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• Higgs boson (H) main production in proton-proton collisions: 


‣ Predominant production gluon-gluon fusion (87%) and VBF (6.8) 


‣ W,Z associated production (4%) and tt̅H (<1%)
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24 I.3.1. Update of branching ratios and decay width for the Standard Model Higgs boson
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Figure 9: Higgs boson branching ratios and their uncertainties for the mass range around 125 GeV.

While about half of this shift is due to the change in ↵s, the remaining part comes from improvements
in HDECAY, in particular from the inclusion of charm-quark-loop contributions and NLO quark-mass
effects. The partial widths for the other bosonic decay modes change at the level of one per mille or
below. The total width increases by approximately 0.5%. Correspondingly, the relative increase for the
central value of the H ! bb BR is approximately 1%. The relative decrease in the other fermionic
modes is below 1%. For H ! gg, the relative decrease of the BR is approximately 4%. The relative
decrease of the other bosonic BRs is below 1%, only.

The error estimates on the BRs also change as discussed in the following: The total error on
the H ! bb BR decreases to below 2% due to the reduced errors on ↵s and the bottom quark mass
and the reduced THU. Since the error on H ! bb is a major source of uncertainty for all the other
BRs, their error is reduced by more than 2% due to this improvement alone. In addition, the other
fermionic modes benefit from the reduced THU after the inclusion of the full EW corrections, such that
the corresponding errors are reduced roughly by a factor of 2 to below 2.5% for the leptonic final states
and to below 7% for H ! cc. Also the error estimates for the bosonic decay modes are decreased,
mainly due to the improvements in H ! bb. In particular, the error for the decay into massive vector
bosons is approximately 2%, i.e. half as big as before. The errors on the partial widths are discussed in
Section I.3.1.c.

The BRs for the fermionic decay modes are shown in Tables 174–175. The BRs for the bosonic
decay modes together with the total width are given in Tables 176–178. Besides the BRs, the tables list
also the corresponding theoretical uncertainties (THU) and parametric uncertainties resulting from the
quark masses (PU(mq)) and the strong coupling (PU(↵s)). The PUs from the different quark masses
have been added in quadrature. The BRs (including the full uncertainty) are also presented graphically
in Figure 9 for the mass region around the Higgs boson resonance.

Finally, Tables 179–181 list the BRs for the most relevant Higgs boson decays into four-fermion
final states. The right-most column in the tables shows the total relative uncertainty of these BRs in
per cent, obtained by adding the PUs in quadrature and combining them linearly with the THU. The
uncertainty is practically equal for all H ! 4f BRs and the same for those for H ! WW/ZZ. Note that
the charge-conjugate final state is not included for H ! `+nlqq.
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• Experimentally challenging final states


‣ In association with additional jets, same final state of many other processes


‣ forward jets with large rapidity gap, small rates
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Run 1 Discovery
• Run-1 featured in primis the discovery in July 2012

‣ First properties measurements 

‣ Programme largely limited by statistical accuracy. 


‣ Where do we stand with our understanding of the Higgs 10 years later ? 

5
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Run 1 Legacy
• Run-1 featured in primis the discovery 

‣ First properties measurements 

‣ Programme largely limited by statistical accuracy. 


• Properties: 

‣ ATLAS precision in mH of 0.33%:


‣ Couplings measured to 10% to 25% precision 


‣ H→inv. constrained to < 30%


‣ First studies of JPC = 0++, (indirect) width ΓH< 14.4 MeV 
(15.2 MeV)

6

The LHC Run-1 legacy

• Higgs boson mass measured to ~0.2%  
(fixes the SM predictions!)

• Higgs boson couplings measured  
to ~10-25% precision

• H → invisible constrained to < 25-30%

• First studies of spin, CP eigenstate/admixtures, 
differential distributions, all compatible with the SM

Giacinto Piacquadio - ICHEP 2018 4
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Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, is estimated under the
asymptotic assumption. This probability was cross-checked using Monte Carlo ensemble tests. With this approach a
compatibility of 4.9% is obtained, corresponding to 1.97�.

As an additional cross-check, some of the systematic uncertainties related to the photon energy scale, namely the
inner detector material uncertainty and the uncertainty in the modeling of the photon lateral leakage, were modeled
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41
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Overview
• ATLAS collected 139 fb-1 in Run 2

‣ Sufficient statistics for precision-level measurements.


‣ Path open to exploration of SM Lagrangian in the Eelectro-Weak symmetry 
breaking sector. 


‣ Probe to couplings to bosons and fermions 


‣ Understand structure of its potential. 
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Overview

• In ten years from the discovery in July 2012:


1.Understanding of the H potential structure, through the measurement of its mass. 


2.Advances in probes of  Yukawa couplings to second and first generation fermions. 


3.Production mode cross sections. 


4.Differential cross sections.

• ATLAS collected 139 fb-1 in Run 2

‣ Sufficient statistics for precision-level measurements.


‣ Path open to exploration of SM Lagrangian in the Eelectro-Weak symmetry 
breaking sector. 


‣ Probe to couplings to bosons and fermions 


‣ Understand structure of its potential. 



9

2. Mass measurement
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Introduction
• Importance of mH and ΓH in several aspects of our understanding of fundamental physics.


‣ Understanding the perturbative expansion of its 
potential (λv2h2). 


‣ Higgs couplings defined by the value of mH.

‣ Input to precision global fit of the Standard Model.

10

Mass measurement
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Figure 2: a) Potential V (S) as a function of the average value of the field S.
b) Higgs potential as a function of the Higgs field average value H for µ2 =
�(90 GeV)2, � = 0.13, c0 = µ4/(4�) (solid red line). Experiments probe the
minimum of the potential and its curvature at the minimum (dashed blue line).

the Big Bang from a high temperature phase with the symmetric vacuum (zero
average Higgs field) to a low temperature phase6 when it fell into one of the
two minima, e.g. Hvac = v/

p
2 > 0, which became our current vacuum. This

phase transition, known as the electroweak phase transition, will be discussed
in Section 6.

The Higgs particle (Higgs boson or Higgs in short) is the quantum of the
Higgs field. Its mass is defined by the Higgs potential but while the mass of the
S particle is clearly visible in Eq.2 as the positive coe�cient of the S2 term,
the same is not true for the Higgs since the coe�cient µ2 of the H2 term has
the wrong sign, it is negative. In order to expose the mass of the corresponding
Higgs, we have to separate the field H into two parts: a part h corresponding
to the Higgs particle, which fluctuates about Hvac = v/

p
2, and the constant

part v/
p
2 itself,

H = (h+ v)/
p
2. (4)

Plugging the separated field H into Eq.3, we get for c0 = µ4/(4�)

V (h) =
1

4
�h4 + �vh3 + �v2h2 (5)

We will focus on the last term, �v2h2, which has the form of a mass term,
M2

h h2/2, with the correct sign. It corresponds to the Higgs boson with the
mass

M2
h = 2�v2 = �2µ2 (6)

The most important fact that the Higgs field must be nonzero in the vacuum
(including the value of v) has been known for decades, but we had to wait for

6
The temperature of the current Universe is e↵ectively zero.
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When evaluating sin2✓`
e↵

through the parametric formula from Ref. [69], an upward shift of 2 ·10�5

with respect to the fit result is observed, mostly due to the inclusion of MW in the fit. Using
the parametric formula the total uncertainty is larger by 0.6 · 10�5, as the global fit exploits the
additional constraint from MW . The fit also constrains the nuisance parameter associated with the
theoretical uncertainty in the calculation of sin2✓`

e↵
, resulting in a reduced theoretical uncertainty

of 4.0 · 10�5 compared to the 4.7 · 10�5 input uncertainty.

The mass of the top quark is indirectly determined to be

mt = 176.4± 2.1 GeV , (4)

with a theoretical uncertainty of 0.6 GeV induced by the theoretical uncertainty on the prediction of
MW . The largest potential to improve the precision of the indirect determination of mt is through
a more precise measurement of MW . Perfect knowledge of MW would result in an uncertainty on
mt of 0.9 GeV.

The strong coupling strength at the Z-boson mass scale is determined to be

↵S(M
2

Z) = 0.1194± 0.0029 , (5)

which corresponds to a determination at full next-to-next-to leading order (NNLO) for electroweak
and strong contributions, and partial strong next-to-NNLO (NNNLO) corrections. The theory
uncertainty of this result is 0.0009, which is shared in equal parts between missing higher orders
in the calculations of the radiator functions and the partial widths of the Z boson. The most
important constraints on ↵S(M2

Z
) come from the measurements of R0

`
, �Z and �

0

had
, also shown in

Fig. 6. The values of ↵S(M2

Z
) obtained from the individual measurements are 0.1237±0.0043 (R0

`
),

Global Electroweak fits from the Gfitter Collaboration 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
http://project-gfitter.web.cern.ch/p
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Run I status
• ATLAS run I precision on mH of 0.33%


‣ combined measurement from H→γγ and H→ZZ*→4ℓ. 


‣ Both channels dominated by statistical uncertainty 


• At Run2 aim in improving significantly the 
precision:


‣ Expect 7 times more candidates, with 139 fb-1 

at √s=13 TeV


‣ Improve on the detector calibration.  

11

Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, is estimated under the
asymptotic assumption. This probability was cross-checked using Monte Carlo ensemble tests. With this approach a
compatibility of 4.9% is obtained, corresponding to 1.97�.

As an additional cross-check, some of the systematic uncertainties related to the photon energy scale, namely the
inner detector material uncertainty and the uncertainty in the modeling of the photon lateral leakage, were modeled
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41
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• In the H→ZZ→ 4ℓ the signal is a narrow resonant peak above a background continuum. 

Ingredients for precision
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�mH ' �(m4`,��)p
N �Nb

Higgs signal, 
resonant at the 
value of mH

Non resonant 
background from non 
H production 

Statistical uncertainty on mH approximated 
by the uncertainty on the mean of the mass 

distribution 

ℓ = electron or muon ‣ 4ℓ final state forms 4μ, 4e, 2μ2e, and 2e2μ 
channels. 


Invariant mass distribution

(I) Statistical precision precision depends upon:


‣ resolution of the reconstructed final state and number of signal events.


(II) Systematic uncertainty from understanding of detector performance.

Addressing these from both improving the detector performance and novel data analysis techniques.
arXiv:2207.00320 

Mass measurement

https://arxiv.org/abs/2207.00320
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• Resolution in electron and muon reconstruction crucial for mH uncertainty.


• We used well known processes to calibrate the detector response.

‣ Resonant process of J/ψ, ϒ and Z,
‣ for modelling of calorimeters deposits, alignment precision, etc.

Energy resolution 
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175-9/December/2016 ATLAS: Inner Detector alignment

Tackling weak modesTackling weak modes
● Momentum biases can be monitored using Z→ μ+μ- and electrons E/p

– Charge symmetric and charge antisymmetric detector distortions

● E/p offers a direct measurement
– But electron's tracking has its own issues 

● Z→ μ+μ- (or J/ψ) 
– Better tracking using μ's → δsagitta accuracy 

– If bias is present: which track is to blame?
● Iterative procedure

– This channel can monitor d0 & z0 biases

● Parametrize the biases → apply constraints and realign

pT
reco= pT

true(1+q pT
true δsagitta)

−1

Charge antisymmetric
deformation

Charge symmetric
deformation

δd0 = d0
μ+ - d0

μ-

Second order effects
• High precision mandates for studying second order effects:


‣ charge-dependent bias because of detector movements.


‣ We created an innovative ad-hoc correction based on Z→μμ, recovering 
up to 5% in precision. 


‣ Allows for per-mille level understating of detector’s systematic uncertainties. 
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Detector layer movements biasing the 
measurement of the bending of the 
particle 

Biased positive and negative tracks 

Corrected positive and negative tracks

Detector region 
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Higher level improvements 

15

 

Neural network output of the event’s resolution

• Three-prong approach to reduce uncertainty at analysis level:


(i) constraint to mZ with kinematic fit and second order detector effects.


(ii) machine-learning discriminant selecting signal and background events


(iii) Per-event resolution likelihood. 


✦  Machine Learning to target each event’s unique characteristics

ML output for signal and background 
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Higher level improvements 

16

 • Output used in multidimensional fit, improving with respect to average detector response.

‣ Fit dimensions: m4ℓ x DNN x σi 


‣ Tailored resolution to each event’s characteristics. 


‣ One-sided 𝑝-value for compatibility between the observed and expected total uncertainties is 0.28. 

MC-based per-event pseudo experiments.
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H→ZZ→4ℓ results

• Systematic uncertainty of 40 MeV 


• Result: 


‣ 26% improved (total) precision with respect to Run I Combination. 

17

ATLAS DRAFT

the methodology described in Ref. [12]. The normalisation of the C-- ++++ background is constrained338

according to the uncertainties in the theory prediction.339

The fit model was validated by utilising a two-step unblinding process, where the same, unknown, bias is340

applied to all events in the observed dataset and the likelihood model, as described in Section 7, is fitted to341

it. No significant changes to the compatibility between channels or to any free or constrained parameters,342

with the exception of <� , are observed when this bias is removed.343

7 Results344

The mass measurement is performed by maximising the profile-likelihood ratio [59, 60]345

_(<� ) =
L
�
<� ,

ˆ̂
\ (<� )

�
L
�
<̂� , \̂

� ,

where <̂� and \̂ denote the unconditional maximum-likelihood estimates of the parameters of the346

likelihood function L, while ˆ̂
\ is the conditional maximum-likelihood estimate of the parameters \ for a347

fixed value of the parameter of interest, <� . Systematic uncertainties and their correlations are modelled348

by introducing nuisance parameters \ with priors described by Gaussian or log-normal functions that349

reflect the uncertainties in the values of the nuisance parameters.350

The estimate of <� is extracted by performing a simultaneous maximum-likelihood fit to the four351

subchannels (4`, 242`, 2`24, and 44) in the <4✓ range between 105 and 160 GeV. The expected and352

observed yields, along with the signal-to-background ratio, are shown in Table 1 for the signal region353

defined by limiting the data to <4✓ between 115 and 130 GeV.354

The free parameters of the fit are <� , the signal normalisation, and background normalisations for each355

of the four subchannels, while the nuisance parameters associated with the systematic uncertainties are356

constrained by their respective priors. Figure 6 shows the <4✓ distribution of the data together with357

the result of the fit to the � ! //
⇤ ! 4✓ candidates. The small shape fluctuations in the background358

prediction arise from the integrations of the background probability density functions; their e�ects on the359

mass fit are negligible. The fit results in360

<� = 124.99 ± 0.18(stat.) ± 0.04(syst.) GeV.

All fitted normalisations are found to be compatible with the SM expectations. The fit for <� is also361

performed independently for each decay channel. The <4✓ distributions for the four channels are shown362

in Figure 7. The resulting profile-likelihood-ratio variation as a function of <� and the resulting fitted363

values are compared with those of the combined fit in Figure 8. The <� measurements from the individual364

channels are compatible with the combined measurement, with a ?-value of 0.82.365

The statistical uncertainty of <� is estimated by fixing all nuisance parameters associated with systematic366

uncertainties to their best-fit values, leaving all remaining parameters unconstrained. The total systematic367

uncertainty is estimated by subtracting the square of the statistical uncertainty from the square of the total368

uncertainty and calculating the square root. Table 2 shows the leading contributions to the systematic369

uncertainty of <� . The uncertainties in the electron energy scale and in the muon momentum scale,370

resolution, and sagitta bias correction are described in Section 4. Other sources, including background371

modelling and simulation statistics, contribute less than 5 MeV. The total uncertainty is in agreement372
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• Simultaneous fit for all channels over the multidimensional model

‣ Channel compatibility within a p-value of 0.8 
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• Total uncertainty of 0.14%

• Systematic uncertainty of 0.02%


‣ 88% improvement w.r.t mHH→ZZ,Run1

‣ Momentum scale uncertainties reduced by a factor 2. 


‣ 33% improved precision w.r.t previous mHATLAS,Run1+2


‣ Most precise measurement by ATLAS, so far. 

H→ZZ→4ℓ results

18

Measured mH for all channels and combined.

• Combination with H→ZZ→4ℓ Run-1 measurement.

ATLAS DRAFT
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Figure 9: The distributions of the total <� uncertainty from pseudo-experiments assuming <� = 125 GeV are
shown, for when the fit does (black) and does not (blue) take into account systematic uncertainties. The solid lines
correspond to the expected uncertainty distribution from pseudo-experiments, while the vertical dashed lines indicate
the observed values of the uncertainties. The one-sided ?-value for compatibility between the observed and expected
total uncertainties is 0.28.

