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1. Focus on production cross sections & couplings from the combination of single Higgs boson measurements 
in CMS with Run 2 data (138 fb-1 at 13 TeV)

Results included in the combination:

Combination released in Nature in July 2022

Prod/decay ggH qqH VH ttH/tH

H➝𝛾𝛾 ✓ ✓ ✓ ✓
H➝ZZ ✓ ✓ ✓ ✓

H➝WW ✓ ✓ ✓ ✓
H➝𝜏𝜏 ✓ ✓ ✓ ✓
H➝𝑏$𝑏 ✓ ✓ ✓* ✓*

H➝𝜇𝜇 ✓ ✓ ✓ ✓
H➝𝑐 ̅𝑐
H➝Z𝛾 ✓ ✓ ✓ ✓
H➝inv. ✓ ✓ ✓

Individual results already presented by Matteo Bonanomi
* not using full stat.

[N
ature 607, 60-68 (2022)]

https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
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Prod/decay ggH qqH VH ttH/tH

H➝𝛾𝛾 ✓ ✓ ✓ ✓
H➝ZZ ✓ ✓ ✓ ✓

H➝WW ✓ ✓ ✓ ✓
H➝𝜏𝜏 ✓ ✓ ✓ ✓
H➝𝑏$𝑏 ✓ ✓ ✓* ✓*

H➝𝜇𝜇 ✓ ✓ ✓ ✓
H➝𝑐 ̅𝑐 ✺ ✺
H➝Z𝛾 ✓ ✓ ✓ ✓
H➝inv. ✓ ✓ ✺ ✺

2. Highlight two recent results not included in the 
combination:

• H➝𝑐 ̅𝑐, VH and boosted ggH 
• H➝invisible, in association with a pair of top quarks 

or a vector boson

Other recent results from CMS described by other 
speakers:
• Simplified template cross section for VH𝑏$𝑏: Saswat 

Mishra
• BSM searches (X➝HY➝𝑏$𝑏𝛾𝛾, H➝AA➝ 𝛾𝛾𝛾𝛾): 

Alexandre Nikitenko
• Double Higgs combination: Roberto Salerno

1. Focus on production cross sections & couplings from the combination of single Higgs boson measurements 
in CMS with Run 2 data (138 fb-1 at 13 TeV)

Results included in the combination:

Individual results already presented by Matteo Bananomi
* not using full stat.

[arXiv:2205.05550, HIG-21-012]

[HIG-21-007]

[HIG-20-001]

[HIG-21-011, arXiv:2209.06197]

[Nature 607, 60-68 (2022)]

http://arxiv.org/abs/2205.05550
https://cds.cern.ch/record/2809929
https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827421
https://cds.cern.ch/record/2815230
http://arxiv.org/abs/2209.06197
https://www.nature.com/articles/s41586-022-04892-x
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Several open questions in particle physics call for a deeper understanding of the Higgs boson
⇒ Test compatibility with the SM, probe possible BSM effects inducing deviations
Individual analyses study specific Higgs boson characteristics 

➔ need to combine them to get a full portrait of the Higgs boson, with reduced uncertainties
Will show today:

• Main Higgs boson production XS and decay BR
• Couplings to fermions and vector bosons

Ingredients: a big step from discovery to Run2!
• Luminosity: 138 fb-1 versus about 10 fb-1

• Increased energy: 13 TeV versus 7/8 TeV
⇒ production cross-sections x 2 to 4

H(125)→ɣɣ

Measurements of Higgs boson production cross sections and couplings in the diphoton decay channel at s√ s  = 13 TeV. J. High Energ. Phys. 2021, 27 (2021)
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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties in the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.

Measurement of the Higgs boson inclusive and differential fiducial production cross sections in the diphoton decay channel with pp collisions at s√ = 13 TeV. Submitted to J. High Energ. Phys. 2022
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Figure 14: Data points (black) and signal-plus-background model fit for the sum of all anal-
ysis categories is shown. Each analysis category is weighted by S/(S+B), where S and B are
the numbers of expected signal and background events, respectively, in a ±1seff mgg window
centred on mH. The one (green) standard deviation and two (yellow) standard deviation bands
show the uncertainties in the background component of the fit. The solid red line shows the
total signal-plus-background contribution, whereas the dashed red line shows the background
component only. The lower panel shows the residuals after subtraction of this background
component.

9.1 Signal strength modifiers

A common signal strength modifier, µ, is defined as the ratio of the observed product of the
Higgs boson cross section and diphoton branching fraction to the SM expectation. It is mea-
sured to be

µ = 1.12+0.09
�0.09 = 1.12+0.06

�0.06 (theo)+0.03
�0.03 (syst)+0.07

�0.06 (stat).

The uncertainty is decomposed into theoretical systematic, experimental systematic, and statis-
tical components. The statistical component includes the uncertainty in the background mod-
elling. The compatibility of this fit with respect to the SM prediction, expressed as a p-value, is
approximately 17%.

In this fit, and in all subsequent fits, mH is fixed to its most precisely measured value of
125.38 GeV [58]. The precise determination of mH and the systematic uncertainties that enter its
measurement are beyond the scope of this analysis. Nonetheless, the dependence of the mea-
sured signal strengths on mH is checked. Profiling mH without constraint, rather than fixing
it to 125.38 GeV, has a small impact on the measured results; the best fit signal strength values
change by 0.7–1.8%. In each case, the change is less than 10% of the measured uncertainty.

Signal strength modifiers for each Higgs boson production mode are also measured. Unlike the

[JHEP 07 (2021) 27]

[Phys. Lett. B 716 (2012) 30]

https://doi.org/10.1007/JHEP07(2021)027
https://www.sciencedirect.com/science/article/pii/S0370269312008581
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Several open questions in particle physics call for a deeper understanding of the Higgs boson
⇒ Test compatibility with the SM, probe possible BSM effects inducing deviations
Individual analyses study specific Higgs boson characteristics 

➔ need to combine them to get a full portrait of the Higgs boson, with reduced uncertainties
Will show today:

• Main Higgs boson production XS and decay BR
• Couplings to fermions and vector bosons

Ingredients: a big step from discovery to Run2!
• Luminosity: 138 fb-1 versus about 10 fb-1

• Increased energy: 13 TeV versus 7/8 TeV
⇒ production cross-sections x 2 to 4

• Detector upgrades: 
New silicon pixel detector → × 2 improvement in
H ➝ 𝑏$𝑏 sensitivity, improved L1 trigger

3.1 Phase 1 Upgrades to the CMS Experiment 5

Current

Upgrade
4 barrel layers

3 barrel layers

Figure 2: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

closer to the interaction point, by 14 mm, at a radius of 30 mm; this will improve the track
impact parameter (IP) resolution. The radius of the outermost layer, now the fourth layer, in-
creases to 160 mm, closer to the Tracker Inner Barrel (TIB) layers; this will reduce the rate of fake
tracks and mitigate future inefficiencies in the TIB. The new detector will have ⇠123M pixels,
almost twice the present system.

