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Mass in “normal” Matter
• Mass in atoms: 
 
> 99.9% in the nucleus 

• Mass in nucleus:  
 
~95% binding energy of the Strong Force
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• Problem: Mass of elementary particles: 
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- W boson mass and interaction:
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Up to ~70 pp collisions per   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A Higgs boson  
is only produced in  
1 out of 109 

collisions 
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• “Clean” Signatures:  leptons or photons

• Calculate invariant mass from decay products:

• Fill selected events into histogram

• Search for a signal peak over background:
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H → ZZ* → 4ℓ
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                              not predicted!
⇒ as soon as experimentally measured, everything else is calculable

mH =
p
2�v
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ATLAS CONF Note

ATLAS-CONF-2020-005
7th April 2020

Measurement of the Higgs boson mass in the

H ! ZZ
⇤ ! 4` decay channel with

p
s = 13 TeV

pp collisions using the ATLAS detector at the LHC

The ATLAS Collaboration

A measurement of the Higgs boson mass, mH in the H ! Z Z
⇤ ! 4` decay channel is

presented. The data employed were recorded by the ATLAS detector between 2015-2018 in
proton-proton collisions delivered by the Large Hadron Collider at a centre-of-mass energy ofp

s = 13 TeV and correspond to an integrated luminosity of 139 fb�1. An analytic model that
takes into account the invariant mass resolution of the four-lepton system on a per-event basis
is employed. The measured value of mH is 124.92 ± 0.19(stat.)+0.09

�0.06(syst.) GeV.

© 2020 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio �2 ln L(µ, mH) is distributed as a c2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H ! gg
and H ! ZZ ! 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09 ± 0.24 GeV

= 125.09 ± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

where the total uncertainty is dominated by the statistical term, with the systematic uncertainty
dominated by effects related to the photon, electron, and muon energy or momentum scales
and resolutions. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 s, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 s. The combined measurement of the Higgs boson mass improves
upon the results from the individual experiments and is the most precise measurement to date
of this fundamental parameter of the newly discovered particle.

Acknowledgments
We thank CERN for the very successful operation of the LHC, as well as the support staff from
our institutions without whom ATLAS and CMS could not be operated efficiently.

We acknowledge the support of ANPCyT (Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan); SSTC (Belarus); FNRS and FWO (Belgium);

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005/


Karsten Köneke/48

Higgs Boson Mass

16
ATLAS-CONF-2020-005Phys. Lett. B 805 (2020) 135425

A
T

L
A

S
-C

O
N

F
-2

0
2
0
-0

0
5

0
7

A
p

r
il

2
0
2
0

ATLAS CONF Note

ATLAS-CONF-2020-005
7th April 2020

Measurement of the Higgs boson mass in the

H ! ZZ
⇤ ! 4` decay channel with

p
s = 13 TeV

pp collisions using the ATLAS detector at the LHC

The ATLAS Collaboration

A measurement of the Higgs boson mass, mH in the H ! Z Z
⇤ ! 4` decay channel is

presented. The data employed were recorded by the ATLAS detector between 2015-2018 in
proton-proton collisions delivered by the Large Hadron Collider at a centre-of-mass energy ofp

s = 13 TeV and correspond to an integrated luminosity of 139 fb�1. An analytic model that
takes into account the invariant mass resolution of the four-lepton system on a per-event basis
is employed. The measured value of mH is 124.92 ± 0.19(stat.)+0.09

�0.06(syst.) GeV.

© 2020 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

9

ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio �2 ln L(µ, mH) is distributed as a c2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H ! gg
and H ! ZZ ! 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09 ± 0.24 GeV

= 125.09 ± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

where the total uncertainty is dominated by the statistical term, with the systematic uncertainty
dominated by effects related to the photon, electron, and muon energy or momentum scales
and resolutions. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 s, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 s. The combined measurement of the Higgs boson mass improves
upon the results from the individual experiments and is the most precise measurement to date
of this fundamental parameter of the newly discovered particle.

Acknowledgments
We thank CERN for the very successful operation of the LHC, as well as the support staff from
our institutions without whom ATLAS and CMS could not be operated efficiently.

We acknowledge the support of ANPCyT (Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan); SSTC (Belarus); FNRS and FWO (Belgium);

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005/


Karsten Köneke/48

Higgs Boson Mass

16
ATLAS-CONF-2020-005Phys. Lett. B 805 (2020) 135425

A
T

L
A

S
-C

O
N

F
-2

0
2
0
-0

0
5

0
7

A
p

r
il

2
0
2
0

ATLAS CONF Note

ATLAS-CONF-2020-005
7th April 2020

Measurement of the Higgs boson mass in the

H ! ZZ
⇤ ! 4` decay channel with

p
s = 13 TeV

pp collisions using the ATLAS detector at the LHC

The ATLAS Collaboration

A measurement of the Higgs boson mass, mH in the H ! Z Z
⇤ ! 4` decay channel is

presented. The data employed were recorded by the ATLAS detector between 2015-2018 in
proton-proton collisions delivered by the Large Hadron Collider at a centre-of-mass energy ofp

s = 13 TeV and correspond to an integrated luminosity of 139 fb�1. An analytic model that
takes into account the invariant mass resolution of the four-lepton system on a per-event basis
is employed. The measured value of mH is 124.92 ± 0.19(stat.)+0.09

�0.06(syst.) GeV.

© 2020 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

9

ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio �2 ln L(µ, mH) is distributed as a c2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H ! gg
and H ! ZZ ! 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09 ± 0.24 GeV

= 125.09 ± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

where the total uncertainty is dominated by the statistical term, with the systematic uncertainty
dominated by effects related to the photon, electron, and muon energy or momentum scales
and resolutions. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 s, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 s. The combined measurement of the Higgs boson mass improves
upon the results from the individual experiments and is the most precise measurement to date
of this fundamental parameter of the newly discovered particle.

Acknowledgments
We thank CERN for the very successful operation of the LHC, as well as the support staff from
our institutions without whom ATLAS and CMS could not be operated efficiently.