8 Summary386

The mass of the Higgs boson is measured from a maximum-likelihood fit to the invariant mass and the387

predicted invariant-mass resolution of the � ! //
⇤ ! 4✓ decay channel. The results are obtained from388

the full Run 2 ?? collision data sample recorded by the ATLAS experiment at the CERN Large Hadron389

Collider at a centre-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 139 fb�1.390

The measurement is based on the latest calibrations of muons and electrons, and on improvements to the391

analysis techniques used to obtain the previous result using data collected by ATLAS in 2015 and 2016.392

The measured value of the Higgs boson mass for the � ! //
⇤ ! 4✓ channel is393

<� = 124.99 ± 0.18(stat.) ± 0.04(syst.) GeV.394

Thanks to a larger dataset, improved experimental techniques, and more precise lepton calibration, the395

statistical uncertainty of the measurement has been reduced by a factor of two and the systematic uncertainty396

by about 20% relative to the previous Run 2 published result.397

This measurement is combined with the previous one obtained in the same channel with ATLAS Run 1398

data. The result of the combination is399

<� = 124.94 ± 0.17(stat.) ± 0.03(syst.) GeV.400

This is the most precise measurement of <� in the � ! //
⇤ ! 4✓ channel by the ATLAS Collabora-401

tion.402
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‣ New pT calibration techniques → uncorrelated pT(μ) systematics between Run1 and Run2
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Second generation fermions

20

Light leptons
• Fermions acquire mass through Yukawa interactions with the 

Higgs field.


‣ Remains an elusive sector not probed by EWK precision tests. 


‣ LHC successfully probed couplings to third generation fermions (tt̅H, H→ττ)


• Next milestone, probe couplings to second and first generation fermions. 


‣ H→μμ and ee offer unique insight. 


‣ Fully reconstructed final states with low hadronic 
activity. 


‣ Very rare processes:


✦ ℬ(H→μμ) ~ (2.17 ± 0.04)×10-4

✦ Large backgrounds from Drell-Yann production 
Z→ μμ, ee 310
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Second generation fermions
• Mutually exclusive categories 

‣ Targeting the various Higgs production modes, to increase s/b.

‣ H→μμ, further splitting according process-specific multivariate 

boosted decision tree. 
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• Empirical background modelling in both analyses.


‣ F(mμμ) = Rigid core(mμμ) × Flexible Empirical(mμμ)

‣ Per-mille precision reached
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Results 
• ℬ(H→ee) < 3.6 × 10-4 at 95%CL.


‣ Expected limit at 3.5 × 10-4

‣ Improvement of a factor of 5 w.r.t previous. 


• H→μμ: observed significance 2.0σ, μ = 1.2 ± 0.5.


‣ Expected 1.7σ. 
‣ σ(H→μμ) /σSM(H→μμ) < 2.2 at 95%CL.


‣ Improvement of a factor 2.5, with 25% from the methods used. 
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4. Production mode measurements
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Global combination 
• ATLAS full Run-2 combination  

‣ Combined sensitivity of all channels to increase the precision of the Higgs productions. 
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Production mode
Nature 607, 52–59 (2022)

Decay mode Targeted production processes L [fb−1] Ref. Fits deployed in

! → "" ggF,VBF,#!, $!, %%!, %! 139 [31] All

! → $$ ggF,VBF,#! + $!, %%! + %! 139 [28] All

%%! + %! (multilepton) 36.1 [39] All but fit of kinematics

! → ## ggF,VBF 139 [29] All

#!, $! 36.1 [30] All but fit of kinematics

%%! + %! (multilepton) 36.1 [39] All but fit of kinematics

! → $" inclusive 139 [32] All but fit of kinematics

! → &&̄ #!, $! 139 [33, 34] All

VBF 126 [35] All

%%! + %! 139 [36] All

inclusive 139 [37] Only for fit of kinematics

! → '' ggF,VBF,#! + $!, %%! + %! 139 [38] All

%%! + %! (multilepton) 36.1 [39] All but fit of kinematics

! → (( ggF + %%! + %!,VBF +#! + $! 139 [40] All but fit of kinematics

! → ))̄ #! + $! 139 [41] Only for free-floating *!

! → invisible VBF 139 [42] * models with +u.& +inv.

$! 139 [43] * models with +u.& +inv.

the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either / or , bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (+ = , , /) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (CC̄�) or 1-quarks (11̄�) each account
for about 1% of the total rate. The contribution of other @@̄� processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(C�). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(e). After it is
produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of 1.6 ⇥ 10�22 seconds.
More than 90% of these decays are via eight decay modes (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. , bosons with a probability, or branching fraction, of 22%, / bosons 3%, photons (W) 0.2%, /
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 1-quarks 58%, 2-quarks 3%, g-leptons
6%, and muons (`) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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Production mode measurements 

• In the first Run-2 data observed all SM 
production modes at the LHC. 


‣ With current precision uncertainties from 20% to 
7% on production cross section. 


‣ Sufficient for more in-depth investigations into the 
couplings
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Production modes
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Stat.
Syst.

SMH

ATLAS
s = 13 TeV, 36.1 - 139 fb-1 

m = 125.09 GeV
 = 72%
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p
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Simplified Template Cross Sections

• Measure mutually exclusive phase-spaces

‣ In terms of kinematics of the Higgs or associated 
objects in productions. 


‣ Sensitivity to deviations from SM. 


‣ Avoidance of large modelling uncertainties. 


‣ Approximate experimental sensitivity. 


• Advantage of complementary sensitivity in 
production from different final states:


‣ mjj > 450 GeV from H→WW*

‣ High pTH from H→bb

26

Production modes

gg → H + bb̄H

pHT < 200GeV

≥ 2 jets

= 1 jet

= 0 jets

0-jet, pHT < 10GeV

1-jet, 60 ≤ pHT < 120GeV

0-jet, 10 ≤ pHT < 200GeV

1-jet, pHT < 60GeV

1-jet, 120 ≤ pHT < 200GeV

mjj < 350GeV

≥ 2-jet, mjj ≥ 350GeV, pHT < 200GeV

≥ 2-jet, mjj < 350GeV, 120 ≤ pHT < 200GeV

≥ 2-jet, mjj < 350GeV, pHT < 120GeV

pHT ≥ 450GeV

300 ≤ pHT < 450GeV

200 ≤ pHT < 300GeV
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Simplified Template Cross Sections
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Production modes

EW qq′ → Hqq′

≤ 1-jet

≥ 2 jets

mjj ≥ 350GeV

≥ 2-jet, mjj < 350GeV,VH topo

≥ 2-jet, mjj < 350GeV,VH veto

pHT < 200GeV

≥ 2-jet, mjj ≥ 350GeV, pHT ≥ 200GeV

≥ 2-jet, 350 ≤ mjj < 700GeV, pHT < 200GeV

≥ 2-jet, mjj ≥ 700GeV, pHT < 200GeV

• Measure mutually exclusive phase-spaces

‣ In terms of kinematics of the Higgs or associated 
objects in productions. 


‣ Sensitivity to deviations from SM. 


‣ Avoidance of large modelling uncertainties. 


‣ Approximate experimental sensitivity. 


• Advantage of complementary sensitivity in 
production from different final states:


‣ mjj > 450 GeV from H→WW*

‣ High pTH from H→bb



G. Barone July-22

Simplified Template Cross Sections

28

Production modes

pp → H!!

V(lep)H

qq′ → H!ν

H!ν, pWT ≥ 250GeV

H!ν, 150 ≤ pWT < 250GeV

H!!, pZT < 150GeV

H!!, pZT ≥ 250GeV

H!!, 150 ≤ pZT < 250GeV

H!ν, pWT < 75GeV

H!ν, 75 ≤ pWT < 150GeV

• Measure mutually exclusive phase-spaces

‣ In terms of kinematics of the Higgs or associated 
objects in productions. 


‣ Sensitivity to deviations from SM. 


‣ Avoidance of large modelling uncertainties. 


‣ Approximate experimental sensitivity. 


• Advantage of complementary sensitivity in 
production from different final states:


‣ mjj > 450 GeV from H→WW*

‣ High pTH from H→bb
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Simplified Template Cross Sections
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Production modes

pHT ≥ 200GeV

tt̄H

120 ≤ pHT < 200GeV

60 ≤ pHT < 120GeV

pHT < 60GeV

tH

• Measure mutually exclusive phase-spaces

‣ In terms of kinematics of the Higgs or associated 
objects in productions. 


‣ Sensitivity to deviations from SM. 


‣ Avoidance of large modelling uncertainties. 


‣ Approximate experimental sensitivity. 


• Advantage of complementary sensitivity in 
production from different final states:


‣ mjj > 450 GeV from H→WW*

‣ High pTH from H→bb
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• Strategy in measuring the cross section in these exclusive categories

‣ Discussing here the example of the H→ZZ*

ATLAS √s = 13 TeV, 139 fb-1
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Particle-level 
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 Z
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 H
 

q
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’ →
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 m
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 > 350 GeV, p

T
H > 200 GeV

 ttH Hadronic

m
4l 
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 N
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 N
jet

 = 0, p
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T
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T
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 p
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jets
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jet
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 N
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Measurement strategy
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Production modes

ATLAS √s = 13 TeV, 139 fb-1
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ATLAS √s = 13 TeV, 139 fb-1

 

Production
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= 1-jet

 m
jj
 < 60 GeV or 120 < m

jj
 < 350 GeV

 or m
jj
 > 350 GeV, p

T
H < 200 GeV

60 < m
jj
 < 120 GeV

Leptonic V decay

STXS Reduced
Stage 1.1

ttH

gg2H-0j-p
T

H-Low

gg2H-1j-p
T

H-High

gg2H-1j-p
T

H-Low

gg2H-1j-p
T

H-Med 

gg2H-0j-p
T

H-High

qq2Hqq-BSM

qq2Hqq-VH

qq2Hqq-VBF

gg2H-2j

gg2H-p
T

H-High

 p
T

H < 200 GeV

 p
T

H > 200 GeV

 p
T

H < 10 GeV

 p
T

H > 10 GeV

Particle-level 
Production Bins

g
g

 →
 Z

(2
j)
 +

 H
 

q
q

’ →
V

(2
j)
 +

 H
 

 m
jj
 > 350 GeV, p

T
H > 200 GeV

 ttH Hadronic

m
4l 

= [115, 130] GeV

 ttH Leptonic

 N
lep

 ≥ 5

 p
T

4l < 10 GeV

 N
jet

 = 0, p
T

4l > 100 GeV

10 < p
T

4l < 100 GeV

 60 < p
T

4l < 120 GeV

 p
T

4l < 60 GeV

120 < p
T

4l < 200 GeV  N
jet

 = 1

 N
jet

 = 0

m
jj 
> 120 GeV, p

T
4l > 200 GeV

m
jj
 < 120 GeV or p

T
4l < 200 GeV

 p
T

4l > 200 GeV

 N
jets

 ≥ 2

SB - 0j

 N
jet

 = 1

 N
jet

 = 0

SB - 1j

m
4l 

= [105, 115] U [130, 350] GeV

 N
lep

 ≥ 5

 N
jets

 ≥ 2

tXX-like

SB - VH-Lep-enriched

SB - 2j

SB - tXX-enriched

m
4l 

= [105, 115] U [130, 160] GeV

Reconstructed event categories
Sideband Region

Reconstructed event categories
Signal Region

ttH-Had-enriched

0j-p
T

4l-Low

1j-p
T

4l-Medium

1j-p
T

4l-High

ttH-Lep-enriched

2j

2j-BSM-like

0j-p
T

4l-Medium

0j-p
T

4l-High

VH-Lep-enriched

1j-p
T

4l-BSM-like

1j-p
T

4l-Low

• Cut-based reconstruction-level categories, 

‣ maximising purity and minimising extrapolation to true phase-spaces. 
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Production mode

ATLAS √s = 13 TeV, 139 fb-1
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• Multi-output-node neural network discriminants in detector category. 

‣ Multidimensional fits on n-1dimensions on n output nodes per category. 


• Backgrounds from data sidebands on resonant signal.

‣ Performed as a function of the jet multiplicity to reduce higher order correction uncertainties.  
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-1 = 13 TeV, 139 fbs
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Production mode
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• Multi-output-node neural network discriminants in detector category. 

‣ Multidimensional fits on n-1dimensions on n output nodes per category. 


• Backgrounds from data sidebands on resonant signal.

‣ Performed as a function of the jet multiplicity to reduce higher order correction uncertainties.  
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Production modes
• Measure mutually exclusive phase-spaces

‣ In terms of kinematics of the Higgs or associated 
objects in productions. 


‣ Sensitivity to deviations from SM. 


‣ Avoidance of large modelling uncertainties. 


‣ Approximate experimental sensitivity. 


• Advantage of complementary sensitivity in 
production from different final states:


‣ mjj > 450 GeV from H→WW*

‣ High pTH from H→bb
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Production modes
• Measure mutually exclusive phase-spaces

Nature 607, 52–59 (2022)
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Global combination 
• Simultaneous fit to all template cross sections 


‣ Extraction of global signal strength (μ=σobs /σexp).


‣ Experimental sensitivity of the same oder as of theory (up to N3LO for ggF)  

35

Production mode
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The statistical test of a given signal hypothesis, used for the measurement of the parameters of interest, is
performed with a test statistic based on the profile likelihood ratio [52]. The confidence intervals of the
measured parameters and the ?-value used to test the compatibility of the results and the SM predictions
are constructed from the test statistic distribution, which is obtained using asymptotic formulae [52].

The total uncertainty in the measurement of a given parameter of interest can be decomposed into di�erent
components. The statistical uncertainty is obtained from a fit with all externally constrained nuisance
parameters set to their best-fit values. The systematic uncertainty, whose squared value is evaluated as the
di�erence between the squares of the total uncertainty and the statistical uncertainty, can be decomposed
into categories by setting all relevant subsets of nuisance parameters to their best-fit values.

Combined measurement with ATLAS Run 2 data

The Higgs boson production rates are probed by the likelihood fit to observed signal yields described earlier.
As the production cross section f8 and the branching fraction ⌫ 5 for a specific production process 8 and
decay mode 5 cannot be measured separately without further assumptions, the observed signal yield for a

given process is expressed in terms of a single signal-strength modifier `8 5 =
�
f8/fSM

8

�
⇥
⇣
⌫ 5 /⌫SM

5

⌘
,

where the superscript ‘SM’ denotes the corresponding SM prediction. Assuming that all production and
decay processes scale with the same global signal strength ` = `8 5 , the inclusive Higgs boson production
rate relative to the SM prediction is measured to be

` = 1.05 ± 0.06 = 1.05 ± 0.03 (stat.) ± 0.03 (exp.) ± 0.04 (sig. th.) ± 0.02 (bkg. th.).

The total measurement uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties in both signal and background modelling. Both the
experimental and the theoretical uncertainties are almost a factor of two lower than in the Run 1 result [20].
The presented measurement supersedes the previous ATLAS combination with a partial Run 2 dataset [22],
decreasing the latest total measurement uncertainty by about 30%.

Higgs boson production is also studied per individual process. As opposed to the top-quark decay products
from CC� production, the identification e�ciency of 1-jets from the 11̄� production is low, making the
11̄� process experimentally indistinguishable from ggF production. The 11̄� and ggF processes are
therefore grouped together, with 11̄� contributing by a relatively small amount of the order of 1% to the
total ggF+11̄� production. In cases where several processes are combined, the combination assumes the
relative fractions of the components to be those from the SM within corresponding theory uncertainties.
Results are obtained from the fit to the data, where the cross section of each production process is a
free parameter of the fit. Higgs boson decay branching fractions are set to their SM values, within the
uncertainties specified in Ref. [44]. The results are shown in Figure 2(a).

All measurement results are compatible with the SM predictions. For the ggF and VBF production
processes, which were already observed in Run 1 data, the cross sections are measured with a precision
of 7% and 12%, respectively. The following production processes are now also observed: ,� with an
observed (expected) signal significance of 5.8 (5.1) standard deviations (f), /� with 5.0f (5.5f) and the
combined CC̄� and C� production processes with 6.4f (6.6f), where the expected signal significances are
obtained under the SM hypothesis. The separate CC̄� and C� measurements lead to an observed (expected)
upper limit on C� production of 15 (7) times the SM prediction at the 95% confidence level (CL), with
a relatively large negative correlation coe�cient of 56% between the two measurements. This is due to
cross-contamination between the CC̄� and C� processes in the set of reconstructed events that provide the
highest sensitivity to these production processes.
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• Higgs boson couplings as a function of the particle’s mass.


• Assuming production and decay are factorised 


• Coupling strength modifiers 

κ-framework

9Combined Higgs boson measurements at the ATLAS experiment - G. Artoni (Oxford)

Study modifications of the Higgs boson couplings related to BSM physics  
Assume production and decay can be factorised 
Cross section times branching fraction parametrised as   

Coupling strength modifiers defined as 

Higgs boson total width also modified:  

LHC data insensitive to κc and κs (assumed here to vary like κt and κb, respectively)

and decay can be factorized, such that the cross section times branching fraction of an individual channel
�(i ! H ! f ) contributing to a measured signal yield is parametrised as

�i ⇥ B f =
�i() ⇥ �f ()

�H
, (6)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the final
state f . For a given production process or decay mode j, the corresponding coupling strength modifier j
is defined as

2
j
=
�j

�SM
j

or 2
j
=
�j

�SM
j

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications
of the coupling scale factors also change the Higgs boson total width �H by a factor H , defined as
2
H
=
Õ

j BSM
f
2
j
.

