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Outline

H → ZZ*, H → 𝛾𝛾 and H → WW* 
 Higgs mass / width  

 Production mode cross sections in 
Simplified Template Cross Section 
(STXS)   

 Differential fiducial cross section 

 Higgs self coupling and anomalous 
coupling 

Also discuss: 

 Higgs to invisible decays 

 Rare decays
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Run 1: 25 fb-1 at √s = 7, 8 TeV 
Run 2 : 140 fb-1 at √s = 13 TeV
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 [GeV]Hm

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1
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Run 2 mass measurement:  

H → 𝛾𝛾 systematic dominated - main 
source photon energy scale  

 H → 4ℓ (H→ 4e,  4𝜇, 2e2𝜇 and 2𝜇2e) 
statistics dominated  

Direct measurement of Higgs width 𝛤H : Run 1  
H → 4ℓ (H → 𝛾𝛾) (PRD 90, 052004):  

𝛤H < 2.6 (5.0) GeV at 95% C.L 

Indirect measurement of 𝛤H : Compare on-shell 
and off-shell rates, and assuming the 
couplings of on-shell and off-shell are the 
same:  

𝛤H   < 14.4 MeV (PLB 786 (2018) 223)
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6.3 Systematic uncertainties on top-quark events

Theory uncertainties on extrapolating top-quark processes
from the control region to the signal region in the WW →
eν µν channel are also evaluated using methods similar to
those of Ref. [58]. For the evaluation of the extrapolation
uncertainties, the signal region requirements are relaxed to
increase the sample size; the region is extended down to
R8 > 160 GeV and the "ηℓℓ requirement is dropped. The
extra uncertainty from this extension is checked in a separate
sample with at least one b-tagged jet, again defined so as to
reduce the statistical uncertainties, which is simultaneously
re-weighted in "ηℓℓ and R8 to match the b-vetoed region.
With this b-tagged sample, the extra uncertainty from the
removal of the "ηℓℓ requirement, and from extending the
range in R8, is found to be 3.5 %.

The method described in Sect. 6.2 is used to evaluate the
systematic uncertainties on top-quark processes. Since the
extended signal region covers the WW CR, the same sys-
tematic uncertainties are valid for the extrapolation from the
top CR to the WW CR. These uncertainties, summarised
in Table 2, are applied to both t t̄ and single-top processes,
which make up approximately 22 % of the top background
in the signal region. A 20 % uncertainty is assigned to the
single-top processes in order to take into account the uncer-
tainty on the single-top fraction; the impact on the result is
negligible.

6.4 Experimental systematic uncertainties

For the Z Z → 4ℓ analysis, the same sources of experimen-
tal uncertainty as in Ref. [55] are evaluated. In the off-shell
Higgs boson region, the leptons come from the decay of on-
shell Z bosons; hence the lepton-related systematic uncer-
tainties are small compared to those for the leptons from
on-shell Higgs boson production. The leading, but still very
small, experimental systematic uncertainties are due to the
electron and muon reconstruction efficiency uncertainties.

Similarly, for the 2ℓ2ν channel, the same sources of exper-
imental uncertainty as in Ref. [20] are evaluated. The electron
energy scale, electron identification efficiency, muon recon-
struction efficiency, jet energy scale, and systematic uncer-
tainties from the data-driven Z background estimates are the
main sources of the experimental systematic uncertainties.
These experimental uncertainties affect the expected sensi-
tivity of the µoff-shell measurement only at the percent level.

Finally, for the WW → eν µν channel, the same sources
of experimental uncertainty as in Ref. [58] are evaluated.
The uncertainty on the electron energy scale, followed by
the uncertainty on the rate for mis-tagged light-flavour jets
as b-jets, and the uncertainty on the jet energy scale and reso-
lution, are the dominant experimental sources of uncertainty.

The remaining experimental sources are significantly smaller
than the theoretical uncertainties.

The uncertainty on the integrated luminosity is 2.8 %. It
is derived, following the same methodology as that detailed
in Ref. [63], from a preliminary calibration of the luminos-
ity scale derived from beam-separation scans performed in
November 2012.

7 Results

In this section the results for the Z Z → 4ℓ, Z Z → 2ℓ 2ν

andWW → eν µν analyses are presented and translated into
limits on the off-shell signal strengthµoff-shell for the individ-
ual analyses and for the combination of all three channels.
In a second step, the off-shell analyses are combined with
the on-shell Z Z∗ → 4ℓ [55] and WW ∗ → ℓνℓν [58] anal-
yses based on the 8 TeV data taken in 2012. In combining
the Z Z and WW channels it is assumed that the ratio of the
Z Z cross-section σ gg→H (∗)→Z Z (ŝ) to the WW cross-section
σ gg→H (∗)→WW (ŝ) (and similarly for VBF) is as predicted in
the SM for both the on- and off-shell processes.