The performance of the proposed upgrades to the pixel detector has been studied with a full
GEANT simulation of the CMS detector, using complete descriptions of the detector and beam
pipe geometries and materials. Both the present and new detectors have been simulated, in-
cluding emulation of the ROC signal thresholds and data loss. In these studies, CMS track
reconstruction has not been re-optimized for the new detector nor have the track selection and
the algorithm used for the b-tagging been tuned to the upgrade conditions. The performance
presented for the new pixel detector is therefore likely conservative. Studies have been per-
formed for luminosities of 1034 cm�2 s�1 with 25 ns bunch spacing, used as a reference for
the present detector, 2x1034 cm�2 s�1 with a 25 ns bunch spacing (pile-up of 50) and for the
extreme case of a 100 pile-up corresponding to a 50 ns bunch spacing at the same luminosity.
The performance comparison of the current and new detectors is presented in Fig. 3. It shows
the average efficiency and average rate of fake tracks. Major improvements in the track recon-
struction efficiency are achieved with the new design, resulting from the increased number of
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Figure 3: Average tracking efficiencies (a) and fake rates (b) as a function of pile-up for the tt̄

event selection.

Old: 
3 layers

New:
4 layers  

6.4. Further development for the innermost region 159

b-tagging algorithms. The performance improvements provided by the Phase 1 upgrade also
enhance the b-tagging performance as shown in Fig. 6.25 for a sample of simulated tt̄ events.
Fig. 6.25a shows the detector performance for low instantaneous luminosity and Fig. 6.25b
shows the performance for operation at an instantaneous luminosity of 2 ⇥ 1034 cm�2s�1 with
25 ns bunch spacing. The b-tagging performance of the present detector is seriously degraded
by the large number (⇠ 50) of overlapping interactions in each bunch crossing. The upgraded
detector would reduce the light quark background of the Combined Secondary Vertex Tag by
more than a factor of 6 for a b-efficiency of 60%, or conversely it would mean a relative 40%
improvement in b-tagging efficiency for a fixed fake rate of 1%. The search for new physics fre-
quently involves the identification of multi-b-quark final states. These searches would benefit
by a factor of (1.5)n where n is the number of final state b quarks.
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Figure 6.25: The b quark efficiency of the Combined Secondary Vertex Tag is plotted versus the
light quark (and gluon) efficiency for a sample of tt̄ events in two different luminosity scenarios.
The black points represent the performance of the current tracker and the red points represent
the performance of the Phase 1 upgrade. (a) The instantaneous luminosity is assumed to be
low enough that there are no multiple collisions. (b) The instantaneous luminosity is assumed
to be 2⇥1034 cm�2s�1 with 25 ns bunch spacing.

6.4 Further development for the innermost region
The innermost region of the pixel detector is expected to suffer degradation when the LHC
reaches its high luminosity running in the later stages of Phase 1. The inner layers and rings
have been designed, as described above, to be independently replaceable. An R&D line should
continue for new detector modules with smaller pixel size and other enhanced features. The
most important improvements target the module efficiency, radiation-hardness, and spatial
resolution, aiming not only at better performance, but also more headroom relative to LHC
conditions, or radiation backgrounds, which could exceed our expectations. The new modules
must remain fully compatible with the rest of the Phase 1 mechanics, cooling and electrical
systems.

6.4.1 Frontend electronics and sensors

Development of a new ROC is under consideration using CMOS technology of 130 nm or
smaller. This will enable the engineering of a module with a smaller pixel size and lower read-

[CERN
-LHCC-2012-016,arXiv:2012.14304]

rejection improved 
by x 2 to x 5

https://inspirehep.net/literature/1193236
https://arxiv.org/abs/2012.14304
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⇒ Test compatibility with the SM, probe possible BSM effects inducing deviations
Individual analyses study specific Higgs boson characteristics 

➔ need to combine them to get a full portrait of the Higgs boson, with reduced uncertainties
Will show today:

• Main Higgs boson production XS and decay BR
• Couplings to fermions and vector bosons

Ingredients: a big step from discovery to Run2!
• Luminosity: 138 fb-1 versus about 10 fb-1

• Increased energy: 13 TeV versus 7/8 TeV
⇒ production cross-sections x 2 to 4

• Detector upgrades: 
New silicon pixel detector → × 2 improvement in 
H ➝ 𝑏$𝑏 sensitivity, improved L1 trigger
• Analysis methods: extensive use of machine 

learning in regression and classification algorithms
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Figure 5: Dijet invariant mass distributions for simulated samples of Z(! `+`�)H(! bb) events,
where two jets and two leptons were selected. Distributions are shown before (dotted blue) and after
(solid red) applying the b jet energy corrections. A Bukin function [44] was used to fit the distribution.
The fitted mean and width of the core of each distribution are displayed in the figure.

In addition, a dedicated study was performed to test how well the algorithm performance can309

be transferred from Monte Carlo simulations to the domain of pp collision data. A set of Z bo-310

son candidates decaying to a pair of charged leptons was extracted from pp collisions recorded311

by the CMS experiment in 2017. A standard set of requirements [28, 45] was applied to se-312

lect events with electron or muon pairs compatible with having originated from the decay of313

a Z boson. Events were further required to have at least one b-tagged jet. The jet with the314

largest pT was required to have |h| < 2, while the pT of the dilepton system was required to315

be larger than 100 GeV. The pT balance between the Z boson and the b-tagged jet candidate316

was enforced by requiring that extra jets have a pT less than 30% of the Z pT to suppress events317

with additional hadronic activity. Events satisfying these requirements were used to evaluate318

the agreement between data and MC simulations. In addition, the resolution of the jets was319

measured by extrapolating to zero additional hadronic activity following the methodology de-320

scribed in Ref. [28].321

Figure 6 shows the ratio between the pT of the leading jet and that of the dilepton system for322

events in which the pT of the subleading jet is less than 15 GeV. The left and right panels show323

the distributions obtained before and after applying the DNN-based corrections, respectively.324

