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The Higgs boson is a fundamental scalar particle (spin 0) and  
its theory is unlike anything else we have seen in nature

JHEP 08 (2016) 045THE HIGGS SECTOR IS SPECIAL

A Yukawa interaction  
unlike anything we have probed 
before 

Α potential V(𝜙)~-μ2(𝜙𝜙†)+λ(𝜙𝜙†)2  
the keystone of the BEH mechanism 
and SM, never probed

A gauge interaction  
much like what we have seen before 

Inspired by G. Salam’s LHCP2018 talk 
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and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.

4. Exclusion Limits
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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36 7 H ! WW

The distributions of the reconstructed Z1 and Z2 dilepton invariant masses for the events in the
signal region are shown in the left and right plots of Fig. 19, respectively. The Z1 distribution
has a tail towards low invariant mass, indicative that also the highest mass Z is often off-shell.
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Figure 18: Distribution of the observed four-lepton invariant mass from the combined 7 and
8 TeV data for the H ! ZZ ! 4` analysis (points). The prediction for the expected Z+X and
ZZ(Zg⇤) background are shown by the dark and light histogram, respectively. The open his-
togram gives the expected distribution for a Higgs boson of mass 125 GeV.

The two-dimensional distribution of the kinematic discriminant KD versus the four-lepton re-
constructed mass m4` is shown in Fig. 20 for the individual selected events. Superimposed on
this figure are the contours of the expected event density for the background (upper) and a SM
Higgs boson at mH = 125 GeV (lower). A clustering of events is observed in the region around
m4` = 125 GeV with KD � 0.7. The background expectation is low in this region and the sig-
nal expectation is high, corresponding to the excess of events above background seen in the
one-dimensional m4` distribution.

The observed distribution of the KD discriminant values for invariant masses in the signal
range 121.5 < m4` < 130.5 GeV is shown in Fig. 21 (left). The m4` distribution of events sat-
isfying KD > 0.5 is shown in Fig. 21 (right). The clustering of events is clearly visible near
m4`⇡125 GeV.

7 H ! WW
The decay mode H ! WW is highly sensitive to a SM Higgs boson with a mass around the
WW threshold of 160 GeV. With the lepton identification and E

miss
T reconstruction optimized

for LHC pileup conditions, it is possible to extend the sensitivity down to 120 GeV. The search
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and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.

4. Exclusion Limits
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.

4. Exclusion Limits

200 300 400 500

 
µ

95
%

 C
L 

Li
m

it 
on

 

-110

1

10
Observed
Bkg. Expected

σ 1±
σ 2±

ATLAS 2011
=7 TeVs

 -1 L dt ~ 1.04-4.9 fb∫

 LimitssCL(a)

 0
Lo

ca
l p

-710

-610

-510

-410

-310

-210

-110

1

Sig. Expected
Observed

(b)

σ2 

σ3 

σ4 

σ5 

 [GeV]Hm

   
 

µ

-1.5

-1

-0.5

0

0.5

1

1.5

2

Observed
)<1µ(λ-2ln(c)

110 150 200 300 400 500 600

Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
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dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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36 7 H ! WW

The distributions of the reconstructed Z1 and Z2 dilepton invariant masses for the events in the
signal region are shown in the left and right plots of Fig. 19, respectively. The Z1 distribution
has a tail towards low invariant mass, indicative that also the highest mass Z is often off-shell.
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Figure 18: Distribution of the observed four-lepton invariant mass from the combined 7 and
8 TeV data for the H ! ZZ ! 4` analysis (points). The prediction for the expected Z+X and
ZZ(Zg⇤) background are shown by the dark and light histogram, respectively. The open his-
togram gives the expected distribution for a Higgs boson of mass 125 GeV.

The two-dimensional distribution of the kinematic discriminant KD versus the four-lepton re-
constructed mass m4` is shown in Fig. 20 for the individual selected events. Superimposed on
this figure are the contours of the expected event density for the background (upper) and a SM
Higgs boson at mH = 125 GeV (lower). A clustering of events is observed in the region around
m4` = 125 GeV with KD � 0.7. The background expectation is low in this region and the sig-
nal expectation is high, corresponding to the excess of events above background seen in the
one-dimensional m4` distribution.

The observed distribution of the KD discriminant values for invariant masses in the signal
range 121.5 < m4` < 130.5 GeV is shown in Fig. 21 (left). The m4` distribution of events sat-
isfying KD > 0.5 is shown in Fig. 21 (right). The clustering of events is clearly visible near
m4`⇡125 GeV.

7 H ! WW
The decay mode H ! WW is highly sensitive to a SM Higgs boson with a mass around the
WW threshold of 160 GeV. With the lepton identification and E

miss
T reconstruction optimized

for LHC pileup conditions, it is possible to extend the sensitivity down to 120 GeV. The search
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The H profile 
exploiting H-Z, H-W, and H-𝛄 interactions

Mass and width  
Coupling properties   
Inclusive/Differential cross sections 
Quantum numbers (Spin, CP)(*)  
Combination(*)

Discovery→Properties  
3rd-generation fermion 

H-𝛕 interaction in decay (H𝛕𝛕) 

H-t interaction in production (ttH) 
H-b interaction in decay (Hbb)

(Almost) all the results shown today are new since last EPS-HEP conference, some (    ) have been released in the last days 

BSM Searches(*)
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Exotic decays  
Anomalous couplings

2nd -generation fermion  
Decay to mesons(*) 
tHq/tHW(*)  
Self coupling (HH production) 
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(*) In backup
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THE HIGGS BOSON PRODUCTION AND DECAY
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125.09 ± 0.24 GeV 125.09 ± 0.24 GeV

σ=49 pb  / 6.9M Higgs in 140fb-1

σ=3.8 pb  / 520k Higgs in 140fb-1

σ=2.3 pb  / 320k Higgs in 140fb-1

σ=0.5 pb  / 70k Higgs in 140fb-1

58%

21.5%

6.3% 2.9%

0.23%

“just a reminder” 

   LHC Run1 measurement    LHC Run1 measurement 

2.6%

0.15%

0.022%

8.2%
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mH  the single parameter that completely determined SM the Higgs sector

~200 MeV precision, measurements dominated by statistical uncertainties  
Among the most precise EWK parameters

THE HIGGS BOSON MASS

“Mass Peaks”                   “Mass Measurements”   
using high resolution channels (4l+𝜸𝜸) 

   The H
 Profile                

JHEP 11(2017)047  
PLB 784(2018)345

mH ± tot  (± stat ± syst)
         4l+𝜸𝜸 (Run1+ 36/fb Run2) 124.97 ± 0.24 (± 0.16 ± 0.18) GeV 
         4l (36/fb Run2) 125.26 ± 0.21 (± 0.20 ± 0.08) GeV 
   LHC 4l+𝜸𝜸 (Run1) 125.09 ± 0.24 ( ± 0.21 ± 0.21) GeV 
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A crucial parameter for BSM searches, in SM c𝞽H = 48 fm, small width ΓH =4.1 MeV

THE HIGGS BOSON WIDTH

Direct measurements (on-shell line shape, lifetime) 
limited by detector resolutions, the way out are indirect 
measurements (couplings, off-shell production)  
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obs. 95% CL on ΓH 

         4l+2l2ν (36/fb Run2) ΓH < 14.4 MeV  
         4l (Run1 + 77/fb Run2) 0.08 < ΓH < 9.16 MeV  