We acknowledge the support of ANPCyT (Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan); SSTC (Belarus); FNRS and FWO (Belgium);

Consistent with ATLAS+CMS Run 1 result:

9

ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
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68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
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⇤ ! 4` decay channel is
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and branching fractions very small:
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⇒Measurement precision of mH good enough for this
- but precise measurement important! 
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H → ZZ* → 4ℓ
• BRSM(H → ZZ*) ≈ 2.6%

- BRSM(Z → ℓℓ) ≈ 3.4%  
⇒ BRSM(H → ZZ* → 4ℓ) = 0.016%

⇒~1200 H → ZZ* → 4ℓ events in 139 fb-1  
- Expect to see 206 signal events (A⋅ε)
- Excellent signal reconstruction and S/B

• Fiducial cross-section measurement:
- Observed: σfid(H → ZZ* → 4ℓ) = 3.28 ± 0.32 fb 
- Expected: σfid,SM(H → ZZ* → 4ℓ) = 3.41 ± 0.18 fb
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⇒ Differential cross-section measurements; 
Comparison with theory predictions
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H → γγ
• BRSM(H → γγ) ≈ 0.23%

• Expect: ~17 500 signal events
- Excellent signal reconstruction 
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In each case, the measurement is performed by expressing the event yields in each event category in
terms of the measurement parameters, and fitting the model to the data. Best-fit values are reported along
with uncertainties corresponding to 68% CL intervals obtained from a profile likelihood technique [146].
In some cases, uncertainties are presented as a decomposition into separate components: the statistical
component is obtained from a fit in which the nuisance parameters associated with systematic uncertainties
are fixed to their best-fit values; the systematic component, corresponding to the combined e�ect of
systematic uncertainties, is computed by subtracting in quadrature the statistical component from the total
uncertainty. Finer splits into uncertainty components corresponding to groups of nuisance parameters are
obtained by iteratively fixing the parameters in each group and subtracting in quadrature the uncertainties
obtained in this configuration from those obtained when the parameters are profiled.

Expected results for the SM are obtained from a fit to an Asimov data set built from the best-fit values
of the model parameters in a fit to the observed data under the SM hypothesis. Compatibility with the
Standard Model is computed from the value of the profile likelihood ratio of the model in data under
the SM hypothesis; a p-value quantifying compatibility with the SM is computed under the assumption
that this quantity follows a j

2 distribution with a number of degrees of freedom equal to the number of
parameters of interest [146].

8.1 Total and production mode cross-sections

The overall rate of Higgs boson production at
p
B = 13 TeV is probed by measuring a single parameter

of interest, the product of the Higgs boson production cross section and the � ! WW branching ratio
(f ⇥ ⌫WW), which scales the expected yields in all the categories. The total Higgs boson production cross
section corresponds to the region |H� | < 2.5, where H� is the Higgs boson rapidity.

The product (f ⇥ ⌫WW), treated as a single parameter of interest in the likelihood function, is measured
by simultaneously fitting the <WW distributions of the 88 analysis categories. Figure 8 shows the <WW

distribution from the inclusive diphoton sample. The events in each category are weighted by ln(1 + (/⌫),
where ( and ⌫ are the expected signal and background yields in this category within the smallest <WW

window containing 90% of the signal events. This choice of event weight is designed to enhance the
contribution of events from categories with higher signal-to-background ratio in a way that approximately
matches the impact of these events in the categorized analysis of the data.

The Higgs boson production cross section times � ! WW branching ratio is measured to be

(f ⇥ ⌫WW)obs = 127 ± 10 fb = 127 ± 7 (stat.) ± 7 (syst.) fb (2)

with an SM expectation of
(f ⇥ ⌫WW)exp = 116 ± 5 fb. (3)

The mechanism of Higgs boson production is probed by considering separately the ggF, VBF, ,�, /�
and top-associated production processes. The measurement is reported in terms of the (f ⇥ ⌫WW) value in
each case, with the cross-sections defined in |H� | < 2.5. As in the STXS region definition, the contribution
from the 11̄� process is included in the ggF component. The top-associated production includes both the
CC̄� and C� processes, and the sum of their cross sections are measured. Figure 9 shows the weighted <WW

distributions for these production cross-section measurements. These distributions are weighted using the
same procedure as that of Figure 8, except that the signal yield only includes the contribution from the
targeted production process and the background yield also includes contributions from other production
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• Cross section measurement:

• σ(tH): < 8 times SM production rate 
- Best limit thus far!

Observed 
(expected) 
significance:

5.6 (2.8) σ
7.5 (6.1) σ

(1.7) σ
4.7 (5.0) σ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
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⇒ ~1300 VBF H → WW* → eνµν events in 139 fb-1,  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Signal strength:

Observed (expected) significance: 6.6 (6.1) σ 

µ :=
�i · Bf

(�i · Bf )SM
=

observed rate

expected rate

8 Signal region yields and results

Table 5 shows the post-fit SR yields for all of the four analysis categories defined in Section 4. The
uncertainty on the total expected yield reflects the knowledge of the observed yield in each analysis category
and is not indicative of the precision of the analysis.

Table 5: Post-fit MC and data yields in the ggF and VBF SRs. Yields in the bin with the highest VBF DNN output are
also presented. The quoted uncertainties correspond to the statistical uncertainties, together with the experimental
and theory modelling systematic uncertainties. The sum of all the contributions may di�er from the total value due
to rounding. Moreover, the uncertainty on the total yield di�ers from the sum in quadrature of the single-process
uncertainties due to anti-correlation e�ects in their systematic sources which dominate over their MC statistical
uncertainties.

Process #jet = 0 ggF #jet = 1 ggF #jet � 2 ggF #jet � 2 VBF
DNN:

Inclusive [0.93, 1.0]
�ggF 2150± 220 1100± 150 470± 100 180± 70 2.0± 1.0
�VBF 24± 6 107± 24 50± 12 200± 40 40 ± 7

Other Higgs 34± 1 49± 1 47± 2 27± 2 0.1± 0.0
,, 9800± 400 3400± 500 1500± 500 2100± 400 5.3± 2.1
CC̄/,C 2130± 210 5400± 400 6100± 500 7600± 400 3.1± 1.0
//W⇤ 140± 50 280± 40 930± 70 1410± 340 1.2± 0.6
Other ++ 1380± 130 850± 100 440± 90 360± 80 0.5± 0.1
Mis-Id 1170± 130 740± 90 480± 50 340± 40 2.3± 0.3

Total 16 770± 130 11 940± 110 10 040± 100 12 200± 120 54 ± 6
Observed 16 726 11 917 9 982 12 189 60

The <T distributions for the separate #jet = 0, #jet = 1, and ggF-enriched #jet � 2 SRs as well as the
combination of SRs are shown in Figure 10. The bottom panels of Figure 10 display the di�erence between
the data and the total estimated background compared to the <T distribution of a SM Higgs boson with
<� = 125 GeV. The total signal observed in all categories (see Table 5) of about 4000 events is in
agreement, in both shape and rate, with the expected SM signal. The observed (expected) signal yields
using only the ggF-enriched #jet � 2 category with the VBF contribution fixed to the standard model
prediction reaches a significance of 2.2 (1.6) f above the background expectation.