It can be seen that the effect of the corrections is to reduce the width of the distribution. Using325

the method detailed in Ref. [28], the double ratio of the relative jet resolution s measured in data326

and in simulated events was found to be 1.1 ± 0.1 before and after applying the DNN-based327

corrections. This validates that the resolution improvement achieved in simulated events is328

successfully transferred to the data domain.329

8 Summary330

We have described an algorithm that makes it possible to obtain point and dispersion estimates331

of the energy of jets arising from b quarks in proton-proton collisions. We trained a deep, feed-332

forward neural network, with inputs based on jet composition and shape information, and333

on properties of the associated reconstructed secondary vertex for a sample of simulated b334

6. Event categorisation 31
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Figure 11: Distributions of BDT-bkg output used for event categorisation, for the leptonic (left)
and the hadronic (right) channels. The upper two plots show events taken from the mgg side-
bands, satisfying either 100 < mgg < 120 GeV or 130 < mgg < 180 GeV. The lower two contain
events from the ttZ control regions, described in the text. The grey region contains BDT-bkg
scores below the lowest threshold for the ttH categories. Statistical (statistical � systematic)
background uncertainties are represented by the black (red) shaded bands.

[Com
puting and Softw

are 
for Big Science 4

(2020) 10]

[Phys. Rev. Lett. 125 (2020) 6, 061801]

b-jet energy regression Bkg rejection for ttH, H➝𝛾𝛾

https://link.springer.com/article/10.1007/s41781-020-00041-z
https://link.springer.com/article/10.1007/s41781-020-00041-z
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
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➔ need to combine them to get a full portrait of the Higgs boson, with reduced uncertainties
Will show today:

• Main Higgs boson production XS and decay BR
• Couplings to fermions and vector bosons

Ingredients: a big step from discovery to Run2!
• Luminosity: 138 fb-1 versus about 10 fb-1

• Increased energy: 13 TeV versus 7/8 TeV
⇒ production cross-sections x 2 to 4

• Detector upgrades: 
New silicon pixel detector → × 2 improvement in
H ➝ 𝑏$𝑏 sensitivity, improved L1 trigger
• Analysis methods: extensive use of machine 

learning in regression and classification algorithms
• Theoretical calculations: a huge leap in precision

ggH cross section prediction

28

Theory

Huge theoretical progress (N3LO-QCD, NNLO Monte Carlos with PS matching, N3LL resummations matched to fixed order, etc.)
Challenge: theoretical uncertainties on signal and backgrounds already important today, will become dominant in many cases
with increased Run 3 and High-Luminosity LHC statistics

Courtesy Grazzini and Kado 

[M
. Kado, G

G
I sem

inars, YR4 arXiv:1610.07922]

https://www.ggi.infn.it/hbhb.html
https://arxiv.org/abs/1610.07922
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Fitting data from all production modes/decay channels with a common signal strength : 𝜇 = !×#$
(!×#$)"#

µ = 1.002 ± 0.057
= 1.002 ± 0.036 (th) ± 0.033 (syst) ± 0.029 (stat)

• At discovery: µ = 0.87 ± 0.23 dominated by statistics
• Full run 1:  µ = 1.00 ± 0.14

= 1.00 ± 0.08 (th) ± 0.07 (syst) ± 0.09 (stat) 

Fourfold improvement in precision with regard to the discovery
Theoretical uncertainty and systematic uncertainty at the same level as the statistical uncertainty

[N
ature 607, 60-68 (2022)]

https://www.nature.com/articles/s41586-022-04892-x


Production modes and decay channels

24/03/2022 Julie Malclès 9

Assuming different scaling for production and decay:

production decay

observation
> 5𝜎

first evidence 3𝜎

observation
> 5𝜎

ttH and tH 
constrained 
separately

small excesses 
with large 
uncertainties

[N
ature 607, 60-68 (2022)]

https://www.nature.com/articles/s41586-022-04892-x


Compatibility with SM within 10% 
Stat. unc ≅ syst unc except 
for kμ and and kZɣ

Couplings, 𝜅 framework 
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64 | Nature | Vol 607 | 7 July 2022

Article

The scattering amplitudes of the processes giving rise to Higgs boson 
pair production through ggH (Fig. 1k,l) are similar in magnitude, but 
have opposite signs and interfere destructively. This makes the overall 
Higgs boson pair production rate small, rendering its experimental 
observation challenging. The SM Higgs boson pair production cross- 
section is calculated for mH = 125 GeV to be 32.76 fb−6.83

+1.95  (refs. 54–56), 
three orders of magnitude smaller than the single Higgs boson 
cross-section.

The search for Higgs boson pair production is performed by 
combining Higgs boson candidates reconstructed from different 
final states57–62. All final states analysed are defined to be mutually 
exclusive so that they could be combined as statistically independent  
observations.

Measurement of the properties of the Higgs boson
At the time of the Higgs boson discovery2,3, the combination of CMS 
data gave an observed (obs.) statistical significance of 5.0 standard 
deviation (s.d.) with an expected (exp.) significance of 5.8 s.d. Indi-
vidually, the most sensitive channels, H → γγ and H → ZZ → 4ℓ, yielded 
4.1 s.d. obs. (2.8 s.d exp.) and 3.2 s.d. obs. (3.8 s.d. exp.), respectively.

Using all the Run 1 data, it was possible to observe separately the 
bosonic decay channels with significances of 6.5 s.d for H → ZZ → 4ℓ, 
5.6 s.d. for H → γγ, 4.7 s.d. for H → WW and 3.8 s.d. for the fermionic 
decay channel H → ττ (ref. 35). Earlier, the first results of the Higgs boson 
decay into fermions were presented in ref. 63, reaching a significance 
of 3.8 s.d by combining the H → ττ and H → bb decay modes. The mass 
was measured to a precision of about 0.2% (ref. 35). Using the angular 
distributions of the leptons in the bosonic decay channels, the spin ( J) 

and parity (P, a parity transformation that effectively turns a phenom-
enon into its mirror image) were also found to be compatible with the 
SM prediction (JP = 0+) with a large number of alternative spin–parity 
hypotheses ruled out at the >99.9% confidence level (CL)64,65. The total 
cross-section, combining all of the different decay channels, was meas-
ured to be in agreement with the SM, with an uncertainty of 14% (ref. 35). 
Each of the VBF, VH and ttH production modes was measured at a level 
of 3 s.d. (ref. 35).