   The H
 Profile                

PRD 99(2019)112003  
PLB 786 (2018) 223

LHCP - May 23rd, 2019L. Cadamuro (UF) Higgs couplings and properties

■ The SM Higgs boson 
width is ~4 MeV 
⟹ out of direct 
experimental reach


■ Derive from on-shell 
and off-shell production

□ with model-dependent 

assumptions on 
coupling modifiers

�5

Width measurementPLB 786 (2018) 345 
arXiv:1901.00174 (accepted by PRD)
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Figure 6: Observed (solid) and expected (dashed) likelihood scans of GH. Left plot: Results of
the SM-like couplings analysis are shown using the data only from 2016 and 2017 (black) or
from the combination of Run 1 and Run 2 (red), which do not include 2015 data. Right plot:
Results of the combined Run 1 and Run 2 data analyses, with 2015 data included in the on-shell
case, for the SM-like couplings or with three unconstrained anomalous coupling parameters,
fa3 cos (fa3) (red), fa2 cos (fa2) (blue), and fL1 cos (fL1) (violet). The dashed horizontal lines
show the 68% and 95% CL regions.

fusion (±0.2 and ±0.4 MeV), the muon efficiency uncertainty (±0.1 and ±0.4 MeV), and the
electron efficiency uncertainty (±0.1 and ±0.3 MeV).

The width constraints could also be reinterpreted as an off-shell signal strength with a change
of parameters. For this interpretation, we perform an SM-like analysis of only the off-shell
events, where the signal strength is modified by the parameter µoff-shell common to all pro-
duction mechanisms in Eqs. (1) and (10), with GH = G0 = GSM

H and the SM expectation corre-
sponding to µoff-shell = 1. In addition, we also perform a fit of the off-shell events with two
unconstrained parameters µoff-shell

F and µoff-shell
V , which express the signal strengths in the gluon

fusion and EW processes, respectively. These constraints are summarized in Table 10.

7 Summary
Studies of on-shell and off-shell H boson production in the four-lepton final state are presented,
using data from the CMS experiment at the LHC that correspond to an integrated luminosity
of 80.2 fb�1 at a center-of-mass energy of 13 TeV. Joint constraints are set on the H boson total
width and parameters that express its anomalous couplings to two electroweak vector bosons.
These results are combined with those obtained from the data collected at center-of-mass ener-
gies of 7 and 8 TeV, corresponding to integrated luminosities of 5.1 and 19.7 fb�1, respectively.
Kinematic information from the decay particles and the associated jets are combined using ma-
trix element techniques to identify the production mechanism and increase sensitivity to the H
boson couplings in both production and decay. The constraints on anomalous HVV couplings
are found to be consistent with the standard model expectation in both on-shell and off-shell
regions, as presented in Tables 6 and 7. Under the assumption of a coupling structure similar
to that in the standard model, the H boson width is constrained to be 3.2+2.8

�2.2 MeV while the
expected constraint based on simulation is 4.1+5.0

�4.0 MeV, as shown in Table 8. The constraints on
the width remain similar with the inclusion of the tested anomalous HVV interactions and are
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Figure 3: Scan of the negative log-likelihood, �2 ln �, for the (a) o�-shell Higgs signal strength, µo�-shell (b) �H/�SM
H

ratio (c) Rgg = 2g,o�-shell/2g,on-shell. The solid lower black (upper blue) line represents the observed (expected) value
including all systematic uncertainties, while the dashed lower black (upper blue) line is for the observed (expected)
value without systematic uncertainties (lower and upper refer here to the position of the lines in the legend). The
double minimum structure of the scan when the parameter of interest approaches zero is the consequence of the
parametrisation as shown in Eqs. (1).
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The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm
2
ZZ

⇠
g

2
ggHg

2
HZZ

(m2
ZZ � m

2
H)

2 + m
2
HG2

H
, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g
2
ggHg

2
HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g

2
ggHg

2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
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initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

# < 14.4 MeV (15.2 exp.) @ 95% C.L. 
Run 2, H → ZZ* → 4ℓ + 2ℓ2$
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Run1 + Run2, H → ZZ* → 4ℓ Starting to also place 

a lower bound on # !
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>200 signal events per experiment 
Final state has been updated with full LHC Run2 dataset 
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   The H
 Profile                

Production tags based on full event topology 
and MVA/ME discriminants exploiting full 
decay and production information

(*) signal strength defined as the ratio of the measured Higgs boson rate to its SM prediction  

"

CMS-PAS-HIG-19-001  
CONF-HIGG-2019-025 

global signal strength (μ)(*)  
          4l (full Run2) 
Run1
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COUPLING PROPERTIES WITH H→ZZ→4l 
   The H

 Profile                

From “Stage 0”  just Higgs boson production bins… 

Simplified Template XS (STXS) framework : measure Higgs boson cross sections per 
production modes and in different regions of the kinematics phase space

… to “Stage 1.1”  bins with finer split of kinematics regions 

Similar CMS results with full Run2 

"

CMS-PAS-HIG-19-001  
CONF-HIGG-2019-025 
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EPS-HEP 12.07.19Chen Zhou (Wisconsin)

Total and differential cross sections 
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• The results from the two decay channels are found to be 
compatible with each other, and their combination agrees 
with the Standard Model prediction 

combined measu rement : 55.4+4.3
−4.2pb

SM prediction: 55.6 ± 2.5pb

For total cross section at 13 TeV,

NEW

ATLAS-CONF-2019-032
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TOTAL CROSS SECTION MEASUREMENTS

Total H production xsec
𝜸𝜸 (full Run2) 56.7      pb 
4l (full Run2) 54.4      pb
Combination 55.4      (stat)      (syst) pb
𝜸𝜸 (36/fb Run2) 64.4      pb
4l (36/fb Run2) 58.2      pb
Combination 61.1      (stat)      (syst) pb
SM prediction 55.6 ± 2.5 pb 
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PLB 792(2019)369  
CONF-HIGG-2019-032
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Obtained from H→ZZ→4l, H → 𝜸𝜸, and their 
combination.  The ratio of BRs for two decay 
channels is measured. 

In agreement with the SM prediction 
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  I. Nomidis, LPNHE-Paris                Measurement of cross sections in H →γγ decays in ATLAS

Differential cross-section vs pTγγ and |yγγ|
•  High pTγγ: sensitive to top-quark mass effects and new physics contributions


•  Low-pTγγ: sensitive to resummation effects; fine binning used to probe the Higgs-
boson Yukawa coupling to the charm quark


•  Rapidity is sensitive to the gluon distribution in the proton
Good agreement observed between data and the predictions 

                                                     (Default ggF MC: Powheg NNLOPS scaled to N3LO)
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DIFFERENTIAL CROSS SECTION MEASUREMENTS

Measure a large numbers of distributions (pT𝜸𝜸, pT4l, |Y𝜸𝜸|, |Y4l|, Njets, pTjet1, mjj, ∆φjj, …) and 
compare with various predictions

   The H
 Profile                

CMS-PAS-HIG-19-001  
CONF-HIGG-2019-029

Finer granular measurements in specific observables

These measurements allow to constrain Wilson coefficients of an effective Lagrangian and 
coupling not directly accessible  (e.g charm-H interaction)

H→ZZ→4l
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ANOMALOUS INTERACTIONS SEARCH WITH EFT
   The H

 Profile                
CONF-HIGG-2019-029

Constraints one Wilson coefficient at the time, the other 
coefficients are assumed to vanish

The effect on differential distributions  
of the four CP-even coefficients in the SMEFT basis