The VBF DNN output distribution in the final signal region is presented in Figure 11. The observed
(expected) VBF signal reaches a significance of 6.6 (6.1) f above the background expectation.

The signal strengths for the ggF and VBF production modes for a Higgs boson with mass <� = 125.09 GeV
in the �!,,

⇤ decay channel are simultaneously measured to be

`ggF = 1.20 +0.16
�0.15

= 1.20 ± 0.05 (stat.) +0.09
�0.08 (exp syst.) +0.10

�0.08 (sig theo.) +0.12
�0.11 (bkg theo.)

`VBF = 0.99 +0.24
�0.20

= 0.99 +0.13
�0.12 (stat.) +0.07

�0.06 (exp syst.) +0.17
�0.12 (sig theo.) +0.10

�0.08 (bkg theo.).

The cross sections times branching fraction, fggF · B�!,, ⇤ and fVBF · B�!,, ⇤ , are simultaneously
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Mis-Id 1170± 130 740± 90 480± 50 340± 40 2.3± 0.3
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~3720 signal events!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
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Homing in on new H channelsHoming in on new H channels

2015

+

2016

Hunt for H b→ b decay 
in (W/Z)H associated 
production

● H  bb dominant decay BR~58%→
● Significance 0.4σ (exp 1.9σ)

2015+2016 

ttH production
● Direct probe of ttH 

vertex
● 3 channels with 

2015+2016 data
● Combined: 2.8σ 

observed (exp 1.8σ)

ATLAS-CONF-2016-068

Run-1

• H → bb dominant decay channel (BR ~58%)
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν)
- 1 lepton (W → ℓν)
- 2 lepton (Z → ℓℓ)
⇒ ~30 000  V(→leptons)H( → bb) events in 139 fb-1

H → bb

26
arXiv:2007.02873

https://arxiv.org/abs/2007.02873
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H → ττ

27

• Strongest coupling to leptons
- BRSM(H → ττ) = 6.3%
⇒ ~480 000 H → ττ events in 139 fb-1

ATLAS-CONF-2021-044

Observed 
(expected) 
significance:

5.3 (6.2) σ

3.9 (4.6) σ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-044/
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H → µµ
• SM branching ratio:

- BRSM(H → µµ) = 2.18 ×10-4

⇒ ~1700 H → µµ events in 139 fb-1,  
huge Z/γ* → µµ background

• Split events into 20 categories to maximize sensitivity
• Fit mµµ spectrum 

- Determine background function with huge MCs
• Results:

- Signal strength µ =1.2 ± 0.6 
- Observed (expected) significance:  2.0 (1.7) σ 
- Observed (expected) upper limit on BR: 

2.2 (1.1) × SM (95% C.L.)

29 Phys. Lett. B 812 (2021) 135980

⇒ Non-universal coupling to leptons!

https://arxiv.org/abs/2007.07830
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2.2 (1.1) × SM (95% C.L.)

29 Phys. Lett. B 812 (2021) 135980

⇒ Non-universal coupling to leptons!

Recent CMS result:
• Signal strength µ =1.19 +0.44-0.42  
• Observed (expected) significance: 3.0 (2.5) σ 

JHEP 01 (2021) 148

https://arxiv.org/abs/2007.07830
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2015+2016 

ttH production
● Direct probe of ttH 

vertex
● 3 channels with 

2015+2016 data
● Combined: 2.8σ 

observed (exp 1.8σ)

ATLAS-CONF-2016-068

Run-1

H → cc
• H → cc 2nd generation decay channel (BR ~2.9%)
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν)
- 1 lepton (W → ℓν)
- 2 lepton (Z → ℓℓ)
⇒ ~1500 V(→leptons)H(→cc) events in 139 fb-1

30
ATLAS-CONF-2021-021

- Observed (expected)  
upper limit on σ⋅BR 
26 (31) × SM (95% C.L.)

- Observed (expected)  
upper limit on  
Higgs-charm-coupling:  
8.5 (12.4) × SM (95% C.L.)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
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• Tiny branching fractions:

- BRSM(H → eeγ)|mℓℓ<30 GeV = 7.20 × 10-5    
BRSM(H → µµγ)|mℓℓ<30 GeV = 3.42 × 10-5   

- ~1200 H → ℓℓγ events in 139 fb-1  

H → ℓℓγ

Phys. Lett. B 819 (2021) 136412

• Observed (expected) significance:  3.2 σ (2.1 σ)

https://arxiv.org/abs/2103.10322
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Production and Decay Modes
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Decay modes
ATLAS-CONF-2020-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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Global
35

Production Modes
• Assume SM branching ratios

Observed (expected) significance: 6.3 (5.2) σ

The level of compatibility with the Standard Model is quantified using the test statistic

_SM = �2 ln⇤(" = "SM),

where "SM are the Standard Model values of the parameters of interest. A ?-value3
?SM is computed in

the asymptotic approximation as ?SM = 1 � �j2
=
(_SM), with = equal to the number of free parameters of

interest. For the cross-section and branching fraction measurements reported in this paper, this definition
does not account for the uncertainties in the SM values used as reference and may therefore lead to an
underestimate of the ?-value.

Results for expected significances and limits are obtained using the Asimov dataset technique [128].

The correlation coe�cients presented in this paper are constructed to be symmetric around the observed
best-fit values of the parameters of interest using the second derivatives of the negative log-likelihood ratio.
Hence, the correlation matrices shown are not fully representative of the observed asymmetric uncertainties
in the measurements. While the reported information is su�cient to reinterpret the measurements in
terms of other parameterizations of the parameters of interest, this provides only an approximation to the
information contained in the full likelihood function. For this reason, results for a number of commonly
used parameterizations are also provided in Sections 5 to 7.