With the Run 2 data, CMS has observed the Higgs boson decaying 
into a pair of τ leptons with a significance of 5.9 s.d. (ref. 66), a pair of 
bottom quarks with a significance of 5.6 s.d. (ref. 48) and the ttH produc-
tion mode at 5.2 s.d. (ref. 67). The Higgs boson has also been seen in its 
decays into muons with a significance of 3 s.d. (ref. 52). The mass of the 
Higgs boson has been measured to be 125.38 ± 0.14 GeV using the decay 
channels H → γγ and H → ZZ → 4ℓ (ref. 41). The natural width of the Higgs 
boson has been extracted and is found to be Γ = 3.2 MeVH −1.7

+2.4  by using 
off-mass-shell and on-mass-shell Higgs boson production68. 
On-mass-shell refers to a particle with its physical mass, and 
off-mass-shell refers to a virtual particle.

The µ framework for signal strengths
The agreement between the observed signal yields and the SM expec-
tations can be quantified by fitting the data with a model that introduces 
signal-strength parameters. These are generically labelled µ, and scale 
the observed yields with respect to those predicted by the SM, without 
altering the shape of the distributions. The specific meaning of µ var-
ies depending on the analysis. For given initial (i) and final (f) states, 
i → H → f, the signal strengths for individual production channels, µi, 
and decay modes, µf, are defined as µi = σi/(σi)SM and µ = /( )f f f

SMB B , 
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity ( )L  up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a 
centre-of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (τ) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and = 5.3 fb−1L  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity ( )L  up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a 
centre-of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (τ) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and = 5.3 fb−1L  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 

Higgs boson production modes

a

Nt,b

g

g

H

t,b

t,b

t,b

b

NV

q

q′

V

V
H

q

q′

c

NV

q

q′

H

V

V

d

Nt,b

g

g

H
t,b

t,b

t,b

t,b

e

Nt

q

b

q′

W
t

t

H

f

NW

q

b

q′

W

W

t

H

g

NV

H

V

V

h

Nf

H

f

f

i

NW

H

γ,Z

γ

W

W

W

j

Nt,b

H

γ,Z

γ

t,b

t,b

t,b

Higgs boson pair production
k

Nt,b

Nλ

g

g

t,b

t,b

t,b

H

H

H

l

Nt,b

Nt,b

g

g

t,b t,b

t,b

t,b

H

H

m

NV
Nλ

q

q′

q

q′

V

V H

H

n

N2V

q

q′

q

q′

V

V H

H

o

NV

NV

q

q′
V

V
V

q

q′

H

H

Higgs boson decay channels

Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.

Alternatively, the loop
could not be resolved
and an effective coupling
could be used:

Also assuming Higgs boson decays to 
invisible or undetected particles 

Invisible (n, DM = 
MET) or undetected
decay (non-closure 
of other BRs to unity)
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Couplings to fermions and vector bosons Couplings versus particle mass: scenario with resolved loops

Compatibility with SM within 10% 
Improvement by ~5x wrt discovery
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Coupling vs mass

14

4−10

3−10

2−10

1−10

1υV
m  V

κ
 o

r 
υf
m  f

κ

W
t

Z

b

µ

τ

Vector bosons

 generation fermionsrd3

 generation fermionsnd2

SM Higgs boson

 (13 TeV)-1138 fbCMS
=125.38 GeVHm

1−10 1 10 210
Particle mass (GeV)

0.6
0.8
1.0
1.2
1.4

R
at

io
 to

 S
M

0.95

1.00

1.05

Reduced coupling modifiers vs particle mass 
Follows pattern expected in SM

Higgs-charm coupling: see A. Marini's talk after the coffee break

NEW κb,κt
Nature 607 (2022) 60

Na
tu

re
 6

07
 (2

02
2)

 5
2

What 
about 
charm?

Couplings versus particle mass: scenario with resolved loops
Few ways to constrain Higgs charm coupling at CMS: 
• Direct search for H → 𝒄$𝒄 decay: 

• in VH 
• in ggH boosted (recent!)

• Indirect constraints from Higgs kinematics 
• Rare H → J/𝜓 + 𝛾 decay

H → 𝒄$𝒄 extremely challenging to be measured at SM value
• Small BR (~3%) and large backgrounds at hadron collider
• Charm quark ID is the key: CMS developed new charm 

tagging techniques for resolved and boosted jets 
• Current analyses sensitive to NP that would increase the 

coupling to charm ~10 x SM
• Calibration candle is the Z→ 𝒄$𝒄 decay 

[N
ature 607, 60-68 (2022)]

[arXiv:2205.05550]

[HIG-21-012]

https://www.nature.com/articles/s41586-022-04892-x
http://arxiv.org/abs/2205.05550
https://cds.cern.ch/record/2809929


5x better H → 𝑏%𝑏 rejection

5x better V+jets rejection

VH, H➝𝑐 ̅𝑐: analysis strategy 
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• Three channels for the boson decay:
Z → νν (0L), W → lν (1L), Z → ll (2L) [l = e, μ] 

• Main backgrounds:
• V+jets, single and pair production of top quarks, dibosons
• VH(H → 𝑏$𝑏): small but hard to reduce

• Two approaches for the reconstruction of H➝𝒄$𝒄:

9

Analysis overview

q Two complementary approaches for Higgs boson candidate reconstruction

“Resolved-jet” “Merged-jet”
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ΔR(c, c) ~ 2m(H)/pT(H)

q Resolved-jet topology 
§ reconstructs H → cc decay with two small-R jets (R=0.4, “AK4”)
§ probes the bulk (>95%) of the signal phase space

q Merged-jet topology 
§ reconstructs H → cc decay with one large-R jets (R=1.5, “AK15”)
§ small signal acceptance (<5%) but higher purity
§ better exploits the correlation between the two charm quarks

Resolved-jet topology          
• with two small-R jets 

(R=0.4, “AK4”) 
• bulk (>95%) of 

signal acceptance 
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Analysis overview

q Two complementary approaches for Higgs boson candidate reconstruction
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 bb,cc®H 

ΔR(c, c) ~ 2m(H)/pT(H)

q Resolved-jet topology 
§ reconstructs H → cc decay with two small-R jets (R=0.4, “AK4”)
§ probes the bulk (>95%) of the signal phase space

q Merged-jet topology 
§ reconstructs H → cc decay with one large-R jets (R=1.5, “AK15”)
§ small signal acceptance (<5%) but higher purity
§ better exploits the correlation between the two charm quarks