  I. Nomidis, LPNHE-Paris                Measurement of cross sections in H →γγ decays in ATLAS

1.5− 1− 0.5− 0 0.5 1 1.5
Parameter value

]+1 [10HWBC~
]-3 [10HWBC

]+2 [10HBC~
]-3 [10HBC

 HWC~
]-3 [10HWC

]-1 [10HGC~
]-3 [10HGC

 PreliminaryATLAS
-1 = 13 TeV, 139 fbs, γγ → H

 Interference-onlySMEFT

Observed 68% CL
Observed 95% CL

Given high-level of compatibility of cross-section measurements with the SM, 
setting narrow limits around the SM expectation (ci=0)
- x2 improvement compared to last ATLAS results for SILH
- First SMEFT results from ATLAS

• 1d and 2d limits on SILH coefficients

EFT interpretation using the differential cross-sections

affect mostly the 
overall normalization

affect mostly 
VBF/VH affect Δφjj

ATLAS DRAFT

7 Search for anomalous Higgs-boson interactions using an e�ective field487

theory approach488

The strength and tensor structure of the Higgs-boson interactions are investigated following an e�ective489

field theory (EFT) approach in which additional CP-even and CP-odd interactions can change the event490

rates, the kinematic properties of the Higgs boson, and associated jet spectra, from those predicted by491

the SM. Contributions from new physics in the di�erential cross sections are probed as non-zero values492

of the Wilson coe�cients of the dimension-6 operators of an e�ective Langrangian [83]. Contributions493

from dimension-5 operations are excluded assuming lepton and baryon number conservation. Operators494

with dimension 8 and higher are neglected as their e�ects are suppressed by at least 1/⇤2 with respect to495

dimension-6 operators, where ⇤ is the scale of new physics. From the available bases for parametrising the496

dimension-6 operators, the SILH basis [6] is employed as well as the SMEFT (Warsaw) basis [7].497

While new interactions between the Higgs boson and fermions would impact the inclusive production498

cross-section directly via the ggF mode, the di�erential H ! �� cross sections are also sensitive to499

operators that a�ect the Higgs boson interactions with gauge bosons. In the SILH formulation, the relevant500

terms in the Lagrangian can be specified by501

L
SILH
e� � cgOg + c�O� + cHWOHW + cHBOHB

+ c̃g eOg + c̃� eO� + c̃HW
eOHW + c̃HB

eOHB ,

where ci and eci are the dimensionless Wilson coe�cients4 specifying the strength of the new CP-even502

and CP-odd interactions, respectively, and the dimension-six operators Oi and eOi are those described in503

Refs. [83, 84]. The Og (O�) and eOg (eO�) operators introduce new interactions between the Higgs boson504

and two gluons (photons). The OHW , eOHW and OHB, eOHB operators introduce new HWW , HZ Z and505

HZ� interactions and can be probed through VBF and VH production. Other operators in the full e�ective506

Lagrangian of Ref. [83] can also modify Higgs-boson interactions but are not considered here due to the507

lack of sensitivity of the H ! �� decay channel. Combinations of some of the CP-even operators have508

been constrained using global fits to experimental data from LEP and the LHC [83, 85, 86].509

In the SMEFT formulation, a similar parametrisation is employed:510

L
SMEFT
e� � CHGO

0
g
+ CHWO

0

HW
+ CHBO

0

HB
+ CHWBO

0

HWB

+eCHG
eO 0
g
+ eCHW

eO 0

HW
+ eCHB

eO 0

HB
+ eCHWB

eO 0

HWB
,

where all coe�cients are dimensionless5. The coe�cients CHG and eCHG determine the strength of operators511

that a�ect the ggF production and CHW , CHB, CHWB and their corresponding CP-odd counterparts,512 eCHW , eCHB, eCHWB, are for operators that impact VBF and VH production and the Higgs boson decay to513

photons. The operators in the SMEFT basis do not correspond to the same interactions as those in the514

SILH formulation, despite the similarity in the naming convention.515

4 Using the notation ci ⌘ (cim2
W
)/(⇤2g) (and similarly for CP-odd ones) for the dimensionless coe�cients, in the SILH

formulation.
5 Using the notation Ci ⌘ Ci�

2
/⇤2 (and similarly for the CP-odd ones) for the dimensionless coe�cients in the SMEFT

formulation, where � is the vacuum expectation value of the Higgs field and ⇤ is the scale of new physics.
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• 1d limits on SMEFT coefficients
Fitting one (or two) coeff., with others fixed to zero Interference of dim.6-SM operators studied separately
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 3rd-GENERATION FERMION COUPLING : 𝛕-H 
   D

iscovery→
Properties    

CMS-PAS-18-18-032

After the single experiments independent observations → perform cross section 
measurements split by production modes and in different kinematic regimes (STXS)

Improvements in the CMS 77/fb analysis: machine 
learning for categorization, 90% of backgrounds with 
data-driven methods
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 3rd-GENERATION FERMION COUPLING : t-H 
   D

iscovery→
Properties    

PRL 120(2018)231801  
PLB 784(2018)173

Direct observation in 2018!  
From the combination of various final states

LHCP - May 23rd, 2019L. Cadamuro (UF) Higgs couplings and properties

The ttH observation
■ ttH production observed by both experiments about one year ago with Run1 + partial 

Run2 dataset combination

�11

PRL 120 (2018) 231801 
PLB 784 (2018) 173
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• Direct observation in 2018!

Coupling to fermions: ttH
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Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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arXiv:1804.02610 

CMS (Run 1 + 36 fb-1 Run 2): 5.2 σ (4.2 σ exp)

arXiv:1806.00425 

ATLAS:  (Run 1 + 36-80 fb-1 Run 2): 6.3 σ (5.1 σ exp)

Only directly accessible when H is produced in association with 1 or >1 top quarks
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Figure 1: Example tree-level Feynman diagrams for the pp ! ttH production process, with g a
gluon, q a quark, t a top quark, and H a Higgs boson. For the present study, we consider Higgs
boson decays to a pair of W bosons, Z bosons, photons, t leptons, or bottom quark jets.

the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected
in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A
detailed description of the CMS detector can be found in Ref. [5].

Events of interest are selected using a two-tiered trigger system [25] based on custom hardware
processors and a farm of commercial processors running a version of the full reconstruction
software optimized for speed. Offline, a particle-flow algorithm [26] is used to reconstruct and
identify each particle in an event based on a combination of information from the various CMS
subdetectors. Additional identification criteria are employed to improve purities and define
the final samples of candidate electrons, muons, hadronically decaying t leptons (th) [27, 28],
and photons. Jets are reconstructed from particle-flow candidates using the anti-kT clustering
algorithm [29] implemented in the FASTJET package [30]. Multivariate algorithms [31, 32] are
used to identify (tag) jets arising from the hadronization of bottom quarks (b jets) and discrim-
inate against gluon and light flavor quark jets. The algorithms utilize observables related to
the long lifetimes of hadrons containing b quarks and the relatively larger particle multiplicity
and mass of b jets compared to light flavor quark jets. The th identification is based on the
reconstruction of the hadronic t decay modes t� ! h�nt, h�p0nt, h�p0p0nt, and h�h+h�nt

(plus the charge conjugate reactions), where h± denotes either a charged pion or kaon. More
details about the reconstruction procedures are given in Refs. [10–15].