The total width of the Higgs boson increases beyond modifications of j due to contributions from two
additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss

T signature
in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included
in this combination are sensitive (the latter includes for instance Higgs boson decays to light quarks, or
to BSM particles to which none of the input analyses provide appreciable sensitivity). In the SM, the
branching ratio for decays to invisible final states is ⇠ 0.1%, from the H ! Z Z⇤ ! 4⌫ process. BSM
contributions to this branching fraction and to the branching fraction to undetected final states are denoted
by Binv and Bundet respectively, with the SM corresponding to Binv = Bundet = 0. The Higgs boson total
width is then expressed as

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are
included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production
�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in
order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest
assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.
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T signature
in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included
in this combination are sensitive (the latter includes for instance Higgs boson decays to light quarks, or
to BSM particles to which none of the input analyses provide appreciable sensitivity). In the SM, the
branching ratio for decays to invisible final states is ⇠ 0.1%, from the H ! Z Z⇤ ! 4⌫ process. BSM
contributions to this branching fraction and to the branching fraction to undetected final states are denoted
by Binv and Bundet respectively, with the SM corresponding to Binv = Bundet = 0. The Higgs boson total
width is then expressed as

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are
included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production
�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in
order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest
assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.
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• Unprecedented agreement with SM Higgs.


• Yet, given mH’s value new phenomena might 
stabilise the vacuum expectation ?

https://www.nature.com/articles/s41586-022-04893-w


5. Differential cross section measurements
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Phase-space
• At Run II sufficient statistics for constraining differential measurements 


• Fiducial cross section definition 

‣ including detector efficiency (C) , detector acceptance (A) and branching ℬ

‣ Cuts mimicking reconstruction selection:

(i) Model independent result. 

(ii) No extrapolation beyond measurable phase-space

38

Differential cross section

(a) (b)

Figure 5: Template fit of SM Higgs boson signal and background to the data for the (a) first and (b) last bins of the
distribution of the transverse momentum of the four leptons pT,4`. The error bars on the data points indicate the
statistical uncertainty. The SM Higgs boson predictions are normalized to the cross sections discussed in Section 3,
while the backgrounds are normalized to the estimates described in Section 6. The uncertainty in the prediction is
shown by the dashed band. The dotted green line illustrates the best fit.

samples described in Section 3 assuming a Higgs boson mass of 125 GeV. Most of the background shapes
are also obtained from the simulated samples described in Section 3, while some of the backgrounds in
the ``ee channel are derived from control regions in data, as discussed in Section 6. The normalization
of the backgrounds is fixed in this fit. Figures 4 and 5 show the data, templates and best fits for the m4`
distributions in the four decay channels for the extraction of the inclusive fiducial cross section, and two
bins of the transverse momentum of the four leptons. For the di↵erential distributions, no split into decay
channels is performed, and the SM ZZ⇤ ! 4` decay fractions are assumed.

The fiducial cross section �i,fid for a given final state or bin of the di↵erential distribution is defined as:

�i,fid = �i ⇥ Ai ⇥ B =
Ni,fit

L ⇥Ci
, Ci =

Ni,reco

Ni,part
, (1)

where Ai is the acceptance in the fiducial phase space, B is the branching ratio and �i is the total cross
section in bin i. The term Ni,fit is the number of extracted signal events in data, L is the integrated
luminosity and Ci is the bin-by-bin correction factor for detector ine�ciency and resolution. The term
Ni,reco is the number of reconstructed signal events and Ni,part is the number of events at the particle level
in the fiducial phase-space. The correction factor is calculated from simulated Higgs boson samples,
assuming SM production mode fractions and ZZ⇤ ! 4` decay fractions as discussed in Section 3. The
systematic uncertainties in this assumption are described in Section 9. The correction factors for the
di↵erent Higgs boson production modes agree within 15%, except for the tt̄H mode, which di↵ers by
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Figure 1: Response matrices, derived using simulation, for (a) the transverse momentum of the four-lepton system
?

4✓
T , (b) the number of jets #jets, (c) the transverse momentum of the leading jet ?lead. jet

T , and (d) the mass of the
leading versus subleading lepton pair <12 vs. <34. Only reconstructed events that were matched to generator-level
(‘truth’) events are included. Bins below 0.005 are omitted for clarity.
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• In diboson channels, resonant peak over smooth 
background


‣ Good resolution on final-state particles, 
in particular in H→4ℓ, γγ


• Unfolding performed within the signal extraction fit
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• Inclusive fiducial cross sections: 

‣ SM predictions of 3.33 ± 0.15 fb (H→ZZ) and 63.5 ± 3.3 fb (H→γγ)


• For ZZ also cross section per final state


‣ Eventually sensitivity to final state interference (10%) in same flavour quadruplets 

Inclusive cross section

39
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Figure 6: Particle-level cross-sections times branching ratio in the five fiducial regions. The data are shown as filled
(black) circles. The error bar on each measured cross-section represents the total uncertainty in the measurement,
with the systematic uncertainty shown as a dark grey rectangle. The default prediction with its uncertainty is
superimposed. -� indicates all the Higgs production modes except for ggF. Upper limits at 95% CL are shown for
fiducial regions with observed significance below 3f.

Table 4: Breakdown of the uncertainties in the inclusive diphoton fiducial cross-section measurement.

Source Uncertainty [%]

Statistical uncertainty 7.5
Systematic uncertainties 6.4

Background modelling (spurious signal) 3.8
Photon energy scale & resolution 3.6
Photon selection e�ciency 2.6
Luminosity 1.8
Pile-up modelling 1.4
Trigger e�ciency 1.0
Theoretical modelling 0.4

Total 9.8
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• Study of the the m4ℓ spectrum and off-shell H production


‣ Offshell Higgs production, enhanced at 350 GeV because of top-quark loops in ggF


‣ Measured upper limit on width combining 4ℓ and ℓℓν̅ν̅

‣ Limit ΓH possibile from the off-shell to on-shell event yield ratio Rgg

✦ on-shell event yields ~ k2g,on-shell / ΓH, while off-shell ~ k2g,off-shell

Constraining the width 
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arXiv:1902.05892
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Higgs boson kinematics

41

Differential cross section
• 4ℓ: isolate signal under the Higgs resonant peak.


• γγ cross section extracted from resonant peak over the γγ continuum.


• Higgs boson pT,4ℓ(γγ) and rapidity (y4ℓ(γγ)) probe. 

‣ pT,4ℓ(γγ): Lagrangian structure of H interactions, Yukawa couplings  

‣ y4ℓ(γγ): Sensitivity to proton’s parton density functions.
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Figure 26: (a) Particle-level fiducial di�erential cross-sections times branching ratio for the diphoton rapidity |HWW |

together with (b) the corresponding correlation matrix.

cross-section for ? 91
T vs �q 9 9 Ṫhe coarser binning for these measurements reflects the current statistical

precision in the VBF-enhanced region.
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Probing QCD
• Transition region

42

Differential cross section

‣ Increased precision needed to disentangle effects from higher-order corrections from observables 
spectra:


‣ Ex Higgs pT as a function of jet vetos

Rough Overview of Current State.

N3LL+NNLO0(1)

NNLO1(1)

NNLL⇤+NLO0(mb)
mb effects

NLO1(mt)

mt effects

Recent developments
Much better understanding of fiducial cuts in resummation
(and as a result also in qT subtraction method)

Last missing ingredients for full 3-loop resummation (N3LL0)
(and as a result also for fully-differential N3LO)

Better understanding of quark-mass effects (but still some ways to go)
Frank Tackmann (DESY) SM Predictions for the ggH pT Spectrum. 2020-11-24 4 / 18

Peak resummation Fixed order dominates

Transition region

Depiction adapted from F. Tackmann 

https://indico.cern.ch/event/826136/contributions/3594727/attachments/1927641/3191520/2019-10-16_Higgs_diffXS_FT.pdf
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• Transition region

‣ Increased precision needed to disentangle effects from higher-order corrections from observables spectra:


‣ Ex Higgs pT as a function of jet vetos


‣ State of the art predictions in these regions start being published. 
5
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FIG. 3. Matched NNLL+NLO (red band), NLL+LO (blue
band), and fixed-order NLO (green band) pH

t di↵erential dis-
tributions for pJ,v

t = 30 GeV, with theoretical uncertainties
estimated as explained in the main text.

NLO Higgs+jet p
H

t distribution obtained with the pro-
gram MCFM-8.3 [72, 73] by means of the multiplicative
matching formulated in [23, 31, 74]. We adopt the setup
outlined above, and in addition we introduce the resum-
mation scale Q as detailed in ref. [59] as a mean to as-
sess the uncertainties due to missing higher logarithmic
corrections. To estimate the theoretical uncertainty of
our final prediction, we perform a variation of the renor-
malisation and factorisation scales by a factor of two
about the central value µR = µF = mH, while keeping
1/2  µR/µF  2. Moreover, for central µR and µF

scales, we vary the resummation scale by a factor of two
around Q = mH/2, and take the envelope of all the above
variations. Figure 3 compares the NNLL+NLO predic-
tion to the NLL+LO, and to the fixed-order NLO re-
sult. The integral of the NNLL+NLO (NLL+LO) distri-
bution yields the corresponding jet-vetoed cross section
at NNLL+NNLO (NLL+NLO) [34].

We observe a good perturbative convergence for the

resummed predictions to the left of the peak, where log-
arithmic corrections dominate. Above p

H

t ⇠ 10GeV, the
NNLL+NLO prediction di↵ers from the NLL+LO due to
the large NLO K factor in the considered process. The
residual perturbative uncertainty in the NNLL+NLO dis-
tribution is of O(10%) for p

H

t . p
J,v

t . The comparison
to the NLO fixed order shows the importance of resum-
mation across the whole p

H

t region, and a much reduced
sensitivity to the Sudakov shoulder 1 at pH

t ⇠ p
J,v

t .

In this letter we have formulated the first double-
di↵erential resummation for an observable defined
through a jet algorithm in hadronic collisions. As a case
study, we considered the production of a Higgs boson in
gluon fusion with transverse momentum p

H

t in association
with jets satisfying the veto requirement p

J

t  p
J,v

t . In
the limit p

H

t , p
J,v

t ⌧ mH, we performed the resummation
of the large logarithms ln(mH/p

H

t ), ln(mH/p
J,v

t ) up to
NNLL, resulting in an accurate theoretical prediction
for this physical observable. As a phenomenological
application, we presented matched NNLL+NLO results
at the LHC. Our formulation can be applied to the pro-
duction of any colour-singlet system, and it is relevant
in a number of phenomenological applications that will
be explored in future work.
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H and jets variables
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Differential cross section
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Figure 26: Di�erential fiducial cross sections for (a) the transverse momentum of the leading jet, ?lead. jet
T , in events

with at least one jet, and (c) the transverse momentum of the subleading jet, ?sublead. jet
T , in events with at least two

jets. Leading and subleading jets refer to the jets with the highest and second-highest transverse momenta. The first
bin contains events which do not pass the jet requirements. The corresponding correlation matrices between the
measured cross sections and the //

⇤ background normalisation factors are also shown ((b) and (d)).
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Figure 19: (a) Di�erential fiducial cross section for the transverse momentum ?
4✓
T of the Higgs boson, along with (b)

the corresponding correlation matrix between the measured cross sections and the //⇤ background normalisation
factors. The measured cross sections are compared with ggF predictions by M��G����5_�MC@NLO-FxFx,
NNLOJET, R��ISH, and NNLOPS, where M��G����5_�MC@NLO-FxFx and NNLOPS are normalised to the
N3LO total cross section with the listed  -factors while the normalisations for NNLOJET and R��ISH are to their
respective predicted cross sections. MC-based predictions for all other Higgs boson production modes -� are
normalised to the SM predictions. The error bars on the data points show the total uncertainties, while the systematic
uncertainties are indicated by the boxes. The shaded bands on the expected cross sections indicate the PDF and
scale systematic uncertainties, calculated as described in Section 8.2. This includes the uncertainties related to the
-� production modes. The ?-values indicating the probability of compatibility of the measurement and the SM
prediction are shown as well. They do not include the systematic uncertainty in the theoretical predictions. The
central panel of (a) shows the ratio of di�erent predictions to the data, and the grey area represents the total uncertainty
of the measurement. The bottom panel of (a) shows the ratios of the fitted values of the //⇤ normalisation factors
to the predictions from MC simulation discussed in Section 3. As indicated by the horizontal error bars, the //⇤

normalisation is estimated in each of the first three ?4✓
T bins separately, while the next two bins share a common

estimation factor, as do the last five bins.
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‣ Increased precision needed to disentangle effects from higher-order corrections from 
observables spectra:


‣ Measurements at Run-2 competitive on these state-of-the art predictions 




G. Barone July-22

• The LHC search programme did not identify yet New Physics. 


• Hints for new physics in HEP:

‣ Dark matter astronomy,  gμ-2,  gravitational waves, lepton universality in B+→K+ℓℓ, CP anomalies in B-

physics…, For mH~125 GeV, vacuum metastable, mass unnatural Λ > 550 GeV.


• What if New Physics is resonant outside our direct experimental reach ? 

Where is the new physics ?
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Rough Overview of Current State.

N3LL+NNLO0(1)

NNLO1(1)

NNLL⇤+NLO0(mb)
mb effects

NLO1(mt)

mt effects

Recent developments
Much better understanding of fiducial cuts in resummation
(and as a result also in qT subtraction method)

Last missing ingredients for full 3-loop resummation (N3LL0)
(and as a result also for fully-differential N3LO)

Better understanding of quark-mass effects (but still some ways to go)
Frank Tackmann (DESY) SM Predictions for the ggH pT Spectrum. 2020-11-24 4 / 18

Depiction adapted from F. Tackmann 

Energy boundaries of the experiment 

Z’

? 

Energy

https://indico.cern.ch/event/826136/contributions/3594727/attachments/1927641/3191520/2019-10-16_Higgs_diffXS_FT.pdf


G. Barone July-22

Pseudo observables
• In H→4ℓ m12 vs m34: sensitivity to contact interactions: 


‣ εR, εL and κ:  flavour universal modifiers of the contact terms between 
H, Z and leptons (arXiv:1504.04018)

✦ Angular distributions unaffected: same Lorentz structure as SM term. 
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Rough Overview of Current State.

N3LL+NNLO0(1)

NNLO1(1)

NNLL⇤+NLO0(mb)
mb effects

NLO1(mt)

mt effects

Recent developments
Much better understanding of fiducial cuts in resummation
(and as a result also in qT subtraction method)

Last missing ingredients for full 3-loop resummation (N3LL0)
(and as a result also for fully-differential N3LO)

Better understanding of quark-mass effects (but still some ways to go)
Frank Tackmann (DESY) SM Predictions for the ggH pT Spectrum. 2020-11-24 4 / 18

Where is the new physics ?
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Depiction adapted from F. Tackmann 

G. Barone October-20

• Couplings interpretations: 

‣ Based on summer combination. 

‣ New: enhance sensitivity by isolating dependencies in Wilson coefficients 
(ci ), allowing for simultaneous extraction.  

• Upcoming combinations (mH=125.09 ± 0.240 GeV)

1.Differential cross sections: with H→4ũ (published), H→γγ, 

H→bb̅, (and eventually H→WW)
2.H+HH combination 
3.CP analyses combination 
4.ATLAS+CMS differential cross section combination 
5.Couplings combinations, when more channels are available 

ATLAS and ATLAS+CMS
6.Mass combination (depends on H→γγ/calibration)

Combinations

17

‣  Added limits on 6 benchmark MSSM models. 

In ATLAS circulation, aiming at Higgs2020
ATLAS DRAFT

3 Methodology of Effective Field Theory interpretations196

Standard Model Effective Field Theory (SMEFT) provides a theoretically elegant language to encode the197

modifications of the Higgs properties induced by a wide class of beyond-the-SM (BSM) models that reduce198

to the SM at low energies, and is systematically improvable with higher-order perturbative calculations.199

Within the mathematical language of the SMEFT, the effects of BSM dynamics at high energies Λ ! !,200

well above the electroweak scale ! = 246 GeV, can be parametrised at low energies, " " Λ, in terms of201

higher-dimensional operators built up from the Standard Model fields and respecting its symmetries such202

as gauge invariance:203

LSMEFT = LSM +
!!6∑
"

#"
Λ2 O

(6)
" +

!!8∑
#

$ #

Λ4 O
(8)
# + . . . (2)

where LSM is the SM Lagrangian and O(6)
" and O(8)

# represent a complete set of operators of mass-204

dimensions % = 6 and % = 8. Operators with % = 5 and % = 7 violate lepton and/or baryon number205

conservation and are not relevant for Higgs physics. The effective theory expansion in Eq. 2 is robust,206

fully general, and can be systematically matched to explicit ultraviolet-complete BSM scenarios.207

In this analysis the “Warsaw” basis [76] is used, which forms a complete set of all O(6)
" operators in208

Eq. 2 allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various209

fields of particle physics and the usage of a common basis will allow easier future combination of these210

measurements. Contributions of operators of mass-dimension % = 8 are not considered. The goal of the211

analysis is to constrain the % = 6 Wilson coefficients that correspond to operators that either directly impact212

or indirectly impact Higgs boson couplings to SM particles [10, 77]. Table 3 lists the operators considered213

in this analysis, and their corresponding Wilson coefficients # # . Here, all CP-even % = 6 operators were214

considered for which the Λ−2-suppressed contribution to any of the STXS categories measured in Figure 1215

exceeds 1‰ w.r.t. the SM prediction.216

Wilson coefficient Operator
#$! (&†&)!(&†&)
#$%%

(
&†'&&

)∗ (
&†'&&

)
#$' &†& ((

&)(
(&)

#$* &†& )&))&)

#$+ &†&* ,
&)*

, &)

#$+* &†+,&* ,
&))

&)

|#-$ | (&†&)( ,̄.-/&)
#$01 (&†.