Two different off-shell combinations are presented based
on different assumptions. First, a single off-shell signal
strength parameter is applied for all production modes. This
is equivalent to assuming that the ratio of the off-shell pro-
duction rates via the process gg → H to those via the VBF
process are as predicted in the SM. In a second combination,
only the off-shell signal strength of the gg → H∗ → VV
production process is considered while the VBF production
process is fixed to the SM prediction. In this case the com-
bined signal strength µ

gg→H∗→VV
off-shell can be interpreted as a

constraint on the off-shell coupling strength κg,off-shell asso-
ciated with the gg → H∗ production mode.

The combination with the on-shell analyses is also per-
formed under two assumptions that correspond to different
interpretations of the results. The first is performed using
different signal strengths for the gg → H (∗) and the VBF
production modes.6 The parameter of interest is described by
the ratio of the off-shell to the on-shell signal strengths, which
can be interpreted as the Higgs boson total width normalised
to its SM prediction: µoff-shell/µon-shell = 'H/'SM

H . This
interpretation requires that the off- and on-shell couplings are
the same for both gg → H (∗) and VBF production modes
(i.e., κg,on-shell = κg,off-shell and κV,on-shell = κV,off-shell

7).
In a second combination, the coupling scale factors κV =

6 In all results the signal strength for V H associated production is
assumed to scale with VBF production while the bb̄H and t t̄ H pro-
cesses scale with the gg → H process. These additional production
modes are expected to give negligible contributions to the off-shell mea-
surements, but have small contributions to the on-shell signal yields.
7 To set an upper limit, the assumption in Eq. (3), and the equivalent
assumption for the VBF production mode, is sufficient.

123

H(*) → ZZ → 4ℓ 
H(*) → ZZ → 2ℓ2𝜈

https://www.sciencedirect.com/search?pub=Physics%20Letters%20B&cid=271623&volume=784&page=345&show=25&sortBy=relevance
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
https://www.sciencedirect.com/search?pub=Physics%20Letters%20B&cid=271623&volume=786&page=223&show=25&sortBy=relevance


Run 2, 36 fb-1 : combining  H→ 4e,  4𝜇 and 2e2𝜇 

(main systematic: uncertainty in the lepton 
momentum scale)

CMS: Higgs mass and width
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 (13 TeV)-135.9 fbCMS

mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV

JHEP 11 (2017) 047

 Model independent 𝛤H  measurement using  on-shell 
production  in 105 < m4ℓ < 140 GeV: 

 𝛤H < 1.1 GeV at 95% C.L.

 Best limit on 𝛤H (arXiv:1901.00174) from  indirect 
measurement:  𝛤H < 9.16 MeV at 95% C.L.
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Observed
Expected
Observed, 2016+2017
Expected, 2016+2017

 (13 TeV)-1 (8 TeV) + 77.5 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS

68% CL

95% CL

H* → ZZ → 4ℓ

https://link.springer.com/content/pdf/10.1007/JHEP11(2017)047.pdf
https://arxiv.org/abs/1901.00174


Simplified Template Cross Section (STXS) 

 The goal with STXS  method: 
Maximise sensitivity of 
measurements 

Minimise their dependence on the 
theory  

 Categorise events in exclusive phase 
space regions (signal templates) in 
different production modes (ggF, VBF, 
VH, ttH)  

 STXS allows to combine different 
decay channels from LHC 
experiments  

 Higgs boson properties are measured 
with 36 fb-1 - 137 fb-1  (√s = 13 TeV) for 
Higgs boson rapidity |yH| < 2.5
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Stage 0

arXiv:1605.04692arXiv:1610.07922

Stage 1

https://arxiv.org/abs/1605.04692
https://arxiv.org/abs/1610.07922


 H →4ℓ: Four-lepton Invariant mass distribution
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 4l→ ZZ* →H 

-113 TeV, 79.8 fb

ATLAS-CONF-2018-018  

 Small branching fraction (0.0124% at mH = 125 GeV), final states are fully reconstructable,  

S/B better than 2 

 Backgrounds: (irreducible estimated from simulation) production of ZZ via qq annihilation or 
gluon fusion, (reducible estimated from data) Z+ jets, tt+jets, Z𝛾+jets, WW+ jets, and WZ+ jets
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Signal region  
[115-130] GeV