The 13 TeV data employed for the current study were collected in 2016 and correspond to
an integrated luminosity of up to 35.9 fb�1 [33]. The 7 and 8 TeV data, collected in 2011 and
2012, correspond to integrated luminosities of up to 5.1 and 19.7 fb�1 [34], respectively. The
13 TeV analyses are improved relative to the 7 and 8 TeV studies in that they employ triggers
with higher efficiencies, contain improvements in the reconstruction and background-rejection
methods, and use more precise theory calculations to describe the signal and the background
processes. For the 7, 8 and 13 TeV data, the theoretical calculations of Ref. [35] for Higgs boson
production cross sections and branching fractions are used to normalize the expected signal
yields.

The event samples are divided into exclusive categories depending on the multiplicity and
kinematic properties of reconstructed electrons, muons, th candidates, photons, jets, and tagged
b jets in an event. Samples of simulated events based on Monte Carlo event generators, with
simulation of the detector response based on the GEANT4 [36] suite of programs, are used to
evaluate the detector acceptance and optimize the event selection for each category. In the anal-
ysis of data, the background is, in general, evaluated from data control regions. When this is
not feasible, either because the background process has a very small cross section or a control
region depleted of signal events cannot be identified, the background is evaluated from sim-
ulation with a systematic uncertainty assigned to account for the known model dependence.
Multivariate algorithms [37–41] based on deep neural networks, boosted decision trees, and
matrix element calculations are used to reduce backgrounds.

Adding more (full Run2) data direct observation in most of the final states
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■ Target H→WW, 
%% decays with 
7 exclusive 
categories


■ Signal 
extraction using 
BDTs
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Figure 5: Final discriminant shapes in the categories with the highest sensitivity in fully-
hadronic (top), semi-leptonic (middle), and dilepton (bottom) channels before (left) and after
(right) the fit to data. The expected background contributions (filled histograms) are stacked. In
the pre-fit case, the expected signal contribution (line), scaled by a factor 15, is superimposed.
In the post-fit case, the fitted signal contribution is also stacked. The hatched uncertainty bands
include the total uncertainty of the fit model. The distributions observed in data (markers) are
overlayed. The first and the last bins include underflow and overflow events, respectively. The
lower plots show the ratio of the data to the background prediction.

         Sophisticated analysis methods for signal identificationComplex final states

3.9 (3.5) σ (2016 + 2017) 3.2 (4.0) σ (2016 + 2017)

10. Summary 19

Figure 2: Distributions in the discriminating observables used for the signal extraction in the
2`ss and 3` categories. Post-fit yields and uncertainties for the ttH signal and the background
processes are shown. In (a) and (c) the distributions for the 2`ss and 3` sub-categories are
shown; the x-axis labels “bl” and “bt” stand for “b-tag loose” and “b-tag tight”, respectively.
Further details are given in Section 7.2.1.
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■ 0/1/2ℓ channels

■ Mostly tt+HF 

background

■ Signal extraction 

with MEM, NN, and 
BDT discriminants

New for LHCP !

LHCP - May 23rd, 2019L. Cadamuro (UF) Higgs couplings and properties

ttH(!!) measurement

■ Both hadronic and leptonic tt final states

■ BDT based on the event object content and 

kinematics to identify high ttH purity regions

�12

CONF-2019-004 
PAS-HIG-18-018

110 120 130 140 150 160
 [GeV]γγm

0

5

10

15

20

25

30

Su
m

 o
f W

ei
gh

ts
 / 

 1
.3

75
 G

eV Data
Continuum Background
Total Background
Signal + Background

 PreliminaryATLAS
-1 = 13 TeV, 139 fbs

 = 125.09 GeVHm
All categories
ln(1+S/B) weighted sum

Figure 5: Weighted diphoton invariant mass spectrum for the sum of all BDT categories observed in 139 fb�1 of 13
TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT category is the expected signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09±0.24 GeV. The non-resonant and total background components of the fit
are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and background-only
curves shown here are obtained from the weighted sum of the individual curves in each BDT category.

Table 3: Observed number of events in the di�erent categories for the cross section times branching ratio measurement,
using 13 TeV data corresponding to an integrated luminosity of 139 fb�1(“Data”). The observed yields are compared
with the sum of expected tt̄H signal, background from non-tt̄H Higgs boson production, and other background
sources. The numbers are counted in the smallest m�� window containing 90% of the expected signal. The
background yield is extracted from the fit with freely floating signal. The BDT bins are labeled such that the category
with the highest signal purity in each of the “Had” and “Lep” regions is labeled as category 1, while that with the
lowest signal purity is labeled with the largest number.

Category tt̄H Signal non-tt̄H Higgs Continuum Background Total (Expected) Data
tt̄H “Lep” Category 1 7.9 ± 1.5 0.42 ± 0.12 4.6 ± 0.9 12.9 ± 1.8 15
tt̄H “Lep” Category 2 3.9 ± 0.6 0.43 ± 0.15 7.5 ± 1.2 11.8 ± 1.3 11
tt̄H “Lep” Category 3 1.45 ± 0.24 0.49 ± 0.19 7.5 ± 1.2 9.5 ± 1.2 6
tt̄H “Had” Category 1 6.9 ± 1.6 0.8 ± 0.5 4.5 ± 0.9 12.2 ± 1.9 15
tt̄H “Had” Category 2 5.6 ± 1.0 1.1 ± 0.8 16.5 ± 1.7 23.2 ± 2.3 31
tt̄H “Had” Category 3 7.7 ± 1.3 3.1 ± 2.2 56.0 ± 3.0 67 ± 4 82
tt̄H “Had” Category 4 4.9 ± 0.8 5 ± 4 101 ± 4 111 ± 6 105
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(4.2 σ expected)

   Benefit of the full Run II datasetClean decay channel but very rare process (σ ⨉ BR ≈ 1.2 fb)
BDT Output

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fr
ac

tio
n 

of
 E

ve
nt

s

1−10

1
Cont. Bkg.
NTI Control Region

Htt
H HiggstNon-t

ATLAS  Preliminary
-1 = 13 TeV, 139 fbs

Had region

(a) “Had” Region BDT Score Distributions

BDT Output
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fr
ac

tio
n 

of
 E

ve
nt

s

2−10

1−10

1
Cont. Bkg.
NTI Control Region

Htt
H HiggstNon-t

ATLAS  Preliminary
-1 = 13 TeV, 139 fbs

Lep region

(b) “Lep” Region BDT Score Distributions

Figure 7: The normalized fraction of events in bins of BDT score in the (a) “Had” and (b) “Lep” regions of: simulated
tt̄H signal events (red); simulated non-tt̄H Higgs boson events (blue); “Not Tight/Isolated” data events used as
the background sample in testing the BDTs (open stars); and data sideband events (filled black circles). The “Not
Tight/Isolated” (NTI) data events shown are those used in testing the BDTs, and, as such, they are required to pass
all cuts in the diphoton and tt̄H preselections, other than the identification and isolation criteria. The dashed line
denotes the BDT-score cut of the loosest category in each region.
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diphoton mass fits in each category and is shown in purple. The non-tt̄H Higgs boson background is shown in green,
and the tt̄H signal (for a signal strength µ = �/�SM of 1.4) is shown in red. The lower panel shows the residuals
between the data and the background in black points, as well as the predicted tt̄H signal with µ = 1.4 as the red line.
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μ = 1.38+0.41-0.36
Updated CMS results with 2016+2017 data:  
μ = 1.7+0.6-0.5
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Properties    
CMS-PAS-HIG-18-031  
ATLAS-CONF-2019-004

Analyses improved, usage of sophisticated methods for signal identification

ttH MEASUREMENTS

More data added from ttH discovery analyses 

ttH(4l)   ttH(bb) ttH(WW/𝝉𝝉) ttH(𝜸𝜸)     ttH(4l)
lumi        36/fb 36/fb 139/fb      139/fb

signal strength         0.79       1.56       1.38    1.23
lumi         77/fb 77/fb 77/fb      139/fb

signal strength         1.15           0.96         1.7    0.13+0.32 
 -0.29

+0.6  
 -0.5

+0.34 
 -0.31

+0.41 
 -0.36

+0.61 
 -0.60

+0.42 
 -0.40

+0.92 
 -0.13

+1.44 
 -0.86
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7.2 Results of the dijet-mass analysis

For all channels combined the fitted value of the signal strength is

µbb
VH
= 1.06+0.36

�0.33 = 1.06 ± 0.20(stat.)+0.30
�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance
of 3.6 standard deviations, compared to an expectation of 3.5 standard deviations. Good agreement is
also found when comparing the values of signal strengths in the individual channels from the dijet-mass
analysis with those from the multivariate analysis.