←→
' &&) ( ,̄./&,/ )

#$03 (&†.
←→
' ,

&&)( ,̄.+, /&,/ )
#$- (&†.

←→
' &&)(-̄./&-/ )

#$11 (&†.
←→
' &&)(0̄./&0/ )

#$13 (&†.
←→
' ,

&&) (0̄.+, /&0/ )
#$2 (&†.

←→
' &&) (1̄./&1/ )

#$3 (&†.
←→
' &&) (%̄./&%/ )

Wilson coefficient Operator
|#2' | (0̄.2&)3 (1/ )&̃ ((

&)

|#2+ | (0̄.2&)1/ )+, &̃ * ,
&)

|#2* | (0̄.2&)1/ )&̃ )&)

#001 ( ,̄./&,4 ) ( ,̄//&,5)
#111 (0̄./&04 ) (0̄//&05)
#113 (0̄./&+, 0/ ) (0̄5/&+, 04 )
#1111 (0̄./&04 ) (0̄//&05)
#1131 (0̄./&+, 04 ) (0̄//&+, 05)
#22 (1̄./&1/ ) (1̄5/&14 )
#221 (1̄./&14 ) (1̄//&15)
#121 (0̄./&04 )(1̄//&15)
#238 (1̄./&3 (1/ )(%̄5/&3 (%4 )
#128 (0̄./&3 (0/ ) (1̄5/&3 (14 )
#138 (0̄./&3 (0/ )(%̄5/&3 (%4 )
#' 4 (*6(()

& (*7
) (6&

7

Table 3: Wilson coefficients # # and corresponding % = 6 SMEFT operators O # used in this analysis.
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Figure 9: Summary of observed measurements of the parameters c0
i

with the SMEFT linearized model (blue) and the
SMEFT model with additional quadratic terms.
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(a) (b)

(c) (d)

Figure 15: Exclusion contours in the (mA, tan �) plane for the M125
h

(a), M125
h

( �̃) (b), M125
h

(⌧̃) (c) and M125
h

(alignment)
(a) scenarios. Observed (solid) and expected (dashed) contours at 95% C.L., defined as �2 ln⇤ = 5.99 according to
the asymptotic approximation, are shown. The excluded parameter space is marked in yellow.
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102

electroweak corrections applied [30, 46–48]. The V H samples are normalized to cross sections calculated103

at NNLO in QCD with NLO electroweak corrections [49, 50] and additional NLO QCD corrections [51]104

for the gg ! Z H subprocess [30].105

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using106

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay107

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [52] generator is used with the108

13th October 2020 – 03:36 4

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS DRAFT

Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102

electroweak corrections applied [30, 46–48]. The V H samples are normalized to cross sections calculated103

at NNLO in QCD with NLO electroweak corrections [49, 50] and additional NLO QCD corrections [51]104

for the gg ! Z H subprocess [30].105

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using106

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay107

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [52] generator is used with the108
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• Systematic approach: Effective Field Theory 

���������������������
������������������������
����������

��
���������������
���������������
���������������
��������������
��������������

����

����

����

����

���

���

�����������

����
��

����
��

��� ���� ���� ���� ���� ���� ���� ����

(a) (b)

Figure 5: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cb for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The lower
frame shows the ratio with respect to the SM prediction. The shaded band in the ratio indicates
the uncertainty due to scale variations. See text for more details.

(a) (b)

Figure 6: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct, cg and cb for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The
lower frame shows the ratio with respect to the SM prediction. The shaded band in the ratio
indicates the uncertainty due to scale variations. See text for more details.
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https://indico.cern.ch/event/826136/contributions/3594727/attachments/1927641/3191520/2019-10-16_Higgs_diffXS_FT.pdf
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• Couplings interpretations: 

‣ Based on summer combination. 

‣ New: enhance sensitivity by isolating dependencies in Wilson coefficients 
(ci ), allowing for simultaneous extraction.  

• Upcoming combinations (mH=125.09 ± 0.240 GeV)

1.Differential cross sections: with H→4ũ (published), H→γγ, 

H→bb̅, (and eventually H→WW)
2.H+HH combination 
3.CP analyses combination 
4.ATLAS+CMS differential cross section combination 
5.Couplings combinations, when more channels are available 

ATLAS and ATLAS+CMS
6.Mass combination (depends on H→γγ/calibration)

Combinations

17

‣  Added limits on 6 benchmark MSSM models. 

In ATLAS circulation, aiming at Higgs2020
ATLAS DRAFT

3 Methodology of Effective Field Theory interpretations196

Standard Model Effective Field Theory (SMEFT) provides a theoretically elegant language to encode the197

modifications of the Higgs properties induced by a wide class of beyond-the-SM (BSM) models that reduce198

to the SM at low energies, and is systematically improvable with higher-order perturbative calculations.199

Within the mathematical language of the SMEFT, the effects of BSM dynamics at high energies Λ ! !,200

well above the electroweak scale ! = 246 GeV, can be parametrised at low energies, " " Λ, in terms of201

higher-dimensional operators built up from the Standard Model fields and respecting its symmetries such202

as gauge invariance:203

LSMEFT = LSM +
!!6∑
"

#"
Λ2 O

(6)
" +

!!8∑
#

$ #

Λ4 O
(8)
# + . . . (2)

where LSM is the SM Lagrangian and O(6)
" and O(8)

# represent a complete set of operators of mass-204

dimensions % = 6 and % = 8. Operators with % = 5 and % = 7 violate lepton and/or baryon number205

conservation and are not relevant for Higgs physics. The effective theory expansion in Eq. 2 is robust,206

fully general, and can be systematically matched to explicit ultraviolet-complete BSM scenarios.207

In this analysis the “Warsaw” basis [76] is used, which forms a complete set of all O(6)
" operators in208

Eq. 2 allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various209

fields of particle physics and the usage of a common basis will allow easier future combination of these210

measurements. Contributions of operators of mass-dimension % = 8 are not considered. The goal of the211

analysis is to constrain the % = 6 Wilson coefficients that correspond to operators that either directly impact212

or indirectly impact Higgs boson couplings to SM particles [10, 77]. Table 3 lists the operators considered213

in this analysis, and their corresponding Wilson coefficients # # . Here, all CP-even % = 6 operators were214

considered for which the Λ−2-suppressed contribution to any of the STXS categories measured in Figure 1215

exceeds 1‰ w.r.t. the SM prediction.216

Wilson coefficient Operator
#$! (&†&)!(&†&)
#$%%

(
&†'&&

)∗ (
&†'&&

)
#$' &†& ((

&)(
(&)

#$* &†& )&))&)

#$+ &†&* ,
&)*

, &)

#$+* &†+,&* ,
&))

&)

|#-$ | (&†&)( ,̄.-/&)
#$01 (&†.

←→
' &&) ( ,̄./&,/ )

#$03 (&†.
←→
' ,

&&)( ,̄.+, /&,/ )
#$- (&†.

←→
' &&)(-̄./&-/ )

#$11 (&†.
←→
' &&)(0̄./&0/ )

#$13 (&†.
←→
' ,

&&) (0̄.+, /&0/ )
#$2 (&†.

←→
' &&) (1̄./&1/ )

#$3 (&†.
←→
' &&) (%̄./&%/ )

Wilson coefficient Operator
|#2' | (0̄.2&)3 (1/ )&̃ ((

&)

|#2+ | (0̄.2&)1/ )+, &̃ * ,
&)

|#2* | (0̄.2&)1/ )&̃ )&)

#001 ( ,̄./&,4 ) ( ,̄//&,5)
#111 (0̄./&04 ) (0̄//&05)
#113 (0̄./&+, 0/ ) (0̄5/&+, 04 )
#1111 (0̄./&04 ) (0̄//&05)
#1131 (0̄./&+, 04 ) (0̄//&+, 05)
#22 (1̄./&1/ ) (1̄5/&14 )
#221 (1̄./&14 ) (1̄//&15)
#121 (0̄./&04 )(1̄//&15)
#238 (1̄./&3 (1/ )(%̄5/&3 (%4 )
#128 (0̄./&3 (0/ ) (1̄5/&3 (14 )
#138 (0̄./&3 (0/ )(%̄5/&3 (%4 )
#' 4 (*6(()

& (*7
) (6&

7

Table 3: Wilson coefficients # # and corresponding % = 6 SMEFT operators O # used in this analysis.
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Parameter Value

Figure 9: Summary of observed measurements of the parameters c0
i

with the SMEFT linearized model (blue) and the
SMEFT model with additional quadratic terms.
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(a) (b)

(c) (d)

Figure 15: Exclusion contours in the (mA, tan �) plane for the M125
h

(a), M125
h

( �̃) (b), M125
h

(⌧̃) (c) and M125
h

(alignment)
(a) scenarios. Observed (solid) and expected (dashed) contours at 95% C.L., defined as �2 ln⇤ = 5.99 according to
the asymptotic approximation, are shown. The excluded parameter space is marked in yellow.
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102

electroweak corrections applied [30, 46–48]. The V H samples are normalized to cross sections calculated103

at NNLO in QCD with NLO electroweak corrections [49, 50] and additional NLO QCD corrections [51]104

for the gg ! Z H subprocess [30].105

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using106

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay107

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [52] generator is used with the108
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)95

QCD calculation with NLO electroweak corrections applied [30, 39–42]. The NNLOPS generator96

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm97

(NNLL) calculation of H���2.3 [43], which includes the e�ects of top- and bottom-quark masses and uses98

dynamical renormalization and factorization scales.99

The VBF and V H production processes are simulated to NLO accuracy in QCD using the P�����100

B�� [44] generator with the PDF4LHC15 set of PDFs, where the simulation of V H relies on improved NLO101

calculations [45]. The VBF sample is normalized to an approximate-NNLO QCD cross section with NLO102

electroweak corrections applied [30, 46–48]. The V H samples are normalized to cross sections calculated103

at NNLO in QCD with NLO electroweak corrections [49, 50] and additional NLO QCD corrections [51]104

for the gg ! Z H subprocess [30].105

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using106

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay107

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [52] generator is used with the108
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(a) (b)

Figure 5: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cb for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The lower
frame shows the ratio with respect to the SM prediction. The shaded band in the ratio indicates
the uncertainty due to scale variations. See text for more details.

(a) (b)

Figure 6: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct, cg and cb for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The
lower frame shows the ratio with respect to the SM prediction. The shaded band in the ratio
indicates the uncertainty due to scale variations. See text for more details.
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Energy boundaries of the experiment 
? 

Figure 1: Feynman diagrams contributing to gg ! H production at LO. The possible insertions of
dimension-six operators are marked by a cross in a circle.

four operators

O1 = |H|2Ga

µ⌫
Ga,µ⌫ , O2 = |H|2Q̄LH

cuR + h.c. , (2)

O3 = |H|2Q̄LHdR + h.c. , O4 = Q̄LH�µ⌫T auRG
a

µ⌫
+ h.c. (3)

These operators, in the case of single Higgs production, may be expanded as:

c1
⇤2

O1 !
↵S

⇡v
cghG

a

µ⌫
Ga,µ⌫ , (4)

c2
⇤2

O2 !
mt

v
ctht̄t , (5)

c3
⇤2

O3 !
mb

v
cbhb̄b , (6)

c4
⇤2

O4 ! ctg
gSmt

2v3
(v + h)Ga

µ⌫
(t̄L�

µ⌫T atR + h.c) . (7)

The operator O1 corresponds to a contact interaction between the Higgs boson and gluons
with the same structure as in the heavy-top limit of the SM. The operators O2 and O3 describe
modifications of the top and bottom Yukawa couplings. The operator O4 is the chromomagnetic
dipole-moment operator, which modifies the interactions between the gluons and the top quark†

(here �µ⌫ = i

2 [�
µ, �⌫ ]). In our convention, based on the SILH basis [104, 105], we express the

Wilson coe�cients as factors in the canonically normalized Lagrangian.

The coe�cients ct, cb and cg can be probed in Higgs boson processes. In particular, ct (and cb)
may be measured in the tt̄H (and bb̄H) production modes.‡ The coe�cient cb can also be accessed
through the decay H ! bb̄. The coe�cient ctg, instead, is constrained by top pair production [116].

We now consider the contribution of the e↵ective operators in Eqs. (4), (5) and (7) on the
production cross section, while omitting, for simplicity, the bottom contribution in Eq. (6). The
relevant Feynman diagrams are displayed in Fig. 1. The corresponding amplitude can be cast into
the form

M (g(p1) + g(p2) ! H) = i
↵S

3⇡v
✏1µ✏2⌫ [p

⌫

1p
µ

2 � (p1p2)g
µ⌫ ]F (⌧) , (8)

where ⌧ = 4m2
t
/m2

H
and ✏1 and ✏2 are the polarization vectors of the incoming gluons. The

contribution of the chromomagnetic operator to the function F (⌧) has been addressed in the
literature with contradicting results [117,118] (see also Ref. [119]). In Ref. [117] it is found that
the UV divergences in the bubble and triangle contributions cancel out. In the revised version of

†In this analysis we do not consider the contribution of the chromomagnetic dipole operator of the bottom quark.
‡See Refs. [106–109] and Refs. [110–115], respectively, and references therein.

3

cg: ggH contact interaction 

ct: t and b Yukawa couplings

ctg: dipole-moment, g-t interaction 

⏞

⏞

‣ Standard Model Effective Field Theory as the standard candle. 


‣ Probe for non-SM contributions to the tensor 
structure of the Higgs boson. 
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Production mode
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µ
er)

q

q H

e

e
Z

c
(1)

Hq
(H

†
i
 !
D µH)(q̄p�

µ
qr)

q

q H

Z `

`

c
(3)

Hq
(H

†
i
 !
D

I

µ
H)(q̄p⌧

I
�
µ
qr)

q

q H

W `

⌫

cHu (H
†
i
 !
D µH)(ūp�
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• Enhance sensitivity 

‣ by isolating dependencies in Wilson coefficients (ci) allowing for 

simultaneous extraction through eigenvector decomposition of 
the dependencies. 

introduces additional separation power between the ggF and CC� related parameters. The operators
2�⌧ , 2D⌧ and 2D� that are strongest constrained from the ggF production mode are therefore grouped
into one sub-space, while the remaining ones are joined together within another sub-space (referred
to as 2C>?).

• Parameters 2D, and 2D⌫ are also constrained by CC� but are additionally and mostly constrained by
the � ! WW decay, as are also 2�, , 2�⌫, and 2�,⌫ parameters. The 2, operator also gives a
small contribution to the � ! WW channel and is now taken into account, while it was neglected
in the previous combination. Therefore, a rotation of these six Wilson coe�cients is considered
in addition to 2�⇡⇡ . Their correlation with the ggF and top-quark related parameters is due to the
strength of the measurement of these production modes in 66� (! WW) channel.

• Parameters 2(1)

�; , 2
(3)

�; , 2�4 and 2
(1)

�@ , are strongly correlated, constrained mainly by the +�, � ! 11̄

(and VBF � ! 11̄) measurements. Similarly, there there is also a correlation between 2
(3)

�; and
2
0

;; as well as between 2�D and 2�3 parameters. Based on the main constraining processes, three
groupings are defined here: {2(1)

�;, 2�4 }, {2(3)

�;, 2
0

;; } and {2�D , 2�3 , 2(1)

�@ }.

• Parameter 23� a�ecting the �11 Yukawa coupling can now also be probed due to the additional
sensitivity provided by an updated VBF � ! 11̄ measurement, which reduces the correlation
between the parameters in the +� production and the � ! 11̄ decay.

The final parameter set 208 entering the combined fit and the corresponding rotation matrix of this basis
with respect to the Warsaw basis is visualised in Figure 17.
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Figure 17: Visualisation of the projection matrix from the Warsaw basis 28 (G-axis) to the fit basis 208 (H-axis).

7.3 EFT interpretation results

The observed and the SM expected constraints on the parameters 208 using the linearised SMEFT model are
summarised in Table 11 and visualised in Figure 18. All measured parameters are consistent with the SM
expectation within their uncertainty. The level of compatibility between the SM hypothesis with the best-fit
point corresponds to a ?-value of ?SM = 59%, computed using the procedure outlined in Section 3 with
13 degrees of freedom. Comparing the observed results with those from the interpretation in terms of
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Figure 16: Impact of the most relevant SMEFT operators on the STXS regions and decay modes, relative to the
SM cross-section, under the assumption of the linearised SMEFT model. To judge the experimental sensitivity
to constrain the operators from the data in the listed STXS regions, the total uncertainty on measurement in the
corresponding regions is shown in the top panel. For presentational clarity, the statistical uncertainty of low precision
STXS regions is clipped in the plot.