5 Combined measurements of signal strength, production cross sections

and branching ratios

5.1 Global signal strength

The global signal strength ` is determined following the procedures used for the measurements performed
at

p
B = 7 and 8 TeV [9]. For a specific production mode 8 and decay final state 5 , the signal yield is

expressed in terms of a single modifier `8 5 , as the production cross section f8 and the branching fraction
⌫ 5 cannot be separately measured without further assumptions. The modifiers are defined as the ratios of
the measured Higgs boson yields and their SM expectations, denoted by the superscript “SM”,

`8 5 =
f8

f
SM
8

⇥
⌫ 5

⌫
SM
5

. (2)

The SM expectation by definition corresponds to `8 5 = 1. The uncertainties in the SM predictions
are included as nuisance parameters in the measurement of the signal strength modifiers, following the
methodology introduced in Section 4, where the procedures to decompose the uncertainties are also
described.

In the model used in this section, all the `8 5 are set to a global signal strength `, describing a common
scaling of the expected Higgs boson yield in all categories. Its measured value is

` = 1.06 ± 0.07 = 1.06 ± 0.04 (stat.) ± 0.03 (exp.) +0.05
�0.04 (sig. th.) ± 0.02 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties in signal and background modeling. The signal theory

3 The ?-value is defined as the probability to obtain a value of the test statistic that is at least as high as the observed value under
the hypothesis that is being tested.

10

ATLAS-CONF-2020-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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The κ Framework
•Once Higgs boson mass is known, all other Higgs-boson parameters are fixed in the SM
•To allow for measurement deviations from SM rates, introduce coupling modifiers:

36

Assumption: 
•Only one SM Higgs-like state at ~125 GeV with negligible width LHC Higgs XS WG (arxiv:1307.1347)

   Deciphering the Higgs Boson          C. Weiser, Univ. Freiburg         3.3.2016        DPG 2016 Hamburg                  24 

Higgs-Boson Couplings: ATLAS + CMS 
Production and decay involve couplings of Higgs boson to different particles: 
 
 
 
 
  
 
Narrow width approximation:  
 Factorize cross section into production process i and decay into final state f  
 
          
    
         
 

       ! The Higgs width ΓH scales all observed cross sections! 
   ! Cannot interpret cross sections in terms of couplings without assumptions on ΓH 
 
- Kappa framework (observed signals from single resonance; coupling structure as in SM):  
  Introduce LO coupling modifiers:   
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a :=
ga

(ga)SM

(� · BR) (i ! H ! f)
<latexit sha1_base64="WGWYwOhyAvOtVQ7gXTlpMZ2XViI="></latexit>

(� · BR) (i ! H ! f)
<latexit sha1_base64="WGWYwOhyAvOtVQ7gXTlpMZ2XViI="></latexit>

http://arxiv.org/abs/1307.1347
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κ Coupling Modifiers

37

Assume:
No BSM 

contributions
(Binv = Bundet = 0)

Assume:
Binv and Bundet are 
free parameters.

Constrain κW ≤ 1 
and κZ ≤ 1

≈6%

≈7%

≈12%

≈14%

≈14%

≈9%

≈7%

< 9% @ 95% CL  (< 11% expected)

Add:
VBF H → invisible

ATLAS-CONF-2020-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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Loop-induced Couplings
• SM: ggF and H → γγ are loop-induced

- New particles could participate in the loop
⇒ Contributions of BSM? 
⇒ Test effective coupling factors for 

photons (κγ) and gluons (κg)

38

gluon

gluon
Higgst

t
t

gluon

gluon
Higgs =

?

t,W

t,W

t,W

γ

γ

Higgs

γ

γ

Higgs =
?

ATLAS-CONF-2020-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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Mass ~ Coupling Strength?
Assumption: 
   SM Higgs boson coupled only to SM particles, 
   i.e. no “beyond SM physics (BSM)

- effective couplings to photons and gluons,  
Higgs-boson width resolved using SM assumptions

39
ATLAS-CONF-2020-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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Simplified Template Cross Sections (STXS)
• Evolution of κ model

- Measure cross section in exclusive kinematic regions

40
arxiv:1610.07922
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Combined STXS Measurement
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ATLAS-CONF-2020-027

• Channels:
- H → ZZ* → 4ℓ
- H → γγ
- VH, H → bb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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• Extend SM with new BSM operators:
- Assume: No new particles below Λ = 1 TeV

Table 1: Data categories entering the combined measurements for the H ! �� and H ! Z Z⇤
! 4` decay modes,

as described in Refs. [4] and [5], respectively. The categories are listed in order of prioritization such that events
assigned to a given category are not considered for subsequent categories. The purity of the targeted production
mode varies from category to category.

H ! ��
tt̄H+tH leptonic (two tHX and one ttH categories)
tt̄H+tH hadronic (two tHX and four BDT ttH categories)
VH dilepton
VH one-lepton, p`+E

miss
T

T � 150 GeV
VH one-lepton, p`+E

miss
T

T <150 GeV
VH Emiss

T , Emiss
T � 150 GeV

VH Emiss
T , Emiss

T <150 GeV
VH+VBFpj1

T � 200 GeV
VH hadronic (BDT tight and loose categories)
VBF, p�� j jT � 25 GeV(BDT tight and loose categories)
VBF, p�� j jT <25 GeV(BDT tight and loose categories)
ggF 2-jet, p��T � 200 GeV
ggF 2-jet, 120 GeV p��T <200 GeV
ggF 2-jet, 60 GeV p��T <120 GeV
ggF 2-jet, p��T < 60 GeV
ggF 1-jet, p��T � 200 GeV
ggF 1-jet, 120 GeV p��T <200 GeV
ggF 1-jet, 60 GeV p��T <120 GeV
ggF 1-jet, p��T < 60 GeV
ggF 0-jet (central and forward categories)

H ! Z Z⇤
! 4`

ttH
VH leptonic
2-jet VH
2-jet VBF, pj1

T � 200 GeV
2-jet VBF, pj1

T <200 GeV
1-jet ggF, p4`

T � 120 GeV
1-jet ggF, 60 GeV<p4`

T <120 GeV
1-jet ggF, p4`

T <60 GeV
0-jet ggF

the corresponding field operators dimension-6 in energy). The general form of the Lagrangian including
dimension-6 operators is [3]:

L = LSM +
’
i

c(6)
i
O

(6)
i
/⇤2, (1)

where⇤ is the energy scale of new processes; in the following the parameters are simplified to c̄i = c(6)
i
/⇤2.