The mbb distribution is shown in Figure 4 summed over all channels and regions, weighted by their
respective values of the ratio of fitted Higgs boson signal and background yields and after subtraction of
all backgrounds except for the W Z and Z Z diboson processes.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, p

V

T regions and
number-of-jets categories are summed and weighted by their respective S/B, with S being the total fitted signal and
B the total fitted background in each region. The expected contribution of the associated WH and ZH production
of a SM Higgs boson with mH = 125 GeV is shown scaled by the measured signal strength (µ = 1.06). The size of
the combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs boson search analysis, the measurement of V Z production based on the
multivariate analysis described in Section 6.3 returns a value of signal strength

µbb
VZ
= 1.20+0.20

�0.18 = 1.20 ± 0.08(stat.)+0.19
�0.16(syst.),
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systematic uncertainty are treated as uncorrelated. The dominant jet energy scale uncertainties
are treated as correlated between processes at the same collision energy, while the theory un-
certainties are correlated between all processes and data sets. The observed (expected) signal
significance is 5.6 (5.5)s, and the measured signal strength is µ = 1.04 ± 0.20. In addition to
the overall signal strength for the H ! bb decay, the signal strengths for the individual pro-
duction processes are also determined in this combination, where contributions from a single
production process to multiple channels are properly accounted for in the fit. All results are
summarized in Fig. 3.

µBest fit 
0 1 2 3 4 5 6 7 8 9

Combined

ZH

WH

ttH

VBF

ggF
stat      syst

 0.14± 0.14 ±1.04 

 0.16± 0.24 ±0.88 

 0.24± 0.29 ±1.24 

 0.37± 0.23 ±0.85 

 1.17± 0.98 ±2.53 
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CMS
 (13 TeV)-1 77.2 fb≤ (8 TeV) + -1 19.8 fb≤ (7 TeV) + -1 5.1 fb≤

bb→H
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 syst)⊕ (stat σ1±
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Figure 3: Best-fit value of the H ! bb signal strength with its 1s systematic (red) and total
(blue) uncertainties for the five individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard model expectation. All results
are extracted from a single fit combining all input analyses, with mH = 125.09 GeV.

In summary, measurement of the standard model Higgs boson decaying to bottom quarks
has been presented. A combination of all CMS measurements of the VH, H ! bb process
using proton-proton collisions recorded at center of mass energies of 7, 8, and 13 TeV, yields an
observed (expected) significance of 4.8 (4.9) standard deviations at mH = 125.09 GeV, and the
signal strength is µ = 1.01 ± 0.22. Combining this result with previous measurements by the
CMS Collaboration of the H ! bb decay in events where the Higgs boson is produced through
gluon fusion, vector boson fusion, or in association with top quarks, the observed (expected)
significance increases to 5.6 (5.5) standard deviations and the signal strength is µ = 1.04 ± 0.20.
This constitutes the observation of the H ! bb decay by the CMS Collaboration.
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7.2 Results of the dijet-mass analysis

For all channels combined the fitted value of the signal strength is

µbb
VH
= 1.06+0.36

�0.33 = 1.06 ± 0.20(stat.)+0.30
�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance
of 3.6 standard deviations, compared to an expectation of 3.5 standard deviations. Good agreement is
also found when comparing the values of signal strengths in the individual channels from the dijet-mass
analysis with those from the multivariate analysis.

The mbb distribution is shown in Figure 4 summed over all channels and regions, weighted by their
respective values of the ratio of fitted Higgs boson signal and background yields and after subtraction of
all backgrounds except for the W Z and Z Z diboson processes.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, p

V

T regions and
number-of-jets categories are summed and weighted by their respective S/B, with S being the total fitted signal and
B the total fitted background in each region. The expected contribution of the associated WH and ZH production
of a SM Higgs boson with mH = 125 GeV is shown scaled by the measured signal strength (µ = 1.06). The size of
the combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs boson search analysis, the measurement of V Z production based on the
multivariate analysis described in Section 6.3 returns a value of signal strength

µbb
VZ
= 1.20+0.20

�0.18 = 1.20 ± 0.08(stat.)+0.19
�0.16(syst.),
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systematic uncertainty are treated as uncorrelated. The dominant jet energy scale uncertainties
are treated as correlated between processes at the same collision energy, while the theory un-
certainties are correlated between all processes and data sets. The observed (expected) signal
significance is 5.6 (5.5)s, and the measured signal strength is µ = 1.04 ± 0.20. In addition to
the overall signal strength for the H ! bb decay, the signal strengths for the individual pro-
duction processes are also determined in this combination, where contributions from a single
production process to multiple channels are properly accounted for in the fit. All results are
summarized in Fig. 3.

µBest fit 
0 1 2 3 4 5 6 7 8 9

Combined

ZH

WH

ttH

VBF

ggF
stat      syst

 0.14± 0.14 ±1.04 

 0.16± 0.24 ±0.88 

 0.24± 0.29 ±1.24 

 0.37± 0.23 ±0.85 

 1.17± 0.98 ±2.53 

 1.30± 2.08 ±2.80 

CMS
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Figure 3: Best-fit value of the H ! bb signal strength with its 1s systematic (red) and total
(blue) uncertainties for the five individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard model expectation. All results
are extracted from a single fit combining all input analyses, with mH = 125.09 GeV.