38



G. Barone July-22

Where is the new physics ?
• Results interpreted in the context of new physics:
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Conclusion
• Current reach same order of magnitude as that expected with 20 times the data. 


‣ Inclusive measurements at percent level


‣ Double differential cross sections O(20%)


• Path for higher luminosities at the LHC: 

‣ Novel ideas in constraining (systematic) uncertainties at higher luminosities. 
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• The Standard Model (SM) is our current 
understanding of the microcosm.
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• New phenomena hide:

‣ In unexplored corners of the phase-space. 

‣ At energies beyond what’s accessible by our colliders.


• Methodical study from current experimental picture.

M
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• Hints for new physics in HEP:

‣ Dark matter astronomy,  gμ-2,  gravitational waves, lepton 

universality in B+→K+ℓℓ, CP anomalies in B-physics… 
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Conclusion
•  Current reach same order of magnitude as that expected with 20 times the data. 


‣ Inclusive measurements at percent level


‣ Double differential cross sections O(20%)


• Path for higher luminosities at the LHC: 

‣ Novel ideas in constraining (systematic) uncertainties at higher luminosities. 


‣ Combination of direct and indirect constraints on κλ. 

‣ Combination of processes linked to H production. 
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Fig. 81: Results of the two-dimensional likelihood scan in �-vs-µH , where µH allows all Higgs boson
production modes to scale relative to the SM prediction. The 68% and 95% confidence level contours
are shown by the solid and dashed lines respectively. The SM expectation is shown by the black cross.
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Fig. 82: �2 analysis of the Higgs self-coupling �� using single- and double-Higgs processes for the
HL-LHC at 13 TeV and 3 ab�1. The widths of the lines correspond to the differences between the sce-
narios S1 and S2. Left: Comparison of the constraints obtained using inclusive single-Higgs processes
(orange), with the ones using differential observables (blue). Dashed is an exclusive fit while solid is the
result of a global fit. Right: Comparison of the constraints from differential single Higgs (blue), with
those from differential double-Higgs data (dashed red) and its combination (pink).

tions (parametrised by one coefficient, �cz , if custodial symmetry is unbroken), and three coefficients
(czz, cz⇤, cz�) parametrising interactions of the Higgs with the electroweak bosons that have non-SM
tensor structures. Note that two combinations of the last three parameters are constrained by di-boson
data, showing an interesting interplay between the gauge and the Higgs sectors. A global fit on the
Higgs self-coupling, parametrised by �� (which is zero in the SM) using only inclusive single Higgs
observables, and taking into account the additional 9 EFT deviations described above, suffers from a flat
direction. To lift it, it is necessary to include data from differential measurements of those processes,
since the single-Higgs deformations and �� tend to affect the distributions in complementary ways.

As input for the uncertainties we consider the S1 and S2 scenarios, corresponding to the projected
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Higgs Couplings without the Higgs
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The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. We show that modifications of Higgs couplings induce energy-growing
e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and we initiate a novel
program to study these very modifications of Higgs couplings o↵-shell and at high-energy, rather
than on the Higgs resonance. Our analysis suggests that these channels are complementary and, at
times, competitive with familiar on-shell measurements; moreover, they o↵er endless opportunities
for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this letter we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of lon-
gitudinally polarized gauge bosons. We will show

HC HwH Growth

t Oyt ⇠
E2

⇤2

� O6 ⇠
vE
⇤2

Z�

��

V

OWW

OBB

Or

⇠
E2

⇤2

g Ogg ⇠
E2

⇤2

TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

that this program is potentially competitive with on-
shell measurements. Moreover—and perhaps equally
important—this program contains numerous avenues
for refinements and improvements: it can benefit
maximally from accumulated statistics, from im-
proved SM computations of di↵erential distributions,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses. Further-
more, given the complexity of the final states, we ex-
pect advanced machine learning techniques [12–14]
could drastically improve our simple cut and count
analysis. Additionally, in the context of a global pre-
cision program, the high-energy aspects that we dis-
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Roadmap ?
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• Increase precision through novel techniques and analyses.


‣ VBF cross sections in H→ ZZ/WW channels (ongoing) 

‣ 2D measurements of VV*(+jj) and H(+jj) productions. 


‣ ….


• Increase sensitivity in offshell Higgs couplings.

• Direct measurements of HH production. 

‣ High precision Higgs properties measurements.


• Precision measurements of  VLVL 

‣ e+e- (FCC-ee/ILC) colliders in VBS VV→ gg

LHC Run2 and  Run3

~300 fb-1 pp collisions 

High Luminosity LHC

~3000 fb-1 pp collisions 

now

tim
e
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Conclusion

• After a decade of cracking the mass problem:  


1.Measurement of mH at 2 per mille precision level.   


2.Fiducial cross section measurements, sensitivity to several distributions 


3.Production mode analysis and template cross section measurements. 

56

• Presented only a selection results full set 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

• Higgs physics provide an excellent picture for 


‣ Searches for new phenomena resonant at higher scales. 


‣ Searches for deviations to theory within the scales of the experiment. 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults


Additional material
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Object selection
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• Electrons (e).

‣ Isolated objects clustered from calorimeter energy 

deposits with associated ID track.


‣ ET > 7 GeV, |η| < 2.47 and |z0 sin(θ)| < 0.5 mm

• Muons (μ).

‣ Combined track fit of Inner Detector and Muon 

Spectrometer hits, 

‣ pT > 5 GeV, |η| < 2.7 |z0 sin(θ)| < 0.5 mm of  “loose or 

medium quality” 

‣ Isolated objects 

• Missing transverse energy (ETmiss).

‣ Inferred from transverse momentum imbalance
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Object selection
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• Jets (j).

‣ Energy deposit grouping with infra-red safe algorithm: 


‣ pT > 25 GeV and  |η| < 4.5

✦ Clustering with anti-kT, R=0.4


• Electrons (e).

‣ Isolated objects clustered from calorimeter energy 

deposits with associated ID track.


‣ ET > 7 GeV, |η| < 2.47 and |z0 sin(θ)| < 0.5 mm

• Muons (μ).

‣ Combined track fit of Inner Detector and Muon 

Spectrometer hits, 

‣ pT > 5 GeV, |η| < 2.7 |z0 sin(θ)| < 0.5 mm of  “loose or 

medium quality” 

‣ Isolated objects 
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Object selection
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• Photons (γ).

‣ Clustering of calorimeter energy deposits.


‣ Identified with rectangular cuts on shower shapes. 


 [GeV]TE
210 310

 (t
ig

ht
)

IDε

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1
ATLAS Preliminary

| < 1.37η |≤0.6 
γconverted 

 = 13 TeVs

)-1Electron extrapolation (36.1fb
)-1Matrix method (37.1fb

)-1 (36.1fbγ ll→Z 

• Electrons (e).

‣ Isolated objects clustered from calorimeter energy 

deposits with associated ID track.


‣ ET > 7 GeV, |η| < 2.47 and |z0 sin(θ)| < 0.5 mm

• Muons (μ).

‣ Combined track fit of Inner Detector and Muon 

Spectrometer hits, 
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Object selection
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• Jets (j).

‣ Energy deposit grouping with infra-red safe algorithm: 


‣ pT > 25 GeV and  |η| < 4.5

✦ Clustering with anti-kT, R=0.4


• Electrons (e).

‣ Isolated objects clustered from calorimeter energy 

deposits with associated ID track.


‣ ET > 7 GeV, |η| < 2.47 and |z0 sin(θ)| < 0.5 mm

• Muons (μ).

‣ Combined track fit of Inner Detector and Muon 

Spectrometer hits, 

‣ pT > 5 GeV, |η| < 2.7 |z0 sin(θ)| < 0.5 mm of  “loose or 

medium quality” 

‣ Isolated objects 
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Di-Higgs production 
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• The Higgs boson can interact with itself through quadratic terms in the Higgs potential 

V (�) ⇠ �µ2(�†�) + �(�†�)2
<latexit sha1_base64="Ngwy/x7OuCg9ZGBvi+b+T7o0wHQ="></latexit>

‣ About 500 times suppression of σ(gg→H) (48.5 pb) / σ(gg→HH) (~33.4 fb)

‣ Destructive interference between the terms proportional to the κt2 and the product of κt and κλ
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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‣ Single Higgs process do not depend on the trilinear self (λHHH) coupling at LO but are needed for the 
NLO EW corrections. 


• Indirect constraint with comparing NLO EW dependant λHHH effects
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• Modified Higgs production cross section and branching rations to account for NLO EW 
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production mode ggF VBF ZH WH ttH
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Table 3: Values of C
i

1, K
i

EW and expression of 2
i

for each Higgs boson production process [9].

3 Theoretical model

Following Refs. [8, 9], in the present work the trilinear Higgs boson self coupling scales with � and the
dependence of the Higgs boson production cross-sections on � is described by the relation:
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accounts for the complete NLO EW correction of the production cross section for the process i

in the SM hypothesis (i.e. � = 1), C
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1 is a process and kinematics-dependent linear coe�cient that provides

the sensitivity of the measurement to �, and 2
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=
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(� = 1) represents multiplicative modifiers to
other Higgs boson couplings, parametrised as in the LO -framework [29]. In this work, only two coupling
modifiers F and V are considered. They describe the modifications of the SM Higgs boson coupling to
fermions and to massive vector bosons, respectively. As discussed in Ref. [9], for small deviations of F
and V from 1, the dependence of NLO EW corrections on these coupling modifiers can be neglected. The
values of these quantities for ggF, VBF, ZH, WH and ttH production modes are shown in Table 3, where
the values of C

i

1 and K
i

EW are averaged over the full phase space of these processes.

The variation of the trilinear coupling �HHH a�ects also the Higgs boson decay rates. Indicating with f a
Higgs boson decay final state, the SM branching fraction is modified by the coe�cient [9]:
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cross-section modifiers, is parametrised as function of F and V , and C
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NLO EW dependence on �. The values of C
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1 and the expressions of 2
f

are reported in Table 4 for all the
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for each considered Higgs boson decay mode [8, 9].
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Figure 2: Variation of the cross-sections (a) and branching fractions (b) as a function of the trilinear coupling modifier
�. The plots represent the equations (2) and (4) using the numerical values shown in Tables 3 and 4, all obtained
from Ref. [8, 9].

analysed decay modes. For Higgs bosons decaying into two fermions, the C
f

1 coe�cient is zero. The model
under discussion, as shown in Eq. 2 and Eq. 4, does not include any additional contributions from new
physics to the total width of the Higgs boson, or in the gg ! H and H ! �� loop mediated processes.

The dependence on � of the Higgs boson production cross sections and the decay branching fractions are
shown in Figure 2.

3.1 Inclusion of event kinematic information

In the presence of a varied Higgs trilinear coupling, changes in � a�ect not only the inclusive rates of
Higgs boson production and decay processes, but also their kinematics. In particular the largest deviations
in kinematic distributions with respect to the to the SM are expected in the ZH, WH, and ttH production
modes. On the contrary, in Higgs boson decay kinematics no significant modification are expected. Since
the Higgs boson decays to two bodies in all decay channels, and it has a null spin, the angular distribution
of the decay particles cannot be a�ected by BSM e�ects, being fully determined by the energy-momentum
conservation and by the rotational symmetry of the decay. One exception is the decay to four fermions, that
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In some case the results in the note are presented with the uncertainty decomposed in separate contributions:
theoretical uncertainties a�ecting the background processes, theoretical uncertainties a�ecting the Higgs
boson signal, experimental uncertainties and statistical uncertainties. The values of the uncertainty
components are derived by fixing the related nuisance parameters to their best value ✓̂ in the numerator and
the denominator of ⇤. This procedure is repeated sequentially for each source of uncertainty following the
same order in which they are listed above. The value of each component is then evaluated as the quadratic
di�erence between the resulting uncertainty at each step and the uncertainty obtained in the previous one,
where for the initial step the total uncertainty is considered. The statistical uncertainty is then evaluated at
the last step, fixing all the nuisance parameters except to the ones that are only constrained by data, such as
the data-driven background normalization.

5 Results

5.1 Result of fits to �

In this section, the main result of this analysis is presented, where a likelihood fit is performed to constrain
the value of the Higgs boson self-coupling �, while leaving untouched all other Higgs boson couplings
(V = F = 1). A large variety of models beyond the SM exists where new physics is expected to only
appear in a modification of the Higgs boson self-coupling, as for example the Higgs-boson portal models in
the alignment limit [33]. In these BSM scenarios, the constraints on �, derived through the combination
of single-Higgs measurements, can be directly compared to the constraints set by double Higgs production
measurements.

The � self-coupling modifier is probed in the range �20 < � < 20, because outside this range the
calculation in Ref. [8] loses its validity.

The value of �2 ln⇤(�) as a function of � is shown in Figure 4 for the data and the Asimov dataset [32],
generated from the likelihood distribution ⇤ with nuisance parameters fixed at the best fit value obtained on
data and the parameter of interest fixed to SM hypothesis (i.e. � = 1). The central value and uncertainty
of the � modifier of the trilinear Higgs boson self-coupling is determined to be:

� = 4.0+4.3
�4.1 = 4.0+3.7

�3.6 (stat.) +1.6
�1.5 (exp.) +1.3

�0.9 (sig. th.) +0.8
�0.9 (bkg. th.) ,

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modelling, following the
procedure described in Section 4. The 95% C.L. interval of � is �3.2 < � < 11.9 (observed) and
�6.2 < � < 14.4 (expected). This interval is comparable to the one obtained from the direct HH searches
using an integrated luminosity of 36.1 fb�1[6], which is �5.0 < � < 12.1 (observed) and �5.8 < � < 12.0
(expected).
The di�erence in the shape of the likelihood curves in Figure 4 between the Asimov sample and the data is
due to the non-linearity of the cross-section dependence from � and the di�erence of the best-fit values of
� in the two cases. As shown by Figure 2, the sensitivity to � is not constant. The likelihood shape is
a�ected by the di�erent behaviour of the quadratic and linear � dependent terms: for example, if � is < 1
both terms induce a reduction of the Higgs boson production cross-sections, while for � > 1 there are
larger cancellations that weaken the cross-section dependence on � [9]. Moreover, the global likelihood
shape depends on combining the contributions from the di�erent production and decay modes, which all
have di�erent sensitivities and in most cases also significantly di�erent likelihood shapes, as shown in
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Figure 4: Profile likelihood scan, in terms of �2 ln⇤(�), performed as a function of � on data (a) and on the Asimov
dataset [32] generated under the SM hypothesis (b). The solid black line shows the profile likelihood distributions
obtained including all systematic uncertainties (“Total”). Results from a statistic only fit “Stat. only” (black dashed
line), including the experimental systematics “Stat. + Exp. Sys.” (blue solid line) , adding theory systematics related
to the signal “Stat.+ Exp. Sys.+ Sig. Th. Sys.” (red solid line) are also shown. The dotted horizontal lines show the
�2 ln⇤(�) = 1 and �2 ln⇤(�) = 4 levels that are used to define the ±1� and ±2� uncertainties on �.

Figure 5. The dominant contributions to the � sensitivity derive from the di-boson decay channels ��,
Z Z

⇤, WW
⇤ and from the ggF and ttH production modes.

The production mode that is most sensitive to the Higgs boson self-coupling is gluon fusion. In order to
cross-check the e�ect on the results from assuming a kinematic independent parametrization of the gluon
fusion production cross-section as a function of �, an additional fit has been performed by excluding the
STXS bins with Higgs boson transverse momentum above 120 GeV. This has been technically realized by
introducing signal strength parameters for these STXS bins and profiling them independently in the fit.
The result is a minimal change of the central value (⇠ 5%) and uncertainty on �.
In addition, the impact on the � determination of using an inclusive cross-section measurement, rather than
the di�erential cross-section information contained in the STXS bins, has been studied. An alternative fit
has been performed where the VBF, VH and ZH production modes are considered as single inclusive bins.
Compared to the use of di�erential information, the inclusive fit does not currently lead to a significant loss
in sensitivity to �. However, di�erential information should help most in the ttH production mode, where
it is currently not considered. All results are summarised in Table 6.

5.2 Results of fits to � and either V or F

Two additional fit configurations are considered in this note, in which a simultaneous fit is performed to �
and F , or to � and V . The remaining coupling modifier that is not included in the fit, V in the first case
and F in the second case, is kept fixed to the SM prediction. These fits target BSM scenarios where new
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• Combined fit over Higgs combination 


‣ 95% C.L.  -3.2 < κλ < 11.9 comparable over direct HH searches 
(-5.0 < κλ < 12.1)
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Introduction
• Importance of mH in several aspects of our understanding of fundamental physics.


‣ Understanding the perturbative expansion of its 
potential (λv2h2). 