Several bases of these operators are available for gauge-invariant products of SM fields; of these, the
strongly-interacting light Higgs (SILH) [10] and Warsaw [11] bases have the most complete public
implementations. The fit described here focusses on the dominant operator coe�cients in the SILH basis,
based on leading-order predictions and taking into account precision electroweak constraints [12].

There are 59 operators in the dimension-6 basis assuming flavour-universal couplings, with an additional
seventeen operators for the hermitian conjugates. The majority of these operators do not a�ect Higgs
physics or have coe�cients that are tightly constrained by precision electroweak data at leading order.
Constraints on the coe�cients of operators of the SILH implementation in Madgraph (the Higgs E�ective
Lagrangian, or HEL [13]) have been tabulated in an LHC Higgs working group document [14]. Of the
fifteen operators whose coe�cients are constrained by Higgs boson interactions, four are CP-odd and are
neglected because they do not enter any STXS observable at leading order in 1/⇤2 and are degenerate with
corresponding CP-even operators at 1/⇤4. Other operators that do not directly a�ect the H ! �� and
H ! Z Z⇤ measurements are those that a�ect the Higgs boson self-couplings and the Yukawa couplings

3
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EFT Fit Results
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• 10 EFT parameters fitted simultaneously!
- Excellent  sensitivity

ATLAS-CONF-2020-053

Opens the window to global combined analyses!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
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1. Introduction

2. Mass measurement 

3. Decays into Bosons

4. Decays into Fermions
5. Rare processes 

6. Combinations and Interpretations

7. Future

8. Summary 
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Imminent Future
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• STXS from

⇒ New addition to combination  ⇒  more precise determination of EFT coefficients 
… and combination with other diboson, top, etc. measurements…

ttH, H → bb H → WW* H → ττ

…and more  available…
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High Luminosity LHC (HL-LHC)
- 200 M

- 100 M

- 16 M
- 8 M
- 0
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Extrapolations
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Summary

48

What we know about the Higgs boson
• <2‰ precision on mH 
• All measured quantities are consistent with SM 
• Many more √s = 13 TeV results available and in the pipeline

Significant progress in theory, essential for precise measurements and interpretations
• e.g. improved calculation of ggF cross section (N3LO QCD) ⇒ theory uncertainty: 8.5% ⟶ 5.0%

New era of precision and interpretation, access to rarer and rarer processes
• ~8 Million produced Higgs bosons in 139 fb-1 during LHC Run 2 
• Differential cross section measurements
• Simplified Template Cross Sections
• Effective Field Theory interpretations
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Charm-Higgs Coupling from pT(H)
• Idea:  pT(H) sensitiv to Charm-Yukawa coupling:

- Interference between Charm-, Bottom-, and Top-quark loop in ggF

50
PRL 118, 121801, 2017

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 8TeV

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 8TeV, 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 8TeV 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.
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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:
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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.
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bottom Yukawa coupling, one observes that our proposal
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than the constraints from the LHC run I measurements of
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Charm-Higgs Coupling from pT(H → ZZ* → 4ℓ)

51

Use only the shape of pT(4ℓ)

arXiv:2004.03969

https://arxiv.org/abs/2004.03969


Karsten Köneke/48

Charm-Higgs Coupling from pT(H → ZZ* → 4ℓ)

51

Use only the shape of pT(4ℓ)Use differential distribution and changes to total width

arXiv:2004.03969

https://arxiv.org/abs/2004.03969
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VBF(γ) Production in H → bb Decays

52

μ = 1.3 ± 1.0
Observed (expected) significance: 1.3 (1.0) σ

arXiv:2010.13651

• Photon tagged

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-044/
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VBF(γ) Production in H → bb Decays

52

μ = 1.3 ± 1.0
Observed (expected) significance: 1.3 (1.0) σ

arXiv:2010.13651

• Photon tagged • Inclusive (with photon veto):
Inclusive Production:
μ = 0.95 +0.37 -0.35

Obs. (exp.) significance: 
2.7 (2.9) σ

VBF Production:
μ = 0.95 +0.38 -0.36

Obs. (exp.) significance: 
2.6 (2.8) σ

arXiv:2011.08280

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-044/
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VBF(γ) Production in H → bb Decays

52

μ = 1.3 ± 1.0
Observed (expected) significance: 1.3 (1.0) σ

arXiv:2010.13651

• Photon tagged

• Combination: Inclusive Production:
μ = 0.99 +0.35 -0.33

Obs. (exp.) significance: 
3.0 (3.0) σ

VBF Production:
μ = 0.99 +0.36 -0.34

Obs. (exp.) significance: 
2.9 (2.9) σ

• Inclusive (with photon veto):
Inclusive Production:
μ = 0.95 +0.37 -0.35

Obs. (exp.) significance: 
2.7 (2.9) σ

VBF Production:
μ = 0.95 +0.38 -0.36

Obs. (exp.) significance: 
2.6 (2.8) σ

arXiv:2011.08280

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-044/
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H → eeγ
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Rare Decay H → Zγ
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H → Zγ  

55

• Small BRSM(H → Zγ) ≈ 0.15%
- BRSM(Z → ℓℓ) ≈ 3.4%  
⇒ BRSM(H → Zγ → ℓℓγ) = 0.01%

⇒ ~765 H → Zγ → ℓℓγ events in 139 fb-1   
but difficult kinematics

arXiv:2005.05382

• Upper limit:
- Observed (expected):  <3.6 (2.6) × SM (95% C.L.)

https://arxiv.org/abs/2005.05382
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H → WW* → eνµν

56
ATLAS-CONF-2021-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
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H → WW* → eνµν

57
ATLAS-CONF-2021-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
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H → WW* → eνµν
• Large BRSM(H → WW*) ≈ 22%

- BRSM(W → ℓν) ≈ 10.8% ⇒ BRSM(H → WW* → eνµν) = 0.25%

⇒ ~420 000 H → WW* → eνµν events in 139 fb-1,  
but difficult backgrounds…

58

Signal strength:

µ :=
�i · Bf

(�i · Bf )SM
=

observed rate

expected rate

ATLAS-CONF-2021-014

8 Signal region yields and results

Table 5 shows the post-fit SR yields for all of the four analysis categories defined in Section 4. The
uncertainty on the total expected yield reflects the knowledge of the observed yield in each analysis category
and is not indicative of the precision of the analysis.