Merged jet topology (pT> 300 GeV) 
• with one large-R jet 

(R=1.5, “AK15”) 
• Small signal acceptance

(<5%), high purity

• Kinematic BDT to reject V+jets, t ̅𝑡
• cc-tagger to reject 𝑏$𝑏
• Fit mass of the H candidate (jet 

mass, dedicated regression)
• CR to normalise V+jets, t ̅𝑡

• c-tagger to reject b/light jets 
(deepJet)

• Fit BDT score (including mass as 
input)

• Mass regressed + kinematic fit (2L) 
• CR to control V+jets, t ̅𝑡

ParticleNet: charm tagger for AK15
Same spirit as deepJet:
• a multi-class DNN jet classifier
• using jet constituents (PF candidates, 

secondary vertices) 
Improvements: GNN instead of 1D CNN, 
novel mass decorrelation technique
> 2x improvement on the final sensitivity

[Phys. Rev. D 101, 056019,  CM
S-D

P-2020-002]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.056019
https://cds.cern.ch/record/2707946?ln=fr
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➢ Final result combines merged and resolved 
analyses (separation on AK15 jet pT=300)

➢ Observed (expected) UL on VH(cc) signal strength 

at 95% CL: mVH(cc) < 14 (7.6)

 Strongest limit on VH(cc) process to date

 Analysis validated with Z  c→ c candle:

● mVZ(cc)  = 1.01 +/- 0.21

Expected limits and Z(cc) validation

CMS-HIG-21-008
July 07, 2022 Andrey Pozdnyakov (RWTH) 12

➢ Final result combines merged and resolved 
analyses (separation on AK15 jet pT=300)

➢ Observed (expected) UL on VH(cc) signal strength 

at 95% CL: mVH(cc) < 14 (7.6)

 Strongest limit on VH(cc) process to date

 Analysis validated with Z  c→ c candle:

● mVZ(cc)  = 1.01 +/- 0.21

Expected limits and Z(cc) validation

CMS-HIG-21-008

Final result combines merged and resolved:
• Observed (expected) upper limit on VH (H→𝑐 ̅𝑐) 

signal strength:
𝝁𝑽𝑯(𝑯→𝒄*𝒄) < 𝟏𝟒 𝟕. 𝟔 @ 𝟗𝟓% 𝑪𝑳

Strongest limit on VH (H→𝒄$𝒄) process to date!

• Best fit signal strength: 𝜇,-(-→. ̅.) = 7.701.341.5

• Upper limits from each topology: 
• Resolved-jet topology: 14 (19) × SM
• Merged-jet topology: 17 (8.8) × SM 

Analysis validated with the candle Z → 𝒄$𝒄:
𝜇𝑉𝑍(𝑍→𝑐 ̅𝑐) = 1.01−0.21+0.23, significance 5.7𝜎

First observation of Z → 𝑐 ̅𝑐 at a hadron collider!

Main uncertainties: limited statistics of data,
V+jets samples statistics, charm tagging 
efficiencies 

Results used to place new constraints on 𝜅c

• Only considering effects on B(H→𝒄$𝒄) and fixing other couplings to SM
• 95% CL intervals:

• observed: 1.1 < |𝜅c|< 5.5
• expected: |𝜅c| < 3.4

Strongest constraints on | 𝜅c | to date!

[arXiv:2205.05550]

http://arxiv.org/abs/2205.05550
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ggH(cc) results

➢ Limit at 45 (38) x SM @95% CL
➢ Validation of techniques with         

Z  c→ c candle
 Observation with >> 5 sigma

➢ See poster by Andrzej Novak for 
more details

CMS-PAS-HIG-21-012

ggH boosted, H➝𝑐 ̅𝑐 (recent!)
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July 07, 2022 Andrey Pozdnyakov (RWTH) 4

Search in ggH channel

➢ Higgs candidate is a anti-kt jet 

with R=0.8 (AK8), pT>450 GeV

 not a pure ggH signal: 

● 50% ggF (ggH+jet)

● 30% VBF

➢ Double-charm tagging with NN:

 CNN/RNN with low level inputs

 Mass independent using 
dedicated simulation samples

Recent!  CMS-PAS-HIG-21-012

• Higgs candidate is reconstruted as a single fat jet of 
cone radius 0.8 (AK8) with pT> 450 GeV

• Inclusive in production mode, primarily targeting the 
ggF (50%) and VBF (30%) → complementary to VH 
(H→𝒄$𝒄) analysis 

• Similar strategy as ggF H→ 𝑏$𝑏 analysis
• Signal identification with DeepDoubleX tagger

• DNN with low-level inputs 
• Mass-independent
• Used to define signal and control regions 

• Fit jet mass distributions in signal and control regions

• Limit set @95% C.L.:  45 (38) x SM 
• Not yet sensitive to 𝜅c

Validation with Z→𝑐 ̅𝑐 measurement:
First observation of Z → 𝑐 ̅𝑐 in Z+jets at LHC

[HIG-21-012]

[JHEP12 (2020) 085]

[CMS-DP-2018-046]

https://cds.cern.ch/record/2809929
https://link.springer.com/article/10.1007/JHEP12(2020)085
https://cds.cern.ch/record/2630438?ln=fr
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• H(125) to invisible decays very small in the SM:
SM ℬ(H→ZZ*→4𝜈) ∼ 0.1% 

• Combination of direct searches + indirect constraints: 
best fit ℬ(H→inv.) ∼ 7% ± 5%

• Several models predict an enhancement
• H(125) could decay to a pair DM particles 
• There could be a Dark Higgs sector with mixing to 

the SM Higgs sector 

• H→invisible searches at the LHC:
• Complementary to direct DM searches 
• Observation would be a very exciting sign of New 

Physics 
• Using MET+X signatures

Searches in CMS:

Signal type Reference

MonoJet
EXO-20-004
JHEP 11(2021) 153MonoV

ZH, Z→ℓℓ EXO-19-003
EPJC 81, 1 (2021) 13

VBF HIG-20-003
PRD 105(2022) 092007

t ̅tH semi leptonic SUS-19-009
JHEP 05 (2020) 032

t ̅tH fully leptonic SUS-19-011
EPJC8 1 (2021) 3

t ̅tH hadronic

HIG-21-007VH hadronic

combination

most sensitive

most recent: 
shown today

https://cds.cern.ch/record/2827418?ln=en
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ttH+VH: limits
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HIG-21-007NEW!
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Observed
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68% expected

95% expected

, 2016-2018 (13 TeV)-1 138 fb

95% CL upper limitsPreliminary CMS

Analysis 95% C.L. upper limit on ℬ(H→inv.)
observed (expected)

ttH hadronic 51% (53%)

VH resolved 68% (53%)

Combination  47% (40%)

ttH hadronic and VH resolved yielding similar 
performance in terms of H→invisible exclusion limits

• Common selection: large HT,miss, large pT,miss, large leading jet pT
• Categorisation: VH resolved, ttH resolved, ttH boosted

• based on jet and b-jet multiplicity, mjj for VH category
• 𝑡 ̅𝑡H boosted: top quarks/W bosons reconstructed as a single 

large-cone jet (AK8). Use of DeepAK8 taggers. 
• Backgrounds: Z →𝜈𝜈, 𝑡 ̅𝑡+ jets, W+jets, controlled with CR with 

lepton(s) or photons, remaining QCD background estimated with 
sidebands and MC derived transfer factor

• Fit to pT,miss distribution simultaneously in SR and CR

Results:
• ttH hadronic and VH resolved yielding similar performance in terms 

exclusion limits 
• Observed (expected) upper limit:

ℬ(H→inv.) < 47% (40%) @ 95% C.L. 