‣ Precise higher order corrections to the theory 
predictions of the Higgs interactions depend on the 
value of mH.

‣ Input to precision global fit of the Standard Model.
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Figure 2: a) Potential V (S) as a function of the average value of the field S.
b) Higgs potential as a function of the Higgs field average value H for µ2 =
�(90 GeV)2, � = 0.13, c0 = µ4/(4�) (solid red line). Experiments probe the
minimum of the potential and its curvature at the minimum (dashed blue line).

the Big Bang from a high temperature phase with the symmetric vacuum (zero
average Higgs field) to a low temperature phase6 when it fell into one of the
two minima, e.g. Hvac = v/

p
2 > 0, which became our current vacuum. This

phase transition, known as the electroweak phase transition, will be discussed
in Section 6.

The Higgs particle (Higgs boson or Higgs in short) is the quantum of the
Higgs field. Its mass is defined by the Higgs potential but while the mass of the
S particle is clearly visible in Eq.2 as the positive coe�cient of the S2 term,
the same is not true for the Higgs since the coe�cient µ2 of the H2 term has
the wrong sign, it is negative. In order to expose the mass of the corresponding
Higgs, we have to separate the field H into two parts: a part h corresponding
to the Higgs particle, which fluctuates about Hvac = v/

p
2, and the constant

part v/
p
2 itself,

H = (h+ v)/
p
2. (4)

Plugging the separated field H into Eq.3, we get for c0 = µ4/(4�)

V (h) =
1

4
�h4 + �vh3 + �v2h2 (5)

We will focus on the last term, �v2h2, which has the form of a mass term,
M2

h h2/2, with the correct sign. It corresponds to the Higgs boson with the
mass

M2
h = 2�v2 = �2µ2 (6)

The most important fact that the Higgs field must be nonzero in the vacuum
(including the value of v) has been known for decades, but we had to wait for

6
The temperature of the current Universe is e↵ectively zero.
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Prediction and uncertainties of Higgs production 
processes as a function of the mH

Power law expansion of the potential 

Latest prediction from LHC Higgs 
Working group 

    Aim at improving significantly on the 
experimental precision on mH

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
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The most important fact that the Higgs field must be nonzero in the vacuum
(including the value of v) has been known for decades, but we had to wait for

6
The temperature of the current Universe is e↵ectively zero.
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Prediction and uncertainties of Higgs production 
processes as a function of the mH

Power law expansion of the potential 

Latest prediction from LHC Higgs 
Working group 

    Aim at improving significantly on the 
experimental precision on mH

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
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• Resolution muon channels (4μ, 2e2μ and 4μ) crucial for mH uncertainty:

‣ Excellent momentum resolution of about 1% at about pT 45 ~GeV.


• Momenta calibrated to J/ψ and Z samples in data 

‣ for residual mis modelling of Eloss in calorimeters, alignment precision etc.

‣ Including corrections to data accounting for alignment weak modes. 

‣ Precision down to 0.5 per mille for |η|<1.0

Muon pT resolution 
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Muon pT resolution 
• Resolution muon channels (4μ, 2e2μ and 4μ) crucial for mH uncertainty:

‣ Excellent momentum resolution of about 1% at about pT 45 ~GeV.


• Simulated momenta calibrated to J/ψ and Z samples in data 


‣ for residual mis modelling of Eloss in calorimeters, alignment precision etc.

‣ Uncertainty of about 10% on the resolution and 0.5% on the momentum scale.
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Figure 1: Inclusive dimuon invariant mass distribution of Z ! µ+µ� candidate events. The upper panel shows the
invariant mass distribution for data and for simulation. The points show the data after correction for local charge-
dependent momentum biases. The continuous line corresponds to the simulation with the momentum corrections
applied. The band represents the total systematic uncertainty on the momentum corrections. The lower panel shows
the data to simulation ratio. No subtraction of the background (expected to be at the level of 0.5% and with a
non-peaking distribution) is applied, and the simulation is normalised to the data.

of ⌘, � and pT, and is found to be about 20 MeV for the average momentum of muons from Z ! µ+µ�
decays.

The invariant mass distributions of dimuons from Z ! µ+µ� decays in data and simulation after such
corrections are compared in Figure 1. After corrections data and simulation agree to better than 3% for
the description of the Z-boson decay lineshape.

5 Photon and electron reconstruction, identification and calibration

Photon and electron candidates are reconstructed from clusters of energy deposited in the electromagnetic
calorimeter [87]. Clusters without a matching track or reconstructed conversion vertex in the inner
detector are classified as unconverted photons. Those with a matching reconstructed conversion vertex
or a matching track, consistent with originating from a photon conversion, are classified as converted
photons. Clusters matched to a track consistent with originating from an electron produced in the beam
interaction region are considered electron candidates.

The energy measurement for reconstructed electrons and photons is performed by summing the energies
measured in the EM calorimeter cells belonging to the candidate cluster. The energy is measured from a
cluster size of�⌘⇥�� = 0.075⇥0.175 in the barrel region of the calorimeter and�⌘⇥�� = 0.125⇥0.125
in the calorimeter endcaps. The calibration strategy for the energy measurement of electrons and photons

6
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Muon pT resolution 
• Local misalignments and second order effects:


‣ Charge dependent sagitta bias, with net effect of worsening resolution 


‣ In-situ correction based on Z→μμ data, recovers up to 5% in resolution. 

• Momentum scale understood down to the per mille level 


‣ Precision down to 0.5 per mille for |η|<1.0
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175-9/December/2016 ATLAS: Inner Detector alignment

Tackling weak modesTackling weak modes
● Momentum biases can be monitored using Z→ μ+μ- and electrons E/p

– Charge symmetric and charge antisymmetric detector distortions

● E/p offers a direct measurement
– But electron's tracking has its own issues 

● Z→ μ+μ- (or J/ψ) 
– Better tracking using μ's → δsagitta accuracy 

– If bias is present: which track is to blame?
● Iterative procedure

– This channel can monitor d0 & z0 biases

● Parametrize the biases → apply constraints and realign

pT
reco= pT

true(1+q pT
true δsagitta)

−1

Charge antisymmetric
deformation

Charge symmetric
deformation

δd0 = d0
μ+ - d0

μ-
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ET(e/γ) resolution
• Good energy calibration necessary for increased precision on mH


‣ Two step approach: i) material energy loss and ii) global calorimetric scale 
from Z→ee  data

• Total scale uncertainty of at 40 GeV at the per-mille level. 

69

 [MeV]eem
Ev

en
ts

 / 
0.

5 
G

eV

0

200

400

600

800

1000

1200
310×

 PreliminaryATLAS
-1=13 TeV, 36.1 fbs

ee→Z

Calibrated data
Corrected MC
Scale factor uncert.

 [GeV]eem
80 82 84 86 88 90 92 94 96 98 100

D
at

a 
/ M

C

0.9
0.95

1
1.05

1.1

Figure 2: Inclusive dielectron invariant mass distribution from Z ! e+e� decays in data compared to MC after
applying the full calibration. No subtraction of the background (expected to be at the level of 0.5% and with a
non-peaking mee distribution) is applied, and the simulation is normalised to data. The lower panel shows the data
to simulation ratio, together with the total scale factor uncertainty.
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ET(e/γ) resolution

70

Mass measurement
• Good energy calibration necessary for increased precision on mH


‣ Two step approach: i) material energy loss and ii) global calorimetric scale 
from Z→ee  data

• Total scale uncertainty of at 40 GeV at the per-mille level. 
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Muon resolution 
• Correction for local misalignments 


‣ Charge dependent bias, with net effect of worsening resolution 


‣ In-situ correction based on Z→μμ data, recovers up to 5% in 
resolution.


‣ Iteratively removing the bias δs:
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for the modelling of the �� background processes is obtained through a fast parametric simulation of the
ATLAS detector response [15].

4 Muon reconstruction and calibration

Muon track reconstruction is first performed independently in the ID and in the MS. Hit information
from the individual sub-detectors is then used in a combined muon reconstruction, which is performed
according to various algorithms based on the information provided by the ID, the MS and the calorimeters.
The muon reconstruction and identification performance is described in detail in Ref. [84].

Although the simulation accurately describes the ATLAS detector, additional corrections to the simulated
momentum are needed in order to match the simulation to data precisely. The muon momentum resolution
and momentum scale are parametrised as a power expansion in the muon pT, with each extracted term
measured separately for the ID and MS, as a function of ⌘ and �, from large samples of J/ ! µ+µ� and
Z ! µ+µ� decays [84].

The momentum scale calibration constants account for the inaccurate measurement of the energy loss
in the traversed material, for any deficiency in the description of the magnetic field integral, and for the
inaccurate description of the dimension of the detector in the direction perpendicular to the magnetic
field. The momentum resolution calibration constants account for local magnetic field inhomogeneities
and multiple scattering as well as for intrinsic resolution e�ects and local radial distortions. The main
sources of uncertainties on these calibration constants arise from non-Gaussian resolution tails, background
modelling and alignment uncertainties studied using data taken without the toroidal magnetic field [84].
Such uncertainties are conservatively assumed to be fully correlated across ⌘ and �. In the muon
momentum range used for the mH measurement, the momentum scale is known to a precision of one to
two per mille for central muons, and to a precision of two to five per mille for forward muons [84]. The
resolution is known with a precision ranging from one to two percent for central muons and around ten
percent for forward muons.

The data taken in 2016 were a�ected by significant local misalignments of the ID. These misalignments
bias the muon track sagitta, leaving the track �2 invariant [85, 86]. The bias on the track sagitta, �s (⌘, �),
is of the order of 1 TeV�1 depending on ⌘ and �, and result in a charge-dependent bias of the reconstructed
muon momentum. Since the sagitta bias a�ects positive and negative muons in opposite directions, for
neutral objects the e�ect at first order of these biases is a worsening of the resolution and no impact on
their average reconstructed mass. Denoting pbias

T and pcorr
T the initial and corrected muon momentum

respectively, the e�ect is parametrised as:

pcorr
T (µ) =

pbias
T (µ)

1 � q(µ)�s (⌘, �)pbias
T (µ)

(1)

where q is the muon charge. These biases are studied and corrected in data by comparing the local
inhomogeneities of the charge dependent dimuon mass to the mass of well-known neutral resonances. An
iterative correction on each muon momentum is derived by subtracting the bias of Eq. (1) at each iteration.
Starting from percent-level sagitta biases, the residual e�ect after correction is reduced to the per-mille
level at the scale of the Z-boson mass. The correction improves the resolution of the dimuon invariant
mass in Z-boson decays by 1% to 5%, depending on ⌘ and �. The systematic uncertainty associated to
this correction is estimated for each muon using simulation. The total uncertainty varies as a function

5
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H→γγ 
• H→γγ updated result at Run II. 

‣ Analytical function in kinematic and detector categories.  


‣ Reduction of uncertainty through categorisation of events as a function of 
resolution and signal significance.
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• Expected statistical uncertainty of 0.21 GeV  and 0.34 GeV systematic uncertainty 


arXiv:1806.00242
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Figure 2: (a) Invariant mass distributions (circles) of simulated H ! �� events reconstructed in two categories
with one of the best (“ggH 0J Cen”: open circles) and one of the worst (“ggH 0J Fwd”: solid circles) experimental
resolutions. The signal model derived from a fit of the simulated events is superimposed (solid lines). (b) Diphoton
invariant mass distribution of all selected data events, overlaid with the result of the fit (solid red line). Both for data
and for the fit, each category is weighted by a factor ln(1+ S/B), where S and B are the fitted signal and background
yields in a m�� interval containing 90% of the expected signal. The dotted line describes the background component
of the model. The bottom inset shows the di�erence between the sum of weights and the background component of
the fitted model (dots), compared with the signal model (black line).

the SM values multiplied by a signal modifier for each production mode: µggF, µVBF, µVH and µt t̄H .
The expected yield for mH = 125 GeV varies between about one event in categories sensitive to rare
production modes (tt̄H, tH) to almost 500 events in the most populated event category (“ggH 0J Fwd”).

The background invariant mass distribution of each category is parameterised with an empirical continuous
function of the diphoton system invariant mass value. The parameters of these functions are fitted directly
to data. The functional form used to describe the background in each category is chosen among several
alternatives according to the three criteria described in Ref. [24]: (i) the fitted signal yield in a test sample
representative of the data background, built by combining simulation and control regions in data, must be
minimised; (ii) the �2 probability for the fit of this background control sample must be larger than a certain
threshold; (iii) the quality of the fit to data sidebands must not improve significantly when adding an extra
degree of freedom to the model. The models selected by this procedure are exponential or power-law
functions with one degree of freedom for the categories with few events, while exponential functions of a
second-order polynomial are used for the others.

From the extrapolation of a background-only fit to the sidebands of the m�� distribution in data, excluding
events with 121 GeV < m�� < 129 GeV, the expected signal-to-background ratio in a m�� window
containing 90% of the signal distribution for mH = 125 GeV varies between 2% in the “ggH 0J Fwd”
category and 100% in a high-purity, low-yield (about 12 events) category targeting H+2jet, VBF-like
events with low transverse momentum of the H+2jet system.
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H→γγ 
• H→γγ updated result at Run II. 

‣ Analytical function in kinematic and detector categories.  


‣ Reduction of uncertainty through categorisation of events as a function of 
resolution and signal significance.
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• Expected statistical uncertainty of 0.21 GeV  and 0.34 GeV systematic uncertainty 
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with one of the best (“ggH 0J Cen”: open circles) and one of the worst (“ggH 0J Fwd”: solid circles) experimental
resolutions. The signal model derived from a fit of the simulated events is superimposed (solid lines). (b) Diphoton
invariant mass distribution of all selected data events, overlaid with the result of the fit (solid red line). Both for data
and for the fit, each category is weighted by a factor ln(1+ S/B), where S and B are the fitted signal and background
yields in a m�� interval containing 90% of the expected signal. The dotted line describes the background component
of the model. The bottom inset shows the di�erence between the sum of weights and the background component of
the fitted model (dots), compared with the signal model (black line).

the SM values multiplied by a signal modifier for each production mode: µggF, µVBF, µVH and µt t̄H .
The expected yield for mH = 125 GeV varies between about one event in categories sensitive to rare
production modes (tt̄H, tH) to almost 500 events in the most populated event category (“ggH 0J Fwd”).

The background invariant mass distribution of each category is parameterised with an empirical continuous
function of the diphoton system invariant mass value. The parameters of these functions are fitted directly
to data. The functional form used to describe the background in each category is chosen among several
alternatives according to the three criteria described in Ref. [24]: (i) the fitted signal yield in a test sample
representative of the data background, built by combining simulation and control regions in data, must be
minimised; (ii) the �2 probability for the fit of this background control sample must be larger than a certain
threshold; (iii) the quality of the fit to data sidebands must not improve significantly when adding an extra
degree of freedom to the model. The models selected by this procedure are exponential or power-law
functions with one degree of freedom for the categories with few events, while exponential functions of a
second-order polynomial are used for the others.

From the extrapolation of a background-only fit to the sidebands of the m�� distribution in data, excluding
events with 121 GeV < m�� < 129 GeV, the expected signal-to-background ratio in a m�� window
containing 90% of the signal distribution for mH = 125 GeV varies between 2% in the “ggH 0J Fwd”
category and 100% in a high-purity, low-yield (about 12 events) category targeting H+2jet, VBF-like
events with low transverse momentum of the H+2jet system.
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• Three-prong approach to reduce uncertainty at analysis level:

(i) ~15% from m12 constraint to mZ with kinematic fit and mZ constraints on alignment weak 

modes.


(i) ~2% from kinematic discriminant selecting signal and background events


‣ Boosted Decision Tree on pT(4ℓ), y(4ℓ) and log(|ℳH|2/|ℳZZ*|2)


(ii) ~5% from multivariate per-event resolution likelihood. 

‣ Neural network to solve uncertainty correlations induced by kinematic discriminant. 

H→ZZ→4ℓ results
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• Three-prong approach to reduce uncertainty at analysis level:

(i) ~15% from m12 constraint to mZ with kinematic fit and mZ constraints on alignment weak 

modes.


(i) ~2% from kinematic discriminant selecting signal and background events


‣ Boosted Decision Tree on pT(4ℓ), y(4ℓ) and log(|ℳH|2/|ℳZZ*|2)


(ii) ~2% from multivariate per-event resolution likelihood. 

‣ Neural network to solve uncertainty correlations induced by kinematic discriminant. 

• Systematic uncertainty of ~70 MeV


‣ 61% improvement w.r.t mHH→ZZ,Run1

‣ 15% improved precision w.r.t mHATLAS+CMS,Run1

H→ZZ→4ℓ results
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of pseudo-experiments performed assuming mH = 125 GeV. The 1-sided p-value of the compatibility
between the observed and expected uncertainties is found to be 0.17.
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Figure 6: The distributions of the total mH uncertainty from pseudo-experiments assuming mH = 125 GeV are
shown, for both when the fit does (black) and does not (blue) account for the per-event resolution. The solid lines
correspond to the expected uncertainty distribution from the pseudo-experiments while the vertical dashed lines
indicate the observed values of the uncertainties.