Table 5: Post-fit MC and data yields in the ggF and VBF SRs. Yields in the bin with the highest VBF DNN output are
also presented. The quoted uncertainties correspond to the statistical uncertainties, together with the experimental
and theory modelling systematic uncertainties. The sum of all the contributions may di�er from the total value due
to rounding. Moreover, the uncertainty on the total yield di�ers from the sum in quadrature of the single-process
uncertainties due to anti-correlation e�ects in their systematic sources which dominate over their MC statistical
uncertainties.

Process #jet = 0 ggF #jet = 1 ggF #jet � 2 ggF #jet � 2 VBF
DNN:

Inclusive [0.93, 1.0]
�ggF 2150± 220 1100± 150 470± 100 180± 70 2.0± 1.0
�VBF 24± 6 107± 24 50± 12 200± 40 40 ± 7

Other Higgs 34± 1 49± 1 47± 2 27± 2 0.1± 0.0
,, 9800± 400 3400± 500 1500± 500 2100± 400 5.3± 2.1
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H → WW* → eνµν
• Large BRSM(H → WW*) ≈ 22%

- BRSM(W → ℓν) ≈ 10.8% ⇒ BRSM(H → WW* → eνµν) = 0.25%

⇒ ~420 000 H → WW* → eνµν events in 139 fb-1,  
but difficult backgrounds…
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Signal strength:
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(�i · Bf )SM
=
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expected rate
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H → bb
• Cross-section measurements as function of pT(V)
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(i)  Decays into Fermions: Run-2 results on  VH,  H à bb 

Resolved analysis 

Signal strength:  µ = σobs / σSM   
 
µVH(bb) = 1.02         (stat)             (syst)  
 
Obs. (exp.) significance:            6.7σ  (6.7σ) 
                   significance (ZH):    5.3σ  (5.1σ) 

+0.12 
- 0.11 

+0.14 
- 0.13 

arXiv:2007.02873 

CERN-EP-2020-093 

Good agreement between measurements and SM predictions 
 
Boosted analysis: measurement at high pT  à increased sensitivity to BSM physics 

Vector bosons at high pT  

        (boosted topology) 
Resolved analysis (standard) 

arXiv:2007.02873 

Boosted Higgs-boson 
decay topology

• Explores higher pT(V)
⇒ Increase sensitivity to BSM

https://arxiv.org/abs/2007.02873
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Homing in on new H channelsHoming in on new H channels

2015

+

2016

Hunt for H b→ b decay 
in (W/Z)H associated 
production

● H  bb dominant decay BR~58%→
● Significance 0.4σ (exp 1.9σ)

2015+2016 

ttH production
● Direct probe of ttH 

vertex
● 3 channels with 

2015+2016 data
● Combined: 2.8σ 

observed (exp 1.8σ)

ATLAS-CONF-2016-068

Run-1

H → cc
• H → cc 2nd generation decay channel (BR ~2.9%)
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν)
- 1 lepton (W → ℓν)
- 2 lepton (Z → ℓℓ)
⇒ ~1500 V(→leptons)H → cc events in 139 fb-1

60
ATLAS-CONF-2021-021

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
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ttH, H → bb
• Tree-level top-Yukawa measurement

- Difficult topology, many objects in final state
- Very difficult to predict and model dominant ttbb background 
- Employ machine learning; measure pT(H)
- Observed (expected) significance: 1.3 (3.0) σ 

61
ATLAS-CONF-2020-058

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-058/
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H → ττ

62 ATLAS-CONF-2021-044

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-044/
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CP Measurement in ttH Production with H → γγ  

63
Phys. Rev. Lett. 125 (2020) 061802

• Results: 
- Signal strength:  

µ =1.4 ± 0.4 (stat.) ± 0.2 (sys.)
- Significance: 5.2 σ
- tH rate < 12 × SM @ 95% C.L.

• Expect ~160 events in 139 fb-1 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
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- Signal strength:  

µ =1.4 ± 0.4 (stat.) ± 0.2 (sys.)
- Significance: 5.2 σ
- tH rate < 12 × SM @ 95% C.L.

• Expect ~160 events in 139 fb-1 

The observation of Higgs boson production in association with top quarks at the LHC [1, 2] provides an
opportunity to probe the charge conjugation and parity (CP) properties of the Yukawa coupling of the
Higgs boson to the top quark. The Standard Model (SM) of particle physics predicts the Higgs boson to
be a scalar particle (J

CP = 0++) with a prescribed coupling to the top quark. However, the presence of
a J

CP = 0+� pseudoscalar admixture, which introduces a second coupling to the top quark, has not yet
been excluded. This Letter presents a search for CP-violation in this coupling and measurements of the
production rate of the Higgs boson, via its decay into two photons, in association with top quarks. Recently,
the CMS Collaboration performed a similar study [3].

Studies of CP properties of the Higgs boson interactions with gauge bosons have been performed by the
ATLAS and CMS experiments [4–9]; the results show no deviations from the SM predictions. However,
these measurements probe only the bosonic couplings in which CP-odd contributions enter only via
higher-order operators that are suppressed by powers of 1/⇤2 [10], where ⇤ is the scale of the new physics
in an e�ective field theory (EFT). In the case of the Yukawa couplings, the CP-odd contributions are not
suppressed by powers of 1/⇤2.

The CP properties of the top Yukawa coupling can be probed directly using Higgs boson production in
association with top quarks: tt̄H and tH (tH jb and tWH) processes. The couplings impact the production
rates [11–13] and some kinematic distributions. The tH rate is particularly sensitive to deviations from SM
couplings due to destructive interference in the SM between diagrams where the Higgs boson radiates from
a top quark and from a W boson. The presence of CP-mixing in the top Yukawa coupling also modifies the
gluon–gluon fusion (ggF) production rate and the H ! �� decay rate.