In summary, measurement of the standard model Higgs boson decaying to bottom quarks
has been presented. A combination of all CMS measurements of the VH, H ! bb process
using proton-proton collisions recorded at center of mass energies of 7, 8, and 13 TeV, yields an
observed (expected) significance of 4.8 (4.9) standard deviations at mH = 125.09 GeV, and the
signal strength is µ = 1.01 ± 0.22. Combining this result with previous measurements by the
CMS Collaboration of the H ! bb decay in events where the Higgs boson is produced through
gluon fusion, vector boson fusion, or in association with top quarks, the observed (expected)
significance increases to 5.6 (5.5) standard deviations and the signal strength is µ = 1.04 ± 0.20.
This constitutes the observation of the H ! bb decay by the CMS Collaboration.
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• small BR(H→μμ)=2×10-4 → 𝜪(5-6) evt/fb-1  

• large backgrounds: Z/𝜸*, Diboson, Top  
• small S/(S+B) regime ~0.2%

H→μμ analysis, μ are the easiest object to identify and measure, but :

   Rare decays/production   
 2nd-GENERATION FERMION COUPLING : μ-H PRL 122(2019)021801  

CONF-HIGG-2019-028
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• small BR(H→μμ)=2×10-4 → 𝜪(5-6) evt/fb-1  

• large backgrounds: Z/𝜸*, Diboson, Top  
• small S/(S+B) regime ~0.2%

H→μμ analysis, μ are the easiest object to identify and measure, but :

   Rare decays/production   
 2nd-GENERATION FERMION COUPLING : μ-H 

Critical good muon momentum resolution 
and sophisticated techniques to categorise 
and select events
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   Rare decays/production   
H→μμ RESULTS

Results statistically limited 

Improvements in ATLAS full Run2 analysis: BDT-based event classification, bkg modelling, FSR, rejection 
of pile-up jet

Signal and background yields are determined through a fit to mμμ distribution

obs(exp(*)) UL on σ/σSM obs(exp) μ obs(exp) sign
         2μ (full Run2) 1.7(1.3) 0.5±0.7(1.0±0.7) 

)  
0.8σ(1.5σ)  

         2μ (Run1+36/fb Run2) 2.9(2.2) 1.0±1.0(1.0±1.0) 0.9σ(1.0σ) 
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Complementary approaches exist : 
• Direct search for H→cc decay 
• Extract constraints on λc from kinematics 
• Searches for charmonium decays: H→J/Ψγ  
• Total width / global analysis

   Rare decays/production   
 2nd-GENERATION FERMION COUPLING : c-H 

• BR(H→cc)~0.05×BR(H→bb) 
• H→bb is background 
• large (hadronic) background  
• charm jet ID is highly challenging

c

charm-Higgs coupling λc~λ𝛕, but way harder to probe :
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Figure 5: Post-fit distributions of the BDT score in the signal region of the 2L Low-pT(V), 2L
High-pT(V), 1L and 0L channels.
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Figure 6: The mSD distribution of Hcand in data and simulation in the merged-jet analysis signal
regions after the maximum likelihood fit, for events passing the high purity category of the
merged-jet analysis. Upper row: 2L channel, muons (left) and electrons (right); middle row: 1L
channel, muon (left) and electron (right); lower row: 0L channel.
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CMS-PAS-HIG-18-031  
PRL 120(2018)211802
ATL-PHYS-PUB-2018-016 

   Rare decays/production   
DIRECT SEARCH H→cc

obs(exp) UL on σ/σSM

         VHcc (36/fb Run2) 110(150) 
         VHcc (36/fb Run2) 70(37) 

(*)

• Three exclusive channels to capture V decay modes  
     0. 1, and 2 leptons (Z→𝞶𝞶, W→l𝞶, and Z→ll) 

• Two approaches to explore the H→cc decay topology  
     resolved (two jets R=0.4), merged (one large-R jet R=1.5) 

• Advanced charm-tagging techniques exploited

First direct H→cc search in CMS target the VH production

Results are significantly improved

(*) only Z→ll + H→cc channel analysed 

HL-LHC prospects UL on σ/σSM < 6.3  
                                                            in the absence of syst unc.  
                                              by extrapolating ATLAS Run2 results 
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ATLAS
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full Run2
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PRL 122(2019)121803  
arXiv:1906.02025

   Rare decays/production   

Essential in EWSB, need to measure the Higgs boson trilinear coupling (𝝺HHH) 

3

2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77

H

H

H
H

HλHHH

σ(gg→HH) = 33.5 fb  
[@13 TeV, NNLO + NNLL with top mass effects]

PROBING THE HIGGS BOSON SELF-COUPLING
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Presented a full Run2 VBF HH→bbbb analysis, strong constraints on the VVHH vertex 
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ATL-PHYS-PUB-2019-009
   Rare decays/production   

PROBING THE HIGGS BOSON SELF-COUPLING
Single Higgs boson productions, decays, and 
kinematics are sensitive to the self-coupling 
through EW corrections 

Measurement sensitive only under strict 
assumptions on other Higgs boson couplings 
Complements direct determination from HH 
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Probing the Higgs self-coupling at Run 2
• Single Higgs boson productions and decays as 

well as kinematics sensitive to the self-coupling 
through EW corrections

Marco Delmastro Higgs couplings and properties 22

VH ttH

propagator VBF

• Use inclusive rate for ggF ttH, parameterize VBF and 
VH cross-section in Stage 1 STXS as a function of κλ
ü Fixing all other couplings to SM within current 

experimental errors

• Excluding κλ = [-3.2,11.9] @ 95%CL
ü Comparable to limits from 36.1 fb-1 di-Higgs search

JHEP 12 (2016) 080 
EPJC 77 (2017) 887 

ATL-PHYS-PUB-2019-009

Reinterpretation of the combined measurements  
gives some access to kinematic information 
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In addition for Higgs BSM searches a substantial amount of parameter space (and 
masses) to be covered

TOWARDS HL-LHC arXiv:1902.00134

Couplings Higgs boson self-coupling

The future 
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JHEP 08 (2016) 045OUTLOOK AND CONCLUSIONS
The Higgs boson is “really” new physics. 

A broad Higgs physics program is ongoing within ATLAS and CMS using the LHC Run2 
dataset (<5% of the final HL-LHC integrate luminosity) 

• Start of the precision era in the gauge sector (towards <10% uncertainties) 
• Switch from discovery to properties measurements using the 3rd-generation couplings 
• Focus on rare processes 

evidence/observation of 2nd-generation coupling using LHC data  
probe charm-H interaction and Higgs self-coupling towards HL-LHC 

• Extensive BSM searches 

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html
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JHEP 08 (2016) 045OUTLOOK AND CONCLUSIONS
The Higgs boson is “really” new physics. 

A broad Higgs physics program is ongoing within ATLAS and CMS using the LHC Run2 
dataset (<5% of the final HL-LHC integrate luminosity) 

• Start of the precision era in the gauge sector (towards <10% uncertainties) 
• Switch from discovery to properties measurements using the 3rd-generation couplings 
• Focus on rare processes 

evidence/observation of 2nd-generation coupling using LHC data  
probe charm-H interaction and Higgs self-coupling towards HL-LHC 

• Extensive BSM searches 

Thank you for  
your attention!

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html


BACKUP
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THE HIGGS BOSON COMBINATION
   The H

 Profile                

EPS-HEP 12.07.19Chen Zhou (Wisconsin)

Coupling modifier: different scenarios 

�13

• Not resolving ggF and Hγγ effective 
vertices, explore three different 
scenarios for total width:

• Black: assume Binv=Bundet=0

• Red: constrain Binv and Bundet using 
H→invisible analysis and κV < 1

• Blue: constrain BBSM = Binv+ Bundet 
using off-shell analysis and κon-shell 
= κoff-shell

• All coupling modifiers are measured to 
be compatible with the SM
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QUANTUM NUMBERS SPIN
   The H

 Profile                
PRD 99(2019)112003  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  I. Nomidis, LPNHE-Paris                Measurement of cross sections in H →γγ decays in ATLAS

•  Limit on the κc=Yc/YcSM modification of the charm coupling

•  Indirect limit using pTγγ, exploiting only shape information


• Assuming only modifications on gg→H and cc/cg→H cross-sections

• Predictions from Radish (ggF) and Madgraph (cc/cg→H)

• Limited by statistical uncertainty

charm-Yukawa interpretation of pTγγ

Less stringent than direct H→cc searches 
but still complementary.