7 Summary

The mass of the Higgs boson has been measured from a fit to the invariant mass and the predicted invariant
mass resolution of the H ! Z Z

⇤ ! 4` decay channel. The results are obtained from the full Run 2
pp collision data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a
centre-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 139 fb�1. The measurement
is based on the latest calibrations of muons and electrons, and on improvements to the analysis techniques
used to obtain the previous result using data collected by ATLAS in 2015 and 2016 .

The measured value of the Higgs boson mass for the H ! Z Z
⇤ ! 4` channel is

mH = 124.92+0.21
�0.20 GeV.

This result is in good agreement with previous measurements performed by the ATLAS and CMS
collaborations.
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Combination
• 4ℓ and γγ measurements are combined with ATLAS Run 1 result

76

• Run 2 precision improved w.r.t Run 1. 

• ATLAS Run 1 + 2 comparable precision to LHC Run 1 combination.

arXiv:1806.00242

Mass measurement

mH = 124.86 ± 0.27(±0.18 stat only) GeV
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• 4ℓ and γγ measurements are combined with ATLAS Run 1 result
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• Run 2 precision improved w.r.t Run 1. 

• ATLAS Run 1 + 2 comparable precision to LHC Run 1 combination.
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<latexit sha1_base64="6M6PUN16TdjSSAK5okU196yuGWg="></latexit>

mH = 124.97 ± 0.24(±0.16 stat only) GeV
<latexit sha1_base64="j8OL4CkV/pp2lAZbKeWR0VVILq0="></latexit>

https://arxiv.org/abs/1806.00242
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Muon pT resolution 
• Local misalignments and second order effects:


‣ Charge dependent sagitta bias, with net effect of worsening resolution 


‣ In-situ correction based on Z→μμ data, recovers up to 5% in resolution. 

• Momentum scale understood down to the per mille level 


‣ Precision down to 0.5 per mille for |η|<1.0
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175-9/December/2016 ATLAS: Inner Detector alignment

Tackling weak modesTackling weak modes
● Momentum biases can be monitored using Z→ μ+μ- and electrons E/p

– Charge symmetric and charge antisymmetric detector distortions

● E/p offers a direct measurement
– But electron's tracking has its own issues 

● Z→ μ+μ- (or J/ψ) 
– Better tracking using μ's → δsagitta accuracy 

– If bias is present: which track is to blame?
● Iterative procedure

– This channel can monitor d0 & z0 biases

● Parametrize the biases → apply constraints and realign

pT
reco= pT

true(1+q pT
true δsagitta)

−1

Charge antisymmetric
deformation

Charge symmetric
deformation

δd0 = d0
μ+ - d0

μ-

Detector layer movements biasing the 
measurement of the bending of the 
particle 

Biased positive and negative tracks 

Corrected positive and negative tracks
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H→γγ 
• H→γγ updated result at Run II with 36.1 fb-1. 

‣ Analytical mγγ background functions in kinematic and detector related categories.  


‣ Reduction of uncertainty through categorisation of events as a function of: 


‣ resolution and signal significance.


‣ Systematic uncertainties. 
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Mass measurement

• Expected statistical uncertainty of 0.21 GeV  and 0.34 GeV systematic uncertainty 


Phys. Lett. B 784 (2018) 345

m��

H
= 124.93 ± 0.40 (±0.21 stat only) GeV

<latexit sha1_base64="ThLMhL2Ezda0cZWS5971wq6I/eI="></latexit>

Source Systematic uncertainty on m��

H
[MeV]

EM calorimeter cell non-linearity ±180
EM calorimeter layer calibration ±170
Non-ID material ±120
ID material ±110
Lateral shower shape ±110
Z ! ee calibration ±80
Conversion reconstruction ±50
Background model ±50
Selection of the diphoton production vertex ±40
Resolution ±20
Signal model ±20

https://arxiv.org/abs/1806.00242
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Global combination 
• Simultaneous fit to all template cross sections 


‣ Extraction of global signal strength (μ=σobs /σexp).


‣ Experimental sensitivity of the same oder as of theory (up to N3LO for ggF)  
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The correlation coe�cients presented in this note are constructed as symmetric around the observed
best fit values of the parameters of interest using the second derivatives of the negative log-likelihood
ratio. Hence, the shown correlation matrices are not fully representative of the asymmetric uncertainties
observed 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 µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. For a specific production mode i and decay final state f , the signal yield is

expressed in terms of a single modifier µi f , as the production cross section �i and the branching fraction
Bf 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,

µi f =
�i

�SM
i

⇥
B f

BSM
f

. (3)

The SM expectation by definition corresponds to µi f = 1. The uncertainties on the SM predictions
are included as nuisance parameters in the measurement of the signal strength modifiers, following the
methodology introduced in Section 4.

In the model used in this section, all the µi f are set to a global signal strength µ, describing a common
scaling of the expected Higgs boson yield in all categories. Its combined measurement is

µ = 1.11+0.09
�0.08 = 1.11 ± 0.05 (stat.) +0.05

�0.04 (exp.) +0.05
�0.04 (sig. th.) ± 0.03 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modeling, following the
procedure outlined in Section 4. The signal theory component includes uncertainties due to missing
higher-order perturbative QCD and electroweak corrections in the MC simulation, uncertainties on PDF
and ↵s values, the treatment of the underlying event, the matching between the hard-scattering process and
the parton shower, choice of hadronization models, and branching ratio uncertainties. The measurement is
consistent with the SM prediction with a p-value of pSM = 18%, computed using the procedure outlined in
Section 4 with one degree of freedom. The value of �2 ln⇤(µ) as a function of µ is shown in Figure 1, for
the full likelihood and the versions with sets of nuisance parameters fixed to their best-fit values to obtain
the components of the uncertainty as described in Section 4.

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal
strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the
theory modeling of the signal and background processes in simulation. Further important uncertainties
relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of
electrons and photons; the estimation of lepton yields from heavy-flavor decays, photon conversions or
misidentified hadronic jets (classified as background modelling in the table); the jet energy scale and
resolution, and the identification of heavy-flavor jets.
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The statistical test of a given signal hypothesis, used for the measurement of the parameters of interest, is
performed with a test statistic based on the profile likelihood ratio [52]. The confidence intervals of the
measured parameters and the ?-value used to test the compatibility of the results and the SM predictions
are constructed from the test statistic distribution, which is obtained using asymptotic formulae [52].

The total uncertainty in the measurement of a given parameter of interest can be decomposed into di�erent
components. The statistical uncertainty is obtained from a fit with all externally constrained nuisance
parameters set to their best-fit values. The systematic uncertainty, whose squared value is evaluated as the
di�erence between the squares of the total uncertainty and the statistical uncertainty, can be decomposed
into categories by setting all relevant subsets of nuisance parameters to their best-fit values.

Combined measurement with ATLAS Run 2 data

The Higgs boson production rates are probed by the likelihood fit to observed signal yields described earlier.
As the production cross section f8 and the branching fraction ⌫ 5 for a specific production process 8 and
decay mode 5 cannot be measured separately without further assumptions, the observed signal yield for a

given process is expressed in terms of a single signal-strength modifier `8 5 =
�
f8/fSM

8

�
⇥
⇣
⌫ 5 /⌫SM

5

⌘
,

where the superscript ‘SM’ denotes the corresponding SM prediction. Assuming that all production and
decay processes scale with the same global signal strength ` = `8 5 , the inclusive Higgs boson production
rate relative to the SM prediction is measured to be

` = 1.05 ± 0.06 = 1.05 ± 0.03 (stat.) ± 0.03 (exp.) ± 0.04 (sig. th.) ± 0.02 (bkg. th.).

The total measurement uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties in both signal and background modelling. Both the
experimental and the theoretical uncertainties are almost a factor of two lower than in the Run 1 result [20].
The presented measurement supersedes the previous ATLAS combination with a partial Run 2 dataset [22],
decreasing the latest total measurement uncertainty by about 30%.

Higgs boson production is also studied per individual process. As opposed to the top-quark decay products
from CC� production, the identification e�ciency of 1-jets from the 11̄� production is low, making the
11̄� process experimentally indistinguishable from ggF production. The 11̄� and ggF processes are
therefore grouped together, with 11̄� contributing by a relatively small amount of the order of 1% to the
total ggF+11̄� production. In cases where several processes are combined, the combination assumes the
relative fractions of the components to be those from the SM within corresponding theory uncertainties.
Results are obtained from the fit to the data, where the cross section of each production process is a
free parameter of the fit. Higgs boson decay branching fractions are set to their SM values, within the
uncertainties specified in Ref. [44]. The results are shown in Figure 2(a).

All measurement results are compatible with the SM predictions. For the ggF and VBF production
processes, which were already observed in Run 1 data, the cross sections are measured with a precision
of 7% and 12%, respectively. The following production processes are now also observed: ,� with an
observed (expected) signal significance of 5.8 (5.1) standard deviations (f), /� with 5.0f (5.5f) and the
combined CC̄� and C� production processes with 6.4f (6.6f), where the expected signal significances are
obtained under the SM hypothesis. The separate CC̄� and C� measurements lead to an observed (expected)
upper limit on C� production of 15 (7) times the SM prediction at the 95% confidence level (CL), with
a relatively large negative correlation coe�cient of 56% between the two measurements. This is due to
cross-contamination between the CC̄� and C� processes in the set of reconstructed events that provide the
highest sensitivity to these production processes.

6

Nature 607, 52–59 (2022)

ATLAS-CONF-2021-053

https://www.nature.com/articles/s41586-022-04893-w
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Global combination 
• ATLAS full Run-2 combination  

‣ Combined sensitivity of all channels to increase the precision of the Higgs productions. 
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Production mode
ATLAS-CONF-2020-027

 [GeV]γγm

500

1000

1500

2000

2500

3000

Su
m

 o
f W

ei
gh

ts
 / 

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
S = ggF + bbH

110 120 130 140 150 160
 [GeV]γγm

0

50

 C
on

t. 
Bk

g.
−

D
at

a 

110 120 130 140 150 160

 [GeV]4lm

0

20

40

60

80

100

120

E
ve

n
ts

/2
 G

e
V

Data

ggF+bbH ZZ*

VBF tXX, VVV

VH tZ+jets, t

ttH+tH Uncertainty

ATLAS
 4l→ ZZ* →H 

-1 = 13 TeV, 139 fbs

Decay mode Targeted production processes L [fb−1] Ref. Fits deployed in

! → "" ggF,VBF,#!, $!, %%!, %! 139 [31] All

! → $$ ggF,VBF,#! + $!, %%! + %! 139 [28] All

%%! + %! (multilepton) 36.1 [39] All but fit of kinematics

! → ## ggF,VBF 139 [29] All

#!, $! 36.1 [30] All but fit of kinematics

%%! + %! (multilepton) 36.1 [39] All but fit of kinematics

! → $" inclusive 139 [32] All but fit of kinematics

! → &&̄ #!, $! 139 [33, 34] All

VBF 126 [35] All

%%! + %! 139 [36] All

inclusive 139 [37] Only for fit of kinematics

! → '' ggF,VBF,#! + $!, %%! + %! 139 [38] All

%%! + %! (multilepton) 36.1 [39] All but fit of kinematics

! → (( ggF + %%! + %!,VBF +#! + $! 139 [40] All but fit of kinematics

! → ))̄ #! + $! 139 [41] Only for free-floating *!

! → invisible VBF 139 [42] * models with +u.& +inv.

$! 139 [43] * models with +u.& +inv.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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Higgs width 
• Study of the the m4ℓ spectrum and off-shell H production

‣ Measured upper limit on width combining 4ℓ and ℓℓν̅ν̅

‣ Limit ΓH possibile from the off-shell to on-shell event yield ratio Rgg

✦ on-shell event yields ~ k2g,on-shell / ΓH, while off-shell ~ k2g,off-shell
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JHEP 04 (2019) 048, 

Phys. Lett. B 786 (2018) 223 
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‣ Observed (expected) upper limit on ΓH 14.4 (15.2) MeV

https://arxiv.org/abs/1902.05892
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⏞
Higgs boson kinematics
• Higgs boson kinematics:


‣ pT,4ℓ: Lagrangian structure of H interactions. 


• Sensitivity to phenomena resonant at higher energies → changes 
in observables at lower energies.
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Figure 1: Feynman diagrams contributing to gg ! H production at LO. The possible insertions of
dimension-six operators are marked by a cross in a circle.

four operators

O1 = |H|2Ga

µ⌫
Ga,µ⌫ , O2 = |H|2Q̄LH

cuR + h.c. , (2)

O3 = |H|2Q̄LHdR + h.c. , O4 = Q̄LH�µ⌫T auRG
a

µ⌫
+ h.c. (3)

These operators, in the case of single Higgs production, may be expanded as:

c1
⇤2

O1 !
↵S

⇡v
cghG

a

µ⌫
Ga,µ⌫ , (4)

c2
⇤2

O2 !
mt

v
ctht̄t , (5)

c3
⇤2

O3 !
mb

v
cbhb̄b , (6)

c4
⇤2

O4 ! ctg
gSmt

2v3
(v + h)Ga

µ⌫
(t̄L�

µ⌫T atR + h.c) . (7)

The operator O1 corresponds to a contact interaction between the Higgs boson and gluons
with the same structure as in the heavy-top limit of the SM. The operators O2 and O3 describe
modifications of the top and bottom Yukawa couplings. The operator O4 is the chromomagnetic
dipole-moment operator, which modifies the interactions between the gluons and the top quark†

(here �µ⌫ = i

2 [�
µ, �⌫ ]). In our convention, based on the SILH basis [104, 105], we express the

Wilson coe�cients as factors in the canonically normalized Lagrangian.

The coe�cients ct, cb and cg can be probed in Higgs boson processes. In particular, ct (and cb)
may be measured in the tt̄H (and bb̄H) production modes.‡ The coe�cient cb can also be accessed
through the decay H ! bb̄. The coe�cient ctg, instead, is constrained by top pair production [116].

We now consider the contribution of the e↵ective operators in Eqs. (4), (5) and (7) on the
production cross section, while omitting, for simplicity, the bottom contribution in Eq. (6). The
relevant Feynman diagrams are displayed in Fig. 1. The corresponding amplitude can be cast into
the form

M (g(p1) + g(p2) ! H) = i
↵S

3⇡v
✏1µ✏2⌫ [p

⌫

1p
µ

2 � (p1p2)g
µ⌫ ]F (⌧) , (8)

where ⌧ = 4m2
t
/m2

H
and ✏1 and ✏2 are the polarization vectors of the incoming gluons. The

contribution of the chromomagnetic operator to the function F (⌧) has been addressed in the
literature with contradicting results [117,118] (see also Ref. [119]). In Ref. [117] it is found that
the UV divergences in the bubble and triangle contributions cancel out. In the revised version of

†In this analysis we do not consider the contribution of the chromomagnetic dipole operator of the bottom quark.
‡See Refs. [106–109] and Refs. [110–115], respectively, and references therein.

3

cg: ggH contact interaction 

ct: t and b Yukawa couplings

ctg: dipole-moment, g-t interaction 

⏞

⏞

Grazzini et al. arXiv:1612.00283
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(a) (b)

Figure 5: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cb for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The lower
frame shows the ratio with respect to the SM prediction. The shaded band in the ratio indicates
the uncertainty due to scale variations. See text for more details.

(a) (b)

Figure 6: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct, cg and cb for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The
lower frame shows the ratio with respect to the SM prediction. The shaded band in the ratio
indicates the uncertainty due to scale variations. See text for more details.
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4ℓ mass spectrum
• Study of the the m4ℓ spectrum and Offshell H production


‣ m4ℓ ranges from single Z resonance, including H production up to ZZ production

‣ Extraction of the BR(Z→ 4ℓ) 


‣ Offshell Higgs production, enhanced at 350 
GeV because of top-quark loops in ggF

✦ Including interference between H and ZZ 

productions. 


‣ Above ~ 2mZ enhancements of qq→ZZ and 
gg→ZZ. 

84
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The box diagram gg ! 4` and gg ! H
(⇤) ! 4` processes interfere destructively in the SM. While

interference is maximal around m4` = 220 GeV [3], the relative e�ect of the gg ! H
(⇤) ! 4` contribution

to the overall gg ! 4` lineshape is most pronounced above 350 GeV, as is visible in Figure 2.

The o�-shell Higgs production rate may be a�ected by beyond-the-SM (BSM) processes involving
additional heavy particles, or modifications of the Higgs couplings, even if there is no e�ect on on-shell
Higgs boson production [4].

Previous measurements in this final state were carried out at
p

s = 13 TeV by the ATLAS [5] and CMS [6]
collaborations with a focus on Z Z production. The CMS result additionally includes a determination of the
Z ! 4` branching ratio using a dedicated detector-level analysis. The ATLAS Collaboration performed a
measurement of inclusive four-lepton production at

p
s = 8 TeV [7] and set constraints on the contribution

from gg ! 4`. An analysis using
p

s = 7 TeV and 8 TeV data [8] to determine the Z ! 4` branching
fraction has also been published by ATLAS. Constraints on o�-shell Higgs boson production have recently
been set by ATLAS [9] using the 4` and 2`2⌫ final states in a dedicated detector-level analysis.
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Figure 1: Main contributions to the pp ! 4` (` = e, µ) process: (a) t-channel qq̄ ! 4` production, (b) gluon-induced
gg ! 4` production via a quark loop, (c) internal conversion in Z boson decays and (d) Higgs-boson-mediated
s-channel production (here: gluon–gluon fusion). The notation Z

(⇤) refers to a Z boson which may be either on-shell
or o�-shell.