This analysis is performed using 139 fb�1 of
p

s = 13 TeV proton–proton (pp) collision data recorded
from 2015 to 2018 with the ATLAS detector. The ATLAS detector [14–16] is a multipurpose particle
detector with a forward–backward symmetric cylindrical geometry and near 4⇡ coverage in solid angle.1 It
consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer (MS) incorporating three large air-core toroidal
superconducting magnets. The ID covers the pseudorapidity range |⌘ | < 2.5 for charged-particle tracking.
The calorimeters provide energy measurements up to |⌘ | = 4.9. The MS, covering |⌘ | < 2.7, has a
system of precision tracking chambers and fast detectors for triggering. The trigger system consists of a
hardware-based first-level trigger and a software-based high-level trigger [17]. Events used in this analysis
were triggered by requiring two photons with a loose identification requirement [18] in the 2015–2016
data-taking period and transverse energies of at least 25 GeV and 35 GeV for the subleading and leading
photons, respectively. Due to the greater instantaneous luminosity, the photon trigger identification
requirement was tightened in the 2017–2018 data-taking period. The average trigger e�ciency is over 98%
for events passing the full diphoton event selection.

The EFT definition used in this Letter is provided by the Higgs Characterization model [19], which is
implemented in the M��G����5_�MC@NLO generator [20]. Within this model, the term in the e�ective
Lagrangian that describes the top Yukawa coupling is:

L = � mt

v

�
 ̄t t [cos(↵) + i sin(↵)�5] t

 
H

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.

2

• Parametrize ttH coupling:

• SM ttH coupling: CP-even (α=0) 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
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• Results: 
- |α| > 43° excluded (95% C.L.)
- Pure CP-odd coupling excluded at 3.9 σ 

• Results: 
- Signal strength:  

µ =1.4 ± 0.4 (stat.) ± 0.2 (sys.)
- Significance: 5.2 σ
- tH rate < 12 × SM @ 95% C.L.

• Expect ~160 events in 139 fb-1 

The observation of Higgs boson production in association with top quarks at the LHC [1, 2] provides an
opportunity to probe the charge conjugation and parity (CP) properties of the Yukawa coupling of the
Higgs boson to the top quark. The Standard Model (SM) of particle physics predicts the Higgs boson to
be a scalar particle (J

CP = 0++) with a prescribed coupling to the top quark. However, the presence of
a J

CP = 0+� pseudoscalar admixture, which introduces a second coupling to the top quark, has not yet
been excluded. This Letter presents a search for CP-violation in this coupling and measurements of the
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system of precision tracking chambers and fast detectors for triggering. The trigger system consists of a
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were triggered by requiring two photons with a loose identification requirement [18] in the 2015–2016
data-taking period and transverse energies of at least 25 GeV and 35 GeV for the subleading and leading
photons, respectively. Due to the greater instantaneous luminosity, the photon trigger identification
requirement was tightened in the 2017–2018 data-taking period. The average trigger e�ciency is over 98%
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The EFT definition used in this Letter is provided by the Higgs Characterization model [19], which is
implemented in the M��G����5_�MC@NLO generator [20]. Within this model, the term in the e�ective
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Invisible Decays of the Higgs Boson

64
ATLAS-CONF-2020-052

Upper limit BR(H → invisible): <0.11 @ 95% C.L.

2 jets with spatial separation
Missing transverse energy• VBF topology:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
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Ratio of Coupling Modifiers
• With ttH measurement:
⇒ Test compatibility between 

- direct ttH coupling (κt) and 
- coupling in ggF loop, i.e. effective 

coupling modifier for gluons (κg)

65

Gluon

Gluon
Higgs

t

t

t

• No assumption on total width needed; assume all parameters >0

Gluon

Gluon
Higgst

t
t

Gluon

Gluon
Higgs =

?

ATLAS-CONF-2020-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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Effective Field Theory

66

• Taylor expand SM in (E, vev)/Λ:

Graphics courtesy of Brian Moser at Higgs 2020

https://indico.cern.ch/event/900384/contributions/4063544/attachments/2131095/3589029/BrianMoser_ATLASHiggsEFT.pdf
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Effective Field Theory

67
Graphics courtesy of Brian Moser at Higgs 2020

• Taylor expand SM in (E, vev)/Λ:

https://indico.cern.ch/event/900384/contributions/4063544/attachments/2131095/3589029/BrianMoser_ATLASHiggsEFT.pdf
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From Lagrangian to Observables

68
Graphics courtesy of Brian Moser at Higgs 2020

https://indico.cern.ch/event/900384/contributions/4063544/attachments/2131095/3589029/BrianMoser_ATLASHiggsEFT.pdf
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κ Framework vs. EFT Example

69
Graphics courtesy of Brian Moser at Higgs 2020

https://indico.cern.ch/event/900384/contributions/4063544/attachments/2131095/3589029/BrianMoser_ATLASHiggsEFT.pdf
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STXS for EFTs

70

• Use combined STXS measurement
- H → ZZ* → 4ℓ

- including acceptance corrections
- H → γγ
- VH, H → bb

ATLAS-CONF-2020-053Graphics courtesy of Brian Moser at Higgs 2020

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
https://indico.cern.ch/event/900384/contributions/4063544/attachments/2131095/3589029/BrianMoser_ATLASHiggsEFT.pdf
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Parametrizing STXS Measurements with EFTs
• Simulated with MadGraph using SMEFTSim package

- Important loop contributions simulated with SMEFT@NLO

• Determine polynomials of Wilson coefficients  
for each process and STXS phase-space region

- Obtain numerical values for ai, bij, Ai, Bij,…

71
Graphics courtesy of Brian Moser at Higgs 2020

https://link.springer.com/article/10.1007/JHEP12(2017)070
http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://indico.cern.ch/event/900384/contributions/4063544/attachments/2131095/3589029/BrianMoser_ATLASHiggsEFT.pdf
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EFT Impact on Measurements

72
ATLAS-CONF-2020-053

~STXS bins

Impacts on σ × BR

Wilson coefficients of “Warsaw” EFT basis

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
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Reducing the Complexity
• Perform principal component analysis of covariance matrix 

- Group operators with similar effect;  remove insensitive directions
⇒ Identify 10 most sensitive combinations to be fit simultaneously 