Signal region 
[118-130] GeV

 Cross sections are extracted by minimising twice the negative logarithm of the profile 
likelihood ratio (-2 ln 𝛬) 

 BDT is trained to separate the production mode from the others

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
https://link.springer.com/content/pdf/10.1007/JHEP11(2017)047.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html


H → 𝛾𝛾: Diphoton invariant mass distribution

 Small branching fraction (0.23% at mH = 125.09 GeV), final states are fully 
reconstructable, look for a narrow peak on a smooth background 

 Backgrounds: SM diphoton production or 𝛾+jets, jet+jets (estimated from data)
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Signal plus background model fit for the sum of all categories, and the 
residual plot after subtracting the background
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Stage 0 - |y

ATLAS Preliminary Expected SM

Observed: Stat + Sys

SM Prediction

ATLAS: Production mode cross sections from  
H →4ℓ and H → 𝛾𝛾  (Stage 0)

 Measured σ × B in different productions mode   

 Events split in 11 (4ℓ)  and 29 (𝛾𝛾) categories 
 Good agreement with ggF and VH and σVBF × B is 1.8𝜎 higher than SM prediction (in 4ℓ), 
evidence of ttH(H → 𝛾𝛾 ) with 4.9𝜎 observed significance
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CMS: Production mode cross sections from  
H →4ℓ and H → 𝛾𝛾 (Stage 0)
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http://dx.doi.org/10.1007/JHEP11(2018)185
https://link.springer.com/article/10.1007/JHEP11(2017)047
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-029/index.html


ATLAS: Production mode cross sections from  
H →4ℓ and H → 𝛾𝛾 (Stage 1)
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 In all regions, measurements are consistent with SM predictions 

 Due to finer categorisation, measurements in stage 1 are statistics limited 

 Stage 1 theoretical uncertainties are smaller than Stage 0

See talk by S. Tsuno for the details of ATLAS combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
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CMS: Production mode cross sections from  
H →4ℓ (Stage 1.1) and H → 𝛾𝛾 (Stage 1)
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for 4ℓ (𝛾𝛾) ⇒ split to improve sensitivity  

 𝛾𝛾 (77.4 fb-1) with 24 event categories 
 Bins are merged due to limited statistics 

 Cross section ratios are constrained to be positive

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-029/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html


ATLAS H → WW*: Production mode cross sections
 Inclusive cross section measurements of  σ × B(H → WW*) → e𝜈𝜇𝜈 at 36 fb-1 

via ggH and VBF 

 Three main categories: 0jet and 1jet (ggF) and 2jet (VBF). Finer categorisation 
of 0jet & 1jet based on mℓℓ and  sub-leading lepton pT
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σggF × B = 11.4+1.2
−1.1(stat)+1.2

−1.1(th.)+1.4
−1.3(syst) pb

σggF × B = 10.4 ± 0.6 pb (SM prediction)

σVBF × B = 0.50+0.24
−0.22(stat) ± 0.10(th.)+0.12

−0.13(syst) pb
σVBF × B = 0.81 ± 0.02 pb (SM prediction)

https://www.sciencedirect.com/search?pub=Physics%20Letters%20B&cid=271623&volume=789&page=508&show=25&sortBy=relevance
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 Higgs properties H → WW* → 2ℓ2𝜈 at 36 fb-1 (different and same lepton flavours 
are considered)
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−0.07(th.)

The best fit  values for the two coupling modifiers are used in:
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 ATLAS: Differential fiducial cross section 

 Differential cross section as a function of  Higgs pT , Njet , (for 𝛾𝛾 
mode also |y𝛾𝛾| and Jet PT ) are measured 

 High Higgs pT region is sensitive to pQCD and new physics 

 Njet is sensitive to QCD and composition of the production modes
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σfid,𝛾𝛾 = 60.4 ± 6.1(stat.) ± 6.0(exp.) ± 0.3(th.) fb
σSM,𝛾𝛾 = 63.5 ± 3.3 fb

σfid,4ℓ  = 4.04 ± 0.41(stat.) ± 0.22(syst.) fb 

σSM,4ℓ = 3.35 ± 0.15 fb

Ni : signal yield from data 

ci: correction factor for 
detector efficiency and 
resolution effect 

𝛥xi: bin width 

L : integrated luminosity

Normalisation to the N3LO listed in K-factor 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/


CMS: Differential fiducial cross section
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σfid,γγ = 84 ± 11(stat.) ± 7(syst.) fb
σSM,γγ = 73 ± 4 fb

 Differential cross section as a function of  Higgs pT , Njet , |yH| and Jet PT  are 
measured (for 𝛾𝛾, measurement is done for jet kinematics)