[HIG
-21-007]

https://cds.cern.ch/record/2827418
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H→invisible combination: results (1/2)
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HIG-21-007NEW!
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Combination  ℬ(H→inv.) < 15% (8%)

Channels grouped by production 
mode
• Measurement dominated by VBF
• Other channels improve VBF-

standalone by about 20%

Strongest expected exclusion limit 
to date from direct searches

Channels grouped by production mode:
• Measurement dominated by VBF 
• Other channels improve limit by about 20% 

Combining all Run1 and Run2 results

• Overlap between analyses made negligible with specific cuts

• Combined observed (expected) upper limit:

ℬ(H→inv.) < 15% (8%) @ 95% C.L. 

Strongest expected exclusion limit to date from direct searches!

• Best fit signal strength: 𝜇H→inv= 0.08 ± 0.04 
excess wrt bkg only hypothesis at 1.9𝜎

[HIG
-21-007]

https://cds.cern.ch/record/2827418
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Run 2 combination of single Higgs boson results:
• Fourfold improvement in precision with respect to the discovery in most of the results 
• Coupling modifiers show excellent agreement with SM predictions
• Statistical and systematic uncertainties at the same level for most couplings

H → 𝒄$𝒄:
• VH, H➝𝒄$𝒄: 

• 𝜇,-(-→. ̅.) < 14 (7.6) @95% C.L., strongest limit on VH (H→𝒄$𝒄) process to date!
• 1.1 < 𝜅c < 5.5 @ 95 C.L., strongest constraint on | 𝜅c | to date!

• ggH boosted, H➝𝒄$𝒄: upper limit @95% C.L.:  45 (38) x SM 

H→invisible: 
• 𝒕𝒕̅𝑯/𝑽𝑯 hadronic: ℬ(H→inv.) < 47% (40%) @ 95% C.L. 
• Combined results: ℬ(H→inv.) < 15% (8%) @ 95% C.L., strongest expected exclusion limit to date from direct searches!

Great progress in understanding the Higgs boson since its discovery and exciting times ahead!
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• At HL-LHC precision below 5% for all considered couplings
• Potential for more extensive tests of SM e.g. EFT



XS & BR
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ggF:   NNNLO+NNLL QCD + NLO EW

qqH:  NNLO QCD + NLO EW

WH:   NNLO QCD + NLO EW
ZH:     NNLO QCD + NLO EW

ttH:    NLO QCD

From 8 to 13 TeV

s (ggF, VBF, VH)
~2 times larger

s(ttH)
~4 times larger



Theory progress
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arXiv:2102.08039v2Fiducial XS

arXiv:1606.00840v1@S.Dawson

ggH

qqH PDF 

±7-8% ±2-3%

PDF4LHC-2011          PDF4LHC 2022

LHCHXSW
G

YR4

ATLAS
CMS

A huge improvement in the gluon PDF understanding 

Including
LHC data 



Test XS and BR compatibility with the SM
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Extended Data Fig. 6 | The agreement with the SM predictions in Higgs 
boson production and decay. Signal-strength parameters per individual 
production mode and decay channel µi

f , and combined per production mode µi 
and decay channel µf. In this fit, ttH and tH are considered together and the µi 

results are slightly different from those of Fig. 2 (left). The dashed vertical lines 
at 1 represent the SM value. Light grey shading indicates that µ is contained  
to be positive. Dark grey shading indicates the absence of measurement.  
The p-value with respect to the SM prediction is 5.8%.

More general test of the SM with all 𝜇?
@ floated also shows good agreement



Couplings: 𝜅 framework 
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Alternatively, the loop could not be resolved
and an effective coupling could be used:

𝜅!" =
Γ!

Γ#$
!𝜅!" =

𝜎!

𝜎#$
!

Invisible (n, DM… ) or Undetected decay:  

Coupling modifiers k to quantify couplings deviations from SM predictions 
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24/03/2022 Julie Malclès 26



Higgs charm coupling
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Probing the Higgs-charm coupling

q Several methods explored by CMS to probe the Higgs-charm Yukawa coupling (yc)

Indirect constraint from Higgs kinematics Search for exclusive H → J/Ψγ decays
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Figure 1 illustrates the impact of the Yukawamodification
κc on the normalized pT;h spectrum in inclusive Higgs
production. The results are divided by the SM prediction
and correspond to pp collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 8 TeV, central choice of scales, and MSTW2008NNLO

PDFs [55]. (The ratio of thepT;h spectra to the SMprediction
at

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8 TeV

counterpart, which enhances the sensitivity to κb and κc at
ongoing and upcoming LHC runs as well as possible
future hadron colliders at higher energies.) Notice that for
pT;h ≳ 50 GeV, the asymptotic behavior [Eq. (1)] breaks
down and consequently the gQ → hQ, QQ̄ → hg channels
control the shape of the pT;h distributions.
We stress that for the pT;h distribution, nonperturbative

corrections are small and in the long run, pT;h will be
measured to lower values than pT;j. While the latter
currently gives comparable sensitivity, it is mandatory to
study pT;h to maximize the constraints on κQ in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

ffiffiffi
s

p
¼ 8 TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h → γγ [56,57], h → ZZ" → 4l [58,59]
and h → WW" → eμνeνμ [60,61] channels, using around
20 fb−1 of data in each case. To derive constraints on κb
and κc, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h → γγ and h → ZZ" →
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our χ2 analysis, we include the first seven bins
in the range pT;h ∈ ½0; 100$ GeV whose experimental
uncertainty is dominated by the statistical error. The data
are then compared with the theoretical predictions for the

inclusive pT;h spectrum described in the previous section.
We assume that all the errors are Gaussian in our fit.
The bin-to-bin correlations in the theoretical normalized
distributions are obtained by assuming that the bins of the
unnormalized distributions are uncorrelated and modeled
by means of linear error propagation. This accounts for the
dominant correlations in normalized spectra. For the data,
we used the correlation matrix of Ref. [62].
Figure 2 displays the Δχ2 ¼ 2.3 and Δχ2 ¼ 5.99 con-

tours [corresponding to a 68% and 95% confidence level
(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲ 6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around '50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.