73
ATLAS-CONF-2020-053

Warsaw basis

R
ot

at
ed

 fi
t 

ba
si

s

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
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Warsaw basis Rotated fit basis

EFT impact on Measurements

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
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EFT with H → ZZ* → 4ℓ
• Acceptance corrections  

as a function of BSM operator

75

Analysis cut
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SMEFT

76

arXiv:2004.03447

https://arxiv.org/abs/2004.03447
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SMEFT

77
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H → µµ

78

Recent CMS result:
• Signal strength µ =1.19 +0.44-0.42  
• Observed (expected) significance: 3.0 (2.5) σ 

JHEP 01 (2021) 148

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
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HH Prospects
• V

79
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Higgs Boson Width
• Expected width: ΓH,SM = 4.07 MeV

- Too small to measure  
(exp. resolution: 1-2 GeV)

- Direct limits: ΓH < 1.1 GeV (~260 × ΓH,SM)

80
JHEP 11 (2017) 047

https://arxiv.org/abs/1706.09936


Karsten Köneke/48

Higgs Boson Width
• Expected width: ΓH,SM = 4.07 MeV

- Too small to measure  
(exp. resolution: 1-2 GeV)

- Direct limits: ΓH < 1.1 GeV (~260 × ΓH,SM)

80

Flight Length

Productio
n

Dec
ay

Flight of 
the Higgs

• Maybe via lifetime,  
i.e., if it flies far enough?
- τ = ħ/Γ ≈ 1.6 ×10-22 s  
⇒ c τ ≈ 5 ×10-14 m  
⇒ too short to measure; put limit:  
ΓH > 3.5 × 10−9 MeV @ 95% CL

Phys. Rev. D 92, 072010 (2015)JHEP 11 (2017) 047

https://arxiv.org/abs/1706.09936
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- Cross-section on-resonance:

- Cross section far above resonance (“off-shell”):

- Measure ratio of both:

Indirect Contraints on Higgs Boson Width
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Indirect Contraints on Higgs Boson Width
• Use H → ZZ(*) 

• ATLAS result: ΓH < 14.4 MeV @ 95% CL (3.5 × ΓH,SM)

82

• Caveats:
- gg → ZZ cross sections not well known
- New physics effects could change high-mass behavior 
- Assuming on-shell coupling is same as off-shell coupling

- Discussed assumption



Karsten Köneke/48

Only direct Width Measurement
• s-channel production at future muon collider :

83
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Figure 3: Number of events of the Higgs signal plus backgrounds and statistical errors ex-
pected for two di↵erent beam energy resolutions and integrated luminosities as a function
of the collider energy

p
s in bb and WW

⇤ final states with a SM Higgs mh = 126 GeV
and �h = 4.21 MeV. Detector backgrounds are not included, see more discussion in Sec.
3.3. These figures are taken from Ref [9].

accuracies are by and large free from detector resolutions. Other uncertainties associated

with b tagging, acceptance, etc., will enter into our estimation of signal strength B di-

rectly. These uncertainties will a↵ect our estimation of total width �h indirectly through

statistics, leaving a minimal impact in most cases.

12

(arxiv:1308.2143)

• Precision ~5%

http://arxiv.org/abs/1308.2143
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• Standard Model Higgs boson:  JP = 0+ 
- Parity (“mirror”) transformation”: P̂ !" ⟶ -!"
- Strategy: falsify other hypotheses (0-, 1+, 1-, 2+, 2-), 

demonstrate consistency with 0+ hypothesis

- Spin-1 excluded by observed H → γγ 
- Use angular variables
- Calculate likelihood ratio  

between alternative hypothesis 
and standard JP = 0+ hypothesis

Spin and Parity

84

Why Spin 0?

• Higgs boson should have same quantum numbers as observed vacuum:
- No charge: 👍
- Mass cannot depend on direction ⇒ Spin 0
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Spin and Parity

85

q̃ = �2 · ln (LJP/L0+)
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Spin and Parity

85

q̃ = �2 · ln (LJP/L0+)
projection
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Spin and Parity

• SM JP = 0+ favored
• Other models disfavored at >99%
• CMS tested many more alternative models negatively 

85

q̃ = �2 · ln (LJP/L0+)
projection



Karsten Köneke/48

Observed 
data value

How sure are we?
• Calculate the “p-value”:
1. Build probability density distribution f for background-only hypothesis H0: f(x|H0)
2. Probability to obtain result xobs or less likely, given f(x|H0):

86

p =

Z 1

xobs

f (x|H0)dx

• Map p-value to Gaussian 
standard deviations Nσ:

p =

Z 1
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2. Probability to obtain result xobs or less likely, given f(x|H0):

86

p =

Z 1

xobs

f (x|H0)dx

• Map p-value to Gaussian 
standard deviations Nσ:

p =

Z 1

N�

e�2y2/2

p
2⇡

dy

• Significance: 5.2σ
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Impact of mH 

87

• In SM:  mW = mW(mtop, mH,…)
arXiv:1803.01853

https://arxiv.org/abs/1803.01853
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- Mesurement:  mW = 80.379 ± 0.013 GeV
- Impact on mW in electroweak fit:   
∆mW(Top) = ±2.7 MeV,  ∆mW(H) = ±0.1 MeV

https://arxiv.org/abs/1803.01853


Karsten Köneke/48

Impact of mH 

87

• Impact of ΔmH on cross-sections  
and branching fractions very small:

Δtheo Δexp ΔmH
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Δtheo Δexp ΔmH

BR(ZZ) ±1% ~10% ±2.5%
σVBF ±2% ~19% ±0.3%

⇒Measurement precision of mH good enough for this
- but precise measurement important! 

• In SM:  mW = mW(mtop, mH,…)
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- Mesurement:  mW = 80.379 ± 0.013 GeV
- Impact on mW in electroweak fit:   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Matter

• Masses increase with every “generation”
- me ≈ 0.5 MeV
- mμ ≈ 106 MeV
- mtop ≈ 173000 MeV = 173 GeV (≈mGold)
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Forces

• Carriers of forces: 
- Photon (γ), Gluons (g), W± and Z0 Bosons
- should be massless…
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• Carriers of forces: 
- Photon (γ), Gluons (g), W± and Z0 Bosons
- should be massless…
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mW = 80.4 GeV
mZ = 91.2 GeV