H → 4ℓ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html
http://arxiv.org/abs/1807.03825


κλ =
λHHH

λSM
HHH

ATLAS: Higgs self coupling

 Higgs boson trilinear self coupling (𝜆HHH) contributes at NLO EW 
via Higgs self energy loop corrections and additional diagrams 

 Indirect constraint is set to 𝛌HHH from single Higgs  

 Global fit to single H decays: H → 𝛾𝛾, H → ZZ*, H → WW*, H 
→𝜏𝜏  and VH (H →bb) to extract 𝜅𝜆  

 Luminosity ranging from 36.1 fb-1 to 79.1 fb-1
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CMS: Higgs anomalous coupling 
 Search for anomalous Higgs boson couplings to electroweak vector bosons with the H→4ℓ (𝜙) 
and H→𝞃𝞃 (CMS-HIG-17-034) decay channels in VBF and VH using data from Run 1 (25 fb-1) 
and Run 2 (80 fb-1) 

 HVV amplitude:
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a2: CP-even interaction 
a3: CP-odd interaction (pure pseudo-scalar)  
𝛬1: leading momentum expansion
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html
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Higgs decay to invisible

Search for H → invisible (select events with large missing transverse 
momentum) 

ATLAS: V(had)H, Z(ℓℓ)H,  and VBF 

CMS: ggF, VH and VBF  

 Indirect limits on the spin-independent DM-nucleon scattering cross 
section in Higgs-portal models 

 In EFT, assume WIMP is either fermion or boson and use fN =  
0.308±0.018
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Rare decays 
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-025/index.html
https://www.sciencedirect.com/search?pub=Physics%20Letters%20B&cid=271623&volume=786&page=134&show=25&sortBy=relevance


Summary

 Higgs discovery channels are investigated using pp collision data 
with integrated luminosity between 36 fb-1 and 137 fb-1 at √s = 13 
TeV (LHC Run 2)  

 Four main production mechanisms are observed 
 Differential cross sections are measured  
 Possible BSM contributions are explored 

 So far, all the results are in agreement with the SM predictions 

 ATLAS and CMS continue to improve the results and search for 
deviations from SM with the full LHC Run 2 data (~140 fb-1)

 20



BACKUP

 21



Higgs Production at LHC
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Higgs Production at LHC
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Branching fraction at mH = 125.09 GeV: 
WW:  21%, ZZ:  2.64% 
    Z𝛾: 0.2%  𝛾𝛾:  0.2%

 H→ WW* 
 High branching fraction 

 Poor mass resolution and 
large background   

 H→ ZZ*→4ℓ  and H → (Z/𝛾)𝛾 
decays 

 Small branching fraction  
 Final states are fully 
reconstructable 

 S/B better than 2 
 Look for a narrow peak  on a 
smooth background



ATLAS: 11 H →ZZ* →4ℓ categorise
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ATLAS: H → 𝛾𝛾  29 categories

 25



Differential fiducial cross section
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CMS: Combination of Production Cross Section
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ATLAS: Rare decays
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m
µ
+
µ
� mass range [GeV]

Observed (expected) background Z signal H signal

m
µ
+
µ
�
�
mass range [GeV] for for

81–101 120–130 B = 10
�6 B = 10

�3

J/ � 2.9–3.3 92 (89 ± 6) 20 (23.6 ± 1.3) 13.7 ± 1.1 22.2 ± 1.9

 (2S) � 3.5–3.9 43 (42 ± 5) 8 (10.0 ± 0.8) 1.82 ± 0.14 2.96 ± 0.25

⌥(1S) � 9.0–10.0 115 (126 ± 8) 9 (13.6 ± 1.2) 7.8 ± 0.6 10.7 ± 0.9

⌥(2S) � 9.5–10.5 106 (121 ± 8) 8 (12.6 ± 1.4) 5.9 ± 0.5 8.1 ± 0.7

⌥(3S) � 10.0–11.0 112 (113 ± 8) 7 (10.6 ± 1.2) 7.1 ± 0.6 9.2 ± 0.8

 ATLAS: Branchings fraction of  H → J/𝜓(𝜓(2S)) 𝛾 and H → 𝛶(nS)𝛾  n=1,2,3 and J/𝜓 → 𝜇𝜇,  
𝛶(nS) → 𝜇𝜇  with 36 fb-1



ATLAS - Higgs self-coupling

KEW - accounts for the complete NLO EW correction of the 
production cross section for the process i in the SM hypothesis 

C1 is a process and kinematics-dependent linear coefficient that 
provides the sensitivity of the measurement to 𝜅𝜆
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