 in fiducial phase space, and  

! Total combined x-sec is full phase space

Total cross sections
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13 TeV x-sec Obs uncert SM uncert Obs/SM

H4l fid (fb) 3.28 ± 0.32 10 % 3.41 ± 0.18 5 % 0.96 ± 0.11

H𝛄𝛄 fid (fb) 67 ± 6 9 % 64 ± 4 6 % 1.05 ± 0.11

Comb tot (pb) 55.5+4.0-3.8 7 % 55.6 ± 2.8 5 % 1.00 ± 0.09

Total cross section vs √s

13 TeV x-sec full uncertainties: 
55.5 ± 3.2 (stat) +2.4-2.2 (sys) 
statistics dominated
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! Higgs pT probes the QCD modeling of the ggF production mechanism: 
" low pT: soft/collinear QCD emission (resummation) 

" high pT: H + ≥1 jet (Fixed order calc) can expect BSM effects at high pT 

" => jet diff distributions can help constrain calculations for Higgs pT  (see backup pTj1 vs pTj2)

Higgs pT - H4l and H𝛄𝛄 separately

8

0

1

2

  [
fb

/G
eV

]
γγ Tp

 / 
d

fid
σd

  ATLAS -1 = 13 TeV, 139 fbs, γγ→H

Data, tot. unc. Syst. unc.

XH default MC + H→gg

tH+bbH+ttH+VH = VBF+XH

XH SCETlib::qT + H→gg

XH + RadISH+NNLOJET H→gg

XH ResBos2 + H→gg

XH + (2005.07762) LHCHWG H→gg

  [GeV]γγ

T
p

0

0.5

1

1.5

2

R
at

io
 to

 d
at

a

0 5 10 15 20 25 30 35 45 60 80 100 120 140 170 200 250 300 450 650 13000

H4l
H𝛄𝛄

p-values >50 %

p-values >6 %

p-values 10-15 %



7 July 2022

Higgs pT - combined
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yH (rapidity)
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Njet and pTleading jet
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Jet distributions to test perturbative QCD modeling of the ggF production 
mechanism, and contributions of other production modes

Njet and pTpleading jet precision: 20-30% 
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Δφjj - asymmetry indicates CP-odd coupling

12

0

0.2

0.4

0.6

  [
fb

]
jj
φ

Δ
 / 

d
fid
σd

  ATLAS
-1 = 13 TeV, 139 fbs, γγ→H

Data, tot. unc. Syst. unc.

XHVBF default MC + 

tH+bbH+ttH+VH = ggH+XH

XHVBF proVBF NNLO + 

VBF fiducial region

jj
φΔ

0

1

2

R
at

io
 to

 d
at

a
π- /2π- 0 /2π π

2−10

1−10

1

10

) 
[f

b
/r

a
d

]
jjφ

Δ
/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 = 29%p

-value NNLOPS = 55%p

0.5
1

1.5
2

T
h
e
o
ry

/D
a
ta

 1≤ jetsN  0
2
π π

2
π3 π2

 [rad]
jj
φΔ

0.5

1

1.5

M
C

N
/N

H4l
H𝛄𝛄

H4l - in inclusive fiducial phase space H𝛄𝛄 - in VBF-specific  fiducial phase 
space (mjj > 600 GeV, |Δyjj| > 3.5)



7 July 2022

NLOEW contributions to H4l decay
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https://arxiv.org/abs/0604011
https://arxiv.org/abs/1503.07394
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BSM limits: m12 vs m34 Pseudo Observables

14

Bin 0 Bin 1 Bin 2 Bin 3 Bin 4

34 vs. m12m

0

20

40

60

80

100

120

140

160

180

E
ve

n
ts

50 60 70 80 90 100 110

 [GeV]12m

10

20

30

40

50

60 [
G

e
V

]
3

4
m

Data

Signal

Background

Bin 0

Bin 1

Bin 2

Bin 3

Bin 4

Data

Higgs (125 GeV)

ZZ*

tXX, VVV 

tZ+jets, t

Uncertainty

ATLAS
 4l→ ZZ* →H 

-1 = 13 TeV, 139 fbs
 < 130 GeV4lm115 < 

0

0.5

1

1.5

2

2.5

3

 [
fb

]
3
4

md
1
2

m
/d

σ
2 d

Data
Syst. uncertainties

 = 1.47, +XHKMG5 FxFx 
 = 1.1, +XHKHto4l 

 = 1.1, +XHKProphecy 
 = 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 = 61%p

-value Hto4l = 75%p

-value Prophecy = 75%p

-value NNLOPS = 59%p

0.5
1

1.5
2

2.5

T
h

e
o

ry
/D

a
ta

Bin 0 Bin 1 Bin 2 Bin 3 Bin 4

34m  vs.12m

0.5

1

1.5

M
C

N
/N

Lε
0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2

Rε

0.2−

0

0.2

0.4

0.6

0.8 ATLAS

 4l→ ZZ* →H 
-1 = 13 TeV, 139 fbs

Best Fit p-value: 0.66

Best Fit

68% CL.

95% CL.

SM

Lε
0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

Z
Z

κ

1.5−

1−

0.5−

0

0.5

1

1.5

2

2.5
ATLAS

 4l→ ZZ* →H 
-1 = 13 TeV, 139 fbs

Best Fit p-value: 0.64

Best Fit

68% CL.

95% CL.

SM

pseudo-observables 
(arXiv:1504.04018): 
𝜀L, 𝜀R : contact interaction 
couplings for left- and right-
handed leptons to Higgs boson 

𝛋ZZ modifies the H to Z coupling

5 regions of m12 vs m34 plane

reconstructed events
unfolded events

SM

SM

𝜀L vs 𝜀R 
𝜀L vs 𝛋ZZ 

H4l

https://arxiv.org/abs/1504.04018


7 July 2022

Constraints on b- and c-quark Yukawa couplings via pTH
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! Final Run 2 results for fiducial cross sections and 
distributions are now available for H->ZZ*->4l and H->𝛄𝛄 
decay channels, as well as their combination 
" allowing tests of the SM Higgs production and QCD modeling 

! The combine Higgs production cross section is measured 
to be: 55.5 ± 3.2 (stat) +2.4-2.2 (sys) pb (SM: 55.6 ± 2.8 pb) 

! Example interpretations for Pseudo-observables (H4l) 
and c- and b-quark couplings (combined) have been shown 

! All measurements are statistics limited, indicating that 
precision will continue to improve with more data 

! All measurements are compatible with the SM

Summary
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Number of b-jets
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with b-jet:  6.8 ± 3.2 % 
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pTleading jet vs pTsubleading jet
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EFT constraints with H𝛄𝛄 differential distributions

20

Constraints on Wilson coefficients in 
Warsaw basis (SMEFT) 

Using distributions: pT𝛄𝛄, Njets, pTj1, mjj, Δφjj 

x-sec contain:  
  linear interference terms constraining CP-
odd couplings 
  quadratic terms constraining CP-even 
couplings 

cHG, cHGtil affect ggF x-sec 
cHW, cHB, cHWB affect VBF/VH x-sec but 
more importantly the B𝛄𝛄 

Δφjj is the sensitive distribution for CP-odd 
constraints 
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