ATLAS DRAFT

The di�erential cross section is used in the range from p��T zero up to 140 GeV which is the most sensitive661

region to modifications of c . The fit only uses shape information, while the normalisation is profiled. The662

profile likelihood ratio is shown in Figure 15 as a function of c . The breakdown of uncertainties a�ecting663

the limit on c is shown in Table 8 for the 68% CL interval. The observed and expected 95% confidence664

intervals are shown in Table 7. Figure 16 shows the data compared to predictions for two values of c665

corresponding to the upper and lower limits at 95% CL.
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Observed, stat. only
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  InternalATLAS
 -1 = 13 TeV,  139 fbs

Figure 15: The profile likelihood ratio, �, shown as a function of c for the fit to the p��T distribution. The intersection
of the �2 ln⇤ curve with the horizontal line provides the 95% confidence intervals.

Table 7: Observed and expected allowed ranges at 95% CL on modifications of the charm-quark Yukawa coupling to
the Higgs boson, c .

Coe�cient Observed 95% CL limit Expected 95% CL limit
c [�19,24] [�15,19]

666

Table 8: E�ect of statistical, experimental systematic and theoretical uncertainties on c from the profile likelihood
fit.

Source �c ( +up
�down )

Stat. +10.2
�8.2

Exp. syst. +3.0
�2.8

QCD scale (ggF) +5.5
�5.4

QCD scale (cc̄ ! H) +0.8
�0.2

PDF (ggF) +0.5
�0.5

PDF (cc̄ ! H & bb̄ ! H) +0.3
�0.1

Parton shower (cc̄ ! H) +1.5
�0.7

Total +12.2
�10.3

The limit at 95% CL for c , [�18,24] is comparable to that reported in Ref. [2] following a similar approach667

of interpreting the Higgs-boson di�erential cross sections.668
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c-H COUPLING FROM KINEMATICS PLB 792(2019)369  
CONF-HIGG-2019-046

   Rare decays/production   

pTH shape and cross section are dependent on t-H, b-H, and c-H couplings  
Effects from charm, mostly at low pTH
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H→J/Ψ J/Ψ AND H→ΥΥ arXiv:1905.10408

   Rare decays/production   

SM BRs inaccessible by many orders of magnitude. 

Four-muon final state
• Experimentally clean with very small SM backgrounds 
• Excess at H or Z mass would be sign of BSM physics 

�42

Process Observed Expected

B(H ! J/yJ/y) 1.8 ⇥ 10�3 (1.8+0.2
�0.1)⇥ 10�3

B(H ! UU) 1.4 ⇥ 10�3 (1.4 ± 0.1)⇥ 10�3

B(Z ! J/yJ/y) 2.2 ⇥ 10�6 (2.8+1.2
�0.7)⇥ 10�6

B(Z ! UU) 1.5 ⇥ 10�6 (1.5 ± 0.1)⇥ 10�6

 (GeV)µ4M
40 60 80 100 120 140

Ev
en

ts
 / 

4 
G

eV

-110

1

10

210

 (GeV)µ4M
40 60 80 100 120 140

Ev
en

ts
 / 

4 
G

eV

-110

1

10

210
  (13 TeV)-137.5 fbCMS

µ 4 → ψ J/ψ J/→pp 
Data
Signal + Background
Simulated signals

 (GeV)µ4M
20 40 60 80 100 120 140

Ev
en

ts
 / 

3 
G

eV

-110

1

10

210

 (GeV)µ4M
20 40 60 80 100 120 140

Ev
en

ts
 / 

3 
G

eV

-110

1

10

210
  (13 TeV)-137.5 fbCMS

µ 4 → Υ Υ →pp 
Data
Signal + Background
Simulated boson signals

c,bZ

Z

Q

Q

H

c,b

Z

Z

Q

Q

H
c,bq

,gγ Q

Q

H

95% CL Upper Limits



ROBERTO SALERNO �43

SEARCH FOR tHq/tHW PRODUCTION
Process is highly sensitive to the absolute values of the Higgs-top Yukawa 

coupling, the Higgs boson coupling to vector bosons, and to their relative sign
References 23
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(blue, red, and green), compared to Asimov data sets corresponding to the SM expectations
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1 Introduction
The scalar resonance discovered by the CMS and ATLAS Collaborations at the LHC [1–3] in
2012 has been found to have properties consistent with the predictions of the standard model
(SM) for a Higgs boson with a mass of about 125 GeV [4]. In particular, its couplings to bosons
(gHVV) and fermions (yf) corroborate an SM-like dependence on the respective masses. Further-
more, data indicate that it has zero spin and positive parity [5]. Recently, the associated pro-
duction of top quark pairs with a Higgs boson (ttH) and Higgs boson decays to pairs of bottom
quarks have been observed [6–8], thereby directly probing the Yukawa interactions between
the Higgs boson and top as well as bottom quarks for the first time. In addition to measuring
the absolute strengths of Higgs boson couplings, it is pertinent to assess the possible existence
of relative phases among the couplings, as well as their general Lorentz structure. Hence a
broad sweep of Higgs boson production mechanisms and decay modes must be considered to
reveal any potential deviations from the SM expectations.

The production rate of ttH is sensitive only to the magnitude of the top quark-Higgs boson
Yukawa coupling yt and has no sensitivity to its sign. Measurements of processes such as
Higgs boson decays to photon pairs [9] or the associated production of Z and Higgs bosons via
gluon-gluon fusion [10] on the other hand do have sensitivity to the sign, because of indirect
effects in loop interactions. Those measurements currently disfavor a negative value of the
coupling [11, 12], but rely on the assumption that only SM particles contribute to the loops [13].

In contrast, the production of Higgs bosons in association with single top quarks in proton-
proton (pp) collisions proceeds via two categories of Feynman diagrams [14–17], where the
Higgs boson couples either to the top quark or the W boson. The two leading order (LO)
diagrams for the t channel production process (tHq) are shown in Fig. 1, together with one of
the five LO diagrams for the tW process (tHW), for illustration. Because of the interference of
these diagrams, the production cross section is uniquely sensitive to the magnitude as well as
the relative sign and phase of the couplings.
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Figure 1: Leading order Feynman diagrams for the associated production of a single top quark
and a Higgs boson in the t channel, where the Higgs boson couples either to the top quark (left)
or the W boson (center), and one representative diagram of tHW production, where the Higgs
boson couples to the top quark (right).

In the SM, the interference between these two diagrams is maximally destructive and leads to
very small production cross sections of about 71, 16, and 2.9 fb for the t channel, tW process, and
s channel, respectively, at a center-of-mass energy

p
s = 13 TeV [18, 19]. Hence measurements

using the data collected at the LHC so far are not yet sensitive to the SM production. However,
in the presence of new physics, there may be relative opposite signs between the t-H and W-H
couplings which lead to constructive interference and enhance the cross sections by an order of
magnitude or more. In such scenarios, realized, e.g., in some two-Higgs doublet models [20],
tHq production would exceed that of ttH production, making it accessible with current LHC

< 1/500th of ggF production

   Rare decays/production   
PRD 99(2019)092005

σ(qb →tHq)=0.074 pb σ(qb →tHq)=0.003 pb σ(gb →tHW)=0.015 pb
s-channelt-channel W-associated

excludedexcluded excluded

For a SM-like value of gHVV, the data favor 
positive values of yt
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SEARCH FOR INVISIBLE DECAY
   Rare decays/production   