PRL 118, 121801 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

24 MARCH 2017

121801-3

Phys. Rev. Lett. 118, 121801 Phys. Lett. B 792 (2019) 369

-33 < κc < 38 (obs.)
-31 < κc < 36 (exp.)

Variation of pT(H) shape 
as a function κc = yc/yc
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ParticleNet architecture

q New jet representation: “particle cloud”
§ treating a jet as an unordered set of particles in the η — φ space

q ParticleNet [Phys.Rev.D 101 (2020) 5, 056019]

§ graph neural network architecture adapted from DGCNN [arXiv:1801.07829]

§ permutation-invariant architecture leads to significant performance improvement

collision event jet reconstruction

proton beams

collision point

outgoing particles

η

ϕ

Δη

Δϕ

jet tagging

H

W

Z

t

?

?

?

?

……

Image from arXiv:2202.03772

Performance on top quark tagging benchmark 
[SciPost Phys. 7, 014 (2019)]

reported in Ref. [52], we did not reimplement it but
just include the results for comparison.

The results are summarized in Table II and also shown in
Fig. 3 in terms of receiver operating characteristic (ROC)
curves. A number of metrics are used to evaluate the
performance, including the accuracy, the area under the
ROC curve (AUC), and the background rejection (1=εb,
i.e., the reciprocal of the background misidentification
rate) at a certain signal efficiency (εs) of 50% or 30%.
The background rejection metric is particularly relevant to
physics analysis at the LHC, as it is directly related to the
expected contribution of background, and is commonly
used to select the best jet tagging algorithm. The
ParticleNet model achieves state-of-the-art performance
on the top tagging benchmark dataset and improves over
previous methods significantly. Its background rejection
power at 30% signal efficiency is roughly 1.8 (2.1) times as

good as PFN (P-CNN) and about 40% better than
ResNeXt-50. Even the ParticleNet-Lite model, with sig-
nificantly reduced complexity, outperforms all the previous
models, achieving about 10% improvement with respect to
ResNeXt-50. The large performance improvement of the
ParticleNet architecture over the PFN architecture is likely
due to a better exploitation of the local neighborhood
information with the EdgeConv operation.

B. Quark-gluon tagging
Another important jet tagging task is quark-gluon tag-

ging, i.e., discriminating jets initiated by quarks and by
gluons. The quark-gluon tagging dataset from Ref. [52] is
used to evaluate the performance of the ParticleNet
architecture on this task. The signal (quark) and back-
ground (gluon) jets are generated with PYTHIA8 using the
Zð→ ννÞ þ ðu; d; sÞ and Zð→ ννÞ þ g processes, respec-
tively. No detector simulation is performed. The final state
non-neutrino particles are clustered into jets using the anti-
kT algorithm [75] with R ¼ 0.4. Only jets with transverse
momentum pT ∈ ½500; 550& and rapidity jyj < 2 are con-
sidered. This dataset consists of 2 million jets in total, half
signal and half background. We follow the recommended
splitting of 1.6 × 106=200; 000=200; 000 for training, val-
idation, and testing in the development of the ParticleNet
model on this dataset.
One important difference of the quark-gluon tagging

dataset is that it includes not only the four momentum but
also the type of each particle (i.e., electron, photon, pion,
etc.). Such particle identification (PID) information can be
quite helpful for jet tagging. Therefore, we include this
information in the ParticleNet model and compare it with
the baseline version using only the kinematic information.
The PID information is included in an experimentally
realistic way by using only five particle types (electron,
muon, charged hadron, neutral hadron, and photon), as well
as the electric charge, as inputs. These six additional
variables, together with the seven kinematic variables,
form the input feature vector of each particle for models
with PID information, as shown in Table I.

FIG. 3. Performance comparison in terms of ROC curves on the
top tagging benchmark dataset.

TABLE II. Performance comparison on the top tagging benchmark dataset. The ParticleNet, ParticleNet-Lite,
P-CNN, and ResNeXt-50 models are trained on the top tagging dataset starting from randomly initialized weights.
For each model, the training is repeated for nine times using different randomly initialized weights. The table shows
the result from the median-accuracy training, and the standard deviation of the nine trainings is quoted as the
uncertainty to assess the stability to random weight initialization. Uncertainty on the accuracy and AUC are
negligible and therefore omitted. The performance of PFN on this dataset is reported in Ref. [52], and the
uncertainty corresponds to the spread in ten trainings.

Accuracy AUC 1=εb at εs ¼ 50% 1=εb at εs ¼ 30%

ResNeXt-50 0.936 0.9837 302' 5 1147' 58
P-CNN 0.930 0.9803 201' 4 759' 24
PFN ( ( ( 0.9819 247' 3 888' 17
ParticleNet-Lite 0.937 0.9844 325' 5 1262' 49
ParticleNet 0.940 0.9858 397' 7 1615' 93
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models, achieving about 10% improvement with respect to
ResNeXt-50. The large performance improvement of the
ParticleNet architecture over the PFN architecture is likely
due to a better exploitation of the local neighborhood
information with the EdgeConv operation.
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Another important jet tagging task is quark-gluon tag-

ging, i.e., discriminating jets initiated by quarks and by
gluons. The quark-gluon tagging dataset from Ref. [52] is
used to evaluate the performance of the ParticleNet
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non-neutrino particles are clustered into jets using the anti-
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sidered. This dataset consists of 2 million jets in total, half
signal and half background. We follow the recommended
splitting of 1.6 × 106=200; 000=200; 000 for training, val-
idation, and testing in the development of the ParticleNet
model on this dataset.
One important difference of the quark-gluon tagging