PLB 793(2019)520

20

Observed and expected upper limits on (s/sSM)B(H ! inv) at 95% CL are presented in Fig. 9
(left). Limits are computed for the combination of all data sets, as well as for partial combi-
nations based either on 7+8 or 13 TeV data. The relative contributions from different Higgs
production mechanisms are constrained to their SM values within the theoretical uncertainties.
The combination yields an observed (expected) upper limit of B(H ! inv) < 0.19 (0.15) at 95%
CL. The corresponding profile likelihood ratios as a function of B(H ! inv) are shown in Fig. 9
(right). The measured value of the invisible branching fraction and an approximate 68% CL in-
terval, obtained from the profile likelihood, are B(H ! inv) = 0.05 ± 0.03 (stat) ± 0.07 (syst).
The systematic uncertainties with the highest impact in the B(H ! inv) measurement are the
theoretical uncertainties affecting the Z(nn)/W(`n) and ZZ/WW ratios in the VBF and Z(``)H
channels, respectively, as well as the uncertainties in the lepton and photon reconstruction and
identification efficiencies, jet energy scale, and veto efficiency of th candidates.
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Figure 9: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv) for
partial combinations based either on 7+8 or 13 TeV data as well as their combination, assuming
SM production cross sections for the Higgs boson with mass of 125.09 GeV. On the right, the
corresponding profile likelihood ratios as a function of B(H ! inv) are presented. The solid
curves represent the observations in data, while the dashed lines represent the expected result
obtained from the background-only hypothesis.

The relative sensitivity of each search considered in the combination depends on the assumed
SM production rates. The cross sections for the ggH, VBF and VH production modes are
parametrized in terms of coupling strength modifiers kV and kF, which directly scale the cou-
pling of the Higgs boson to vector bosons and fermions, respectively [69]. The contribution
from the gg ! ZH production is scaled to account for the interference between the tH and
ZH diagrams, as described in Ref. [34]. In this context, SM production rates are obtained for
kV = kF = 1. Figure 10 (left) shows the observed 95% CL upper limits on (s/sSM)B(H ! inv)
evaluated as a function of kV and kF. The LHC best estimates for kV and kF from Ref. [4] are
superimposed, along with the 68% and 95% CL limit contours. Within the 95% CL region, the
observed (expected) upper limit on B(H ! inv) varies between 0.14 (0.11) and 0.24 (0.19).

The upper limit on B(H ! inv), obtained from the combination of
p

s = 7, 8, and 13 TeV
searches, is interpreted in the context of Higgs-portal models of DM interactions, in which a
stable DM particle couples to the SM Higgs boson. Direct-detection experiments are sensitive
to the interaction between a DM particle and an atomic nucleus, which may be mediated by
the exchange of a Higgs boson, producing nuclear recoil signatures that can be interpreted in
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   BSM
 searches   

Variety of searches for additional Higgs bosons and exotic decays of H(125)   
So far no excess or evidence and only exclusion in theory parameter space
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Figure 6: Expected (black dashed line) and observed (black solid line) limits on the cross section
of resonant HH production as a function of the mass of the resonance for the combination of
the bb``jj and bb``nn channels. The RS1 radion case is shown on the left and the RS1 KK
graviton case is shown on the right. The red solid lines show the theoretical prediction for the
cross section of an RS1 radion with lR = 1 TeV and kL = 35 (left) and an RS1 KK graviton with
k̃ = 0.1 (right). The expected limits for each individual channel are also shown with red dashed
line for the bb``jj channel and blue dashed line for the bb``nn channel.

7 Conclusions
In summary, a search for the resonant production of two Higgs bosons decaying to two bottom
quarks and two Z bosons was performed, where one of the Z bosons decays to two leptons
and the other decays to two quarks of any flavor or to two neutrinos. The search used 13 TeV
proton-proton collision data recorded by the CMS detector and corresponding to an integrated
luminosity of 35.9 fb�1. The results are in agreement with SM predictions and 95% CL upper
limits are set on the resonant, narrow width, spin-0 radion and spin-2 Kaluza-Klein graviton
production cross sections in the range of resonance masses between 260 GeV and 1000 GeV.
These are the first limits to date for Higgs boson resonant pair production in the final state
where the other Z boson decays hadronically into two or more jets.
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Merged tagging 

Complex DNN architecture for top, W, Z, Higgs decays, 
further splitted based on flavor content of decay mode 

Calibration done using proxy jets, gluon splitting to cc 
with similar characteristics as signal jets

  CHARM-TAGGING TECHNIQUES
Resolved tagging 

Fully connected DNN providing P(b), P(c), P(light) 
combined to create two discriminants 
    CvsL = P(c) / P(c) + P(light) 
    CvsB = P(c) / P(c) + P(b) 
Calibration done using via a simultaneous fit to the 
2D plane CvsB / CvsL in 3 background regions 

ccdiscriminant =
score(Z ! cc̄) + score(H ! cc̄)

score(Z ! cc̄) + score(H ! cc̄) + score(QCD)
<latexit sha1_base64="IEpcf69BUkNDD76fR38+f71Yxl4="></latexit>

5. Resolved-jet topology 7

Figure 1: Left: Efficiency to tag a c jet as a function of the b jet and light jet mistag rate. The
corresponding working point adopted in the resolved-jet topology analysis to select the leading
CvsL jets is shown with a white cross. Right: Curves showing separately the tagging efficiency
and the corresponding b jet and light jet mistag rate. Jets with pT > 20 GeV and clusterised with
AK4 algorithm have been considered from simulated tt+jets sample before the application of
any data-to-simulation reshaping.

modest hadronic activity.273

5.2 Signal extraction274

In addition to the selection reported in Section 4.1, events in the resolved-jet analysis are re-275

quired to have two distinct jets passing the c tagger working point (CvsL > 0.4, CvsB > 0.2).276

In VH (H ! cc) signal events, the vector boson is typically produced in the direction opposite277

to that of the Higgs boson. Therefore, an additional requirement on the difference in azimuthal278

angle between the reconstructed V and Hcand, Df(V, Hcand) > 2.5 (> 2.0 in the 0L category),279

is applied. In the signal regions defined by the application of the selection criteria mentioned280

above, a boosted decision tree (BDT) with gradient boost [81] has been trained to enhance the281

signal separation from background. Separate BDTs have been trained for 0L, 1L and 2L (low-282

pT(V) and high-pT(V)) categories. Table 1 lists the input variables considered in each category.283

The major backgrounds that remain after the event pre-selection described in Section 4.1 and284

the selection explained above are estimated from a combination of simulated events and data.285

The distributions of all variables used to construct the BDT discriminator and hence the BDT286

distribution itself are taken from simulation. While the normalisation of QCD, single-top, di-287

boson, and VH(H ! bb) processes is also estimated via simulation, the normalisation of the288

V+jets and tt+jets backgrounds is determined from fits to data in dedicated control regions in289

order to avoid potential mismodelling of the flavour composition of these samples. Four con-290

trol regions per channel are designed to constrain the most important background processes:291

a region dominated by tt+jets events (TT), a region targeting the V+jets with at least one jet292

originating from a light flavor quark (LF), a region enriched in V+jets events where at least one293

jet comes from the hadronization of two b-quarks or one b-quark and one c-quark (HF), and a294

region enriched with V + cc events (CC). The simulated V+jets backgrounds are similarly split295

into four classes depending on the flavour(s) of the additional jet(s) present in the processes:296
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Figure 2: Post-fit CvsBmin distribution in the CC and HF control regions for the 2L (Z(µµ))
low-pT(V), 2L (Z(ee)) high-pT(V), 1L (W(µn)) and 0L channels.