dataset is that it includes not only the four momentum but
also the type of each particle (i.e., electron, photon, pion,
etc.). Such particle identification (PID) information can be
quite helpful for jet tagging. Therefore, we include this
information in the ParticleNet model and compare it with
the baseline version using only the kinematic information.
The PID information is included in an experimentally
realistic way by using only five particle types (electron,
muon, charged hadron, neutral hadron, and photon), as well
as the electric charge, as inputs. These six additional
variables, together with the seven kinematic variables,
form the input feature vector of each particle for models
with PID information, as shown in Table I.
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TABLE II. Performance comparison on the top tagging benchmark dataset. The ParticleNet, ParticleNet-Lite,
P-CNN, and ResNeXt-50 models are trained on the top tagging dataset starting from randomly initialized weights.
For each model, the training is repeated for nine times using different randomly initialized weights. The table shows
the result from the median-accuracy training, and the standard deviation of the nine trainings is quoted as the
uncertainty to assess the stability to random weight initialization. Uncertainty on the accuracy and AUC are
negligible and therefore omitted. The performance of PFN on this dataset is reported in Ref. [52], and the
uncertainty corresponds to the spread in ten trainings.
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P-CNN 0.930 0.9803 201' 4 759' 24
PFN ( ( ( 0.9819 247' 3 888' 17
ParticleNet-Lite 0.937 0.9844 325' 5 1262' 49
ParticleNet 0.940 0.9858 397' 7 1615' 93

HUILIN QU and LOUKAS GOUSKOS PHYS. REV. D 101, 056019 (2020)

056019-6



Mass decorrelation

24/03/2022 Julie Malclès 29

Mass decorrelation (II)

q “Mass sculpting”: background jet mass shape 
becomes similar to signal after tagger selection

q New approach to prevent mass sculpting
§ using a special signal sample for training

§ hadronic decays of a spin-0 particle X

§ X → bb, X → cc, X → qq

§ not a fixed mass, but a flat mass spectrum

§ m(X) ∈ [15, 250] GeV

§ allows to easily reweight both signal and background 
to a ~flat 2D distribution in (pT, mass) for the training

q Performance loss due to mass decorrelation 
greatly reduced compared to the previous approach 
(DeepAK8-MD, based on “adversarial training”)

15

CMS-DP-2020-002

better

H→cc tagging performance
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Calibration of the cc-tagger

q Need to measure ParticleNet cc-tagging efficiency in data
§ no pure sample of H → cc jets (or even Z → cc) in data

§ using g → cc in QCD multi-jet events as a proxy

q Difficulty: select a phase-space in g → cc that resembles H → cc
§ solution: a dedicated sfBDT developed to distinguish hard 2-prong splittings

(i.e., high quark contribution to the jet momentum) from soft cc radiations (i.e., 
high gluon contribution to the jet momentum)

§ also allows to adjust the similarity between proxy and signal jets

§ by varying the sfBDT cut — treated as a systematic uncertainty

q Perform a fit to the secondary vertex mass shapes in the “passing” 
and “failing” regions simultaneously to extract the scale factors

§ three templates: cc (+ single c), bb (+ single b), light flavor jets

q Derived cc-tagging scale factors typically 0.9—1.3
§ corresponding uncertainties are 20—30%

g

c-
c

g

c
c-

g→cc (all)
g→cc (sfBDT>0.85)
g→cc (sfBDT>0.90)
g→cc (sfBDT>0.95)

H→cc

ParticleNet cc discriminant

A.U
.

H → cc like Soft radiations:
Dominant contribution! 

Effects of the sfBDT
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A new method to calibrate charm-taggers
q Methodology

§ Iterative approach exploiting 3 distinct control regions, 

each enriched in b-jets, c-jets, or light-flavour jets

q Selecting an abundant and pure source of charm-jets

§ Target W production in association with charm quarks (W+c)

§ Major background has 50% chance to have SS or OS final states 

§ performing an OS-SS subtraction reduces considerably the W+gluon process

§ To enrich in b-jets and light-jets: semi-(di-)leptonic " ̅"+jets and DY(Zà$$/ee)+jets

q First time that a calibration method to correct the 2D distribution 
of c-tagging discriminator shapes is presented 

è arXiv:2111.03027 (accepted by JINST)
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Large-R jet mass regression

Jet mass response: 
H→cc jets Regressed mass vs cc-tagger WP

~50% better 
resolution

Minimal mass sculpting on 
background QCD jets

q Jet mass: one of the most powerful observable to distinguish signal and backgrounds

q New ParticleNet-based regression algorithm to improve the large-R jet mass reconstruction
§ training setup similar to the ParticleNet tagger; the regression target:

§ signal (X → bb/cc/qq): generated particle mass of X [flat spectrum in 15 – 250 GeV]

§ background (QCD) jets: soft drop mass of the particle-level jet

20 – 25% improvement 
in the final sensitivity

CMS DP-2021/017
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H→invisible combination
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HIG-21-007NEW!

Combination of all channels presented today 
+ tt(leptonic)H→ invisible re-interpretation from SUS-19-009 and SUS-19-011
+ (Z→ℓℓ)H→invisible from EXO-19-003

Overlap between analyses
Canceled/made negligible through specific cuts, e.g.:
• Overlap with VBF: in other analyses, veto events with 

2 jets with pT > 80, 40 GeV, in opposite hemispheres, 
with mjj > 200 GeV

• Overlap with MonoJet/MonoV: in VH resolved 
analysis, remove events that have 65 < mjj < 120 GeV 

Treatment of systematics
• Theo. signal systematics → correlated
• Theo. background systematics → uncorrelated (≠ phase space)
• Luminosity  → correlated
• Trigger → correlated if same paths / datasets
• Lepton efficiencies  → correlated if identical
• JES & JER  → correlated between VBF/MonoJet/MonoV
• Everything else  → uncorrelated
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H→invisible combination: results (2/2)
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HIG-21-007NEW!
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Observed limit on ℬ(H→inv.) also set as a function of the kV and kF coupling modifiers
• Best fit / contours from CMS Higgs10 paper [Nature 607 (2022) 60]
• In the 95% C.L. ellipse,  observed limit on ℬ(H→inv.) ranges between 14 and 17% 
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CMS Preliminary

Result also interpreted in the context of Higgs portal models (i.e. where 
there is a substantial coupling of DM to the Higgs), setting 90% C.L. limits 
on the DM-nucleon cross section for:
• Fermion / scalar DM 
• Vector DM using the "historical" EFT
• Vector DM using new EFT approach: UV-complete model at dark Higgs 

masses of m2 =1,10,100 GeV, mixing angle θ=0.2 [LHEP 2022 (2022) 270]

Result competitive/complementary with direct DM detection
≲ 10 GeV for fermion DM
≲ 6 GeV for scalar DM
≲ 20 GeV for vector DM in the most favorable case shown here (with 
m2=100 GeV)