This measurement is carried out in a fiducial phase space based on the kinematic acceptance of the detector
to ensure a high selection e�ciency. The fiducial phase space and all observables are defined using stable
final-state particles to minimise model dependence. The observation at detector level is corrected for
experimental e�ects such as the detector and trigger system e�ciencies and the detector resolution to
provide results which may be used and reinterpreted without requiring a full simulation of the ATLAS
detector. Electrons or muons originating from leptonic decays of the ⌧-lepton are not considered to be part
of the signal and their contribution to the observation at detector level is subtracted.

Cross-sections are measured di�erentially in the invariant four-lepton mass m4` , and double-di�erentially
with respect to both m4` and the following kinematic variables: the transverse momentum of the four-lepton
system p

4`
T , the rapidity of the four-lepton system y4` , and a matrix-element discriminant (introduced

in Ref. [3] and denoted by DME in this paper) designed to distinguish the s-channel Higgs-mediated
production process from all other processes. The m4` measurement is also made separately for each
flavour combination of leptons in the event; 4e, 4µ and 2e2µ. The double-di�erential cross-sections can
provide additional sensitivity to the various subprocesses contributing to the measured final state; for
example, the p

4`
T is expected to discriminate gg ! Z Z from qq̄ ! Z Z . They are also of interest for

future interpretation; for example, some BSM contributions can have an impact which depends upon the
final-state lepton flavours [10]. The measurements are compared with SM predictions. To explore the
potential of reinterpreting di�erential cross-section measurements, they are also used to constrain the

3

ATLAS dataset comprising 36 fb�1, all detector-related systematic uncertainties as well as the luminosity
uncertainty of �Z are conservatively treated as uncorrelated with the equivalent uncertainties in the
measured cross-section in the lowest m4` bin.

This result is compared with previous dedicated measurements by the ATLAS [8] and CMS [6] collaborations
in Table 3. The largest contributing systematic uncertainties in this mass region come from lepton
identification and reconstruction e�ciencies, as shown in Figure 3. The di�erence in systematic
uncertainties compared to Ref. [8] is due to the assumptions of non-correlation between uncertainties in
the two contributing measurements discussed above. The larger statistical uncertainty compared to Ref. [6]
arises from an acceptance which has not been fully optimised for this interpretation. Nevertheless, the final
precision including all error sources allows this measurement to contribute an improvement in the total
precision of the Z ! 4` branching fraction.

Table 3: Comparison of measurements for the Z ! 4` branching fraction in the phase-space region
80 GeV < m4` < 100 GeV, m`` > 4 GeV.

Measurement BZ!4`/10�6

ATLAS,
p

s = 7 TeV and 8 TeV [8] 4.31±0.34(stat)±0.17(syst)
CMS,

p
s = 13 TeV [6] 4.83 +0.23

�0.22(stat) +0.32
�0.29(syst)±0.08(theo)±0.12(lumi)

ATLAS,
p
s = 13 TeV 4.70 ± 0.32(stat) ± 0.21(syst) ± 0.14(lumi)

Constraint on o�-shell Higgs boson signal strength

The double-di�erential distribution for m4`–DME is used to constrain the o�-shell Higgs production process
at high mass (m4` >180 GeV), assuming that the contribution of the box diagram is as predicted by the
Standard Model. As in the extraction of the signal strength for gluon-induced 4` production, a likelihood
scan is performed where the contribution of qq̄ ! 4` is set to the Standard Model prediction and allowed to
float within the associated theoretical uncertainties. The total yield from gg ! 4` is then parameterised [9]
as
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where µOS
H
= �gg!H⇤!4`/�SM

gg!H⇤!4` is the signal strength for the o�-shell Higgs production process,

the parameter of interest for this measurement. The yields N
gg!H

⇤!ZZ
(⇤)!4`

SM , N
gg!4`(box)
SM , and N

gg!4`
SM

are those predicted by the Standard Model for only the o�-shell Higgs production process, only the box
diagram, and the total gg ! 4` contribution including interference, respectively, and are set to the best
available prediction as discussed in Section 5. They are allowed to float within the associated theoretical
uncertainties discussed in Section 7. The observed 95% CL upper limit on the signal strength obtained in
this way is 6.5. This agrees with the expected 95% CL upper limit of 5.4 within the range of [4.2, 7.2]
for ±1� uncertainty. This extraction demonstrates the degree to which an interpretation of measured
cross-sections can approach the precision of dedicated measurements performed at detector level. The
result can be compared to the upper limit of 4.5 obtained by the dedicated detector-level measurement [9]
in the 4` final state using the same dataset and the same model. The sensitivity of this interpretation is
slightly lower in comparison, due to the restrictions the unfolding procedure imposes on the binning of
observables, the DME discriminant in particular.
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Figure 5: The leading sources of uncertainty in the measured cross-section after unfolding are given in percent as a
function of (a) the four-lepton invariant mass in slices of the DME discriminant and (b) the four-lepton invariant mass
per final-state flavour channel. The “Unfolding” category includes the e�ect of the generator choice for qq̄ ! 4` and
the uncertainty due to the unfolding method itself, added in quadrature. The “Lepton” category comprises the lepton
reconstruction and selection e�ciencies as well as momentum resolution and scale uncertainties.
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Figure 2: Di�erential cross-sections as a function of the four-lepton invariant mass m4` predicted by MC simulation.
The total gg ! 4` includes contributions from gg ! H

(⇤) ! 4` as well as gg ! 4` and the interference between
the two. The qq̄ ! 4` and gg ! 4` processes including o�-shell Higgs boson production are modelled using
S����� 2.2.2 including all corrections described in Section 5, while on-shell Higgs production is modelled using the
dedicated samples based on P����� + P����� 8 and M��G����5_aMC@NLO + Herwig++ described in the same
section.
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• Study of the the m4ℓ spectrum and Offshell H production


‣ m4ℓ ranges from single Z resonance, including H production up to ZZ production


‣ Offshell Higgs production, enhanced at 350 GeV because of top-quark loops in ggF

✦ Including interference between H and ZZ productions. 


‣ Above ~ 2mZ enhancements of qq→ZZ and gg→ZZ. 

4ℓ mass spectrum
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The box diagram gg ! 4` and gg ! H
(⇤) ! 4` processes interfere destructively in the SM. While

interference is maximal around m4` = 220 GeV [3], the relative e�ect of the gg ! H
(⇤) ! 4` contribution

to the overall gg ! 4` lineshape is most pronounced above 350 GeV, as is visible in Figure 2.

The o�-shell Higgs production rate may be a�ected by beyond-the-SM (BSM) processes involving
additional heavy particles, or modifications of the Higgs couplings, even if there is no e�ect on on-shell
Higgs boson production [4].

Previous measurements in this final state were carried out at
p

s = 13 TeV by the ATLAS [5] and CMS [6]
collaborations with a focus on Z Z production. The CMS result additionally includes a determination of the
Z ! 4` branching ratio using a dedicated detector-level analysis. The ATLAS Collaboration performed a
measurement of inclusive four-lepton production at

p
s = 8 TeV [7] and set constraints on the contribution

from gg ! 4`. An analysis using
p

s = 7 TeV and 8 TeV data [8] to determine the Z ! 4` branching
fraction has also been published by ATLAS. Constraints on o�-shell Higgs boson production have recently
been set by ATLAS [9] using the 4` and 2`2⌫ final states in a dedicated detector-level analysis.
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Figure 1: Main contributions to the pp ! 4` (` = e, µ) process: (a) t-channel qq̄ ! 4` production, (b) gluon-induced
gg ! 4` production via a quark loop, (c) internal conversion in Z boson decays and (d) Higgs-boson-mediated
s-channel production (here: gluon–gluon fusion). The notation Z

(⇤) refers to a Z boson which may be either on-shell
or o�-shell.

This measurement is carried out in a fiducial phase space based on the kinematic acceptance of the detector
to ensure a high selection e�ciency. The fiducial phase space and all observables are defined using stable
final-state particles to minimise model dependence. The observation at detector level is corrected for
experimental e�ects such as the detector and trigger system e�ciencies and the detector resolution to
provide results which may be used and reinterpreted without requiring a full simulation of the ATLAS
detector. Electrons or muons originating from leptonic decays of the ⌧-lepton are not considered to be part
of the signal and their contribution to the observation at detector level is subtracted.

Cross-sections are measured di�erentially in the invariant four-lepton mass m4` , and double-di�erentially
with respect to both m4` and the following kinematic variables: the transverse momentum of the four-lepton
system p

4`
T , the rapidity of the four-lepton system y4` , and a matrix-element discriminant (introduced

in Ref. [3] and denoted by DME in this paper) designed to distinguish the s-channel Higgs-mediated
production process from all other processes. The m4` measurement is also made separately for each
flavour combination of leptons in the event; 4e, 4µ and 2e2µ. The double-di�erential cross-sections can
provide additional sensitivity to the various subprocesses contributing to the measured final state; for
example, the p

4`
T is expected to discriminate gg ! Z Z from qq̄ ! Z Z . They are also of interest for

future interpretation; for example, some BSM contributions can have an impact which depends upon the
final-state lepton flavours [10]. The measurements are compared with SM predictions. To explore the
potential of reinterpreting di�erential cross-section measurements, they are also used to constrain the

3

https://arxiv.org/abs/1902.05892


G. Barone July-22

4ℓ mass spectrum
• Study of the the m4ℓ spectrum and Offshell H production


‣ m4ℓ ranges from single Z resonance, including H production up to ZZ production

‣ Extraction of the BR(Z→ 4ℓ) 


‣ Offshell Higgs production, enhanced at 350 
GeV because of top-quark loops in ggF

✦ Including interference between H and ZZ 

productions. 


‣ Above ~ 2mZ enhancements of qq→ZZ and 
gg→ZZ. 

86

Differential cross section

arXiv:1902.05892

The box diagram gg ! 4` and gg ! H
(⇤) ! 4` processes interfere destructively in the SM. While

interference is maximal around m4` = 220 GeV [3], the relative e�ect of the gg ! H
(⇤) ! 4` contribution

to the overall gg ! 4` lineshape is most pronounced above 350 GeV, as is visible in Figure 2.

The o�-shell Higgs production rate may be a�ected by beyond-the-SM (BSM) processes involving
additional heavy particles, or modifications of the Higgs couplings, even if there is no e�ect on on-shell
Higgs boson production [4].

Previous measurements in this final state were carried out at
p

s = 13 TeV by the ATLAS [5] and CMS [6]
collaborations with a focus on Z Z production. The CMS result additionally includes a determination of the
Z ! 4` branching ratio using a dedicated detector-level analysis. The ATLAS Collaboration performed a
measurement of inclusive four-lepton production at

p
s = 8 TeV [7] and set constraints on the contribution

from gg ! 4`. An analysis using
p

s = 7 TeV and 8 TeV data [8] to determine the Z ! 4` branching
fraction has also been published by ATLAS. Constraints on o�-shell Higgs boson production have recently
been set by ATLAS [9] using the 4` and 2`2⌫ final states in a dedicated detector-level analysis.
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Figure 1: Main contributions to the pp ! 4` (` = e, µ) process: (a) t-channel qq̄ ! 4` production, (b) gluon-induced
gg ! 4` production via a quark loop, (c) internal conversion in Z boson decays and (d) Higgs-boson-mediated
s-channel production (here: gluon–gluon fusion). The notation Z

(⇤) refers to a Z boson which may be either on-shell
or o�-shell.

This measurement is carried out in a fiducial phase space based on the kinematic acceptance of the detector
to ensure a high selection e�ciency. The fiducial phase space and all observables are defined using stable
final-state particles to minimise model dependence. The observation at detector level is corrected for
experimental e�ects such as the detector and trigger system e�ciencies and the detector resolution to
provide results which may be used and reinterpreted without requiring a full simulation of the ATLAS
detector. Electrons or muons originating from leptonic decays of the ⌧-lepton are not considered to be part
of the signal and their contribution to the observation at detector level is subtracted.

Cross-sections are measured di�erentially in the invariant four-lepton mass m4` , and double-di�erentially
with respect to both m4` and the following kinematic variables: the transverse momentum of the four-lepton
system p

4`
T , the rapidity of the four-lepton system y4` , and a matrix-element discriminant (introduced

in Ref. [3] and denoted by DME in this paper) designed to distinguish the s-channel Higgs-mediated
production process from all other processes. The m4` measurement is also made separately for each
flavour combination of leptons in the event; 4e, 4µ and 2e2µ. The double-di�erential cross-sections can
provide additional sensitivity to the various subprocesses contributing to the measured final state; for
example, the p

4`
T is expected to discriminate gg ! Z Z from qq̄ ! Z Z . They are also of interest for

future interpretation; for example, some BSM contributions can have an impact which depends upon the
final-state lepton flavours [10]. The measurements are compared with SM predictions. To explore the
potential of reinterpreting di�erential cross-section measurements, they are also used to constrain the
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Figure 2: Di�erential cross-sections as a function of the four-lepton invariant mass m4` predicted by MC simulation.
The total gg ! 4` includes contributions from gg ! H

(⇤) ! 4` as well as gg ! 4` and the interference between
the two. The qq̄ ! 4` and gg ! 4` processes including o�-shell Higgs boson production are modelled using
S����� 2.2.2 including all corrections described in Section 5, while on-shell Higgs production is modelled using the
dedicated samples based on P����� + P����� 8 and M��G����5_aMC@NLO + Herwig++ described in the same
section.

5

ATLAS dataset comprising 36 fb�1, all detector-related systematic uncertainties as well as the luminosity
uncertainty of �Z are conservatively treated as uncorrelated with the equivalent uncertainties in the
measured cross-section in the lowest m4` bin.

This result is compared with previous dedicated measurements by the ATLAS [8] and CMS [6] collaborations
in Table 3. The largest contributing systematic uncertainties in this mass region come from lepton
identification and reconstruction e�ciencies, as shown in Figure 3. The di�erence in systematic
uncertainties compared to Ref. [8] is due to the assumptions of non-correlation between uncertainties in
the two contributing measurements discussed above. The larger statistical uncertainty compared to Ref. [6]
arises from an acceptance which has not been fully optimised for this interpretation. Nevertheless, the final
precision including all error sources allows this measurement to contribute an improvement in the total
precision of the Z ! 4` branching fraction.

Table 3: Comparison of measurements for the Z ! 4` branching fraction in the phase-space region
80 GeV < m4` < 100 GeV, m`` > 4 GeV.

Measurement BZ!4`/10�6

ATLAS,
p

s = 7 TeV and 8 TeV [8] 4.31±0.34(stat)±0.17(syst)
CMS,

p
s = 13 TeV [6] 4.83 +0.23

�0.22(stat) +0.32
�0.29(syst)±0.08(theo)±0.12(lumi)

ATLAS,
p
s = 13 TeV 4.70 ± 0.32(stat) ± 0.21(syst) ± 0.14(lumi)

Constraint on o�-shell Higgs boson signal strength

The double-di�erential distribution for m4`–DME is used to constrain the o�-shell Higgs production process
at high mass (m4` >180 GeV), assuming that the contribution of the box diagram is as predicted by the
Standard Model. As in the extraction of the signal strength for gluon-induced 4` production, a likelihood
scan is performed where the contribution of qq̄ ! 4` is set to the Standard Model prediction and allowed to
float within the associated theoretical uncertainties. The total yield from gg ! 4` is then parameterised [9]
as

N
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where µOS
H
= �gg!H⇤!4`/�SM

gg!H⇤!4` is the signal strength for the o�-shell Higgs production process,

the parameter of interest for this measurement. The yields N
gg!H

⇤!ZZ
(⇤)!4`

SM , N
gg!4`(box)
SM , and N

gg!4`
SM

are those predicted by the Standard Model for only the o�-shell Higgs production process, only the box
diagram, and the total gg ! 4` contribution including interference, respectively, and are set to the best
available prediction as discussed in Section 5. They are allowed to float within the associated theoretical
uncertainties discussed in Section 7. The observed 95% CL upper limit on the signal strength obtained in
this way is 6.5. This agrees with the expected 95% CL upper limit of 5.4 within the range of [4.2, 7.2]
for ±1� uncertainty. This extraction demonstrates the degree to which an interpretation of measured
cross-sections can approach the precision of dedicated measurements performed at detector level. The
result can be compared to the upper limit of 4.5 obtained by the dedicated detector-level measurement [9]
in the 4` final state using the same dataset and the same model. The sensitivity of this interpretation is
slightly lower in comparison, due to the restrictions the unfolding procedure imposes on the binning of
observables, the DME discriminant in particular.
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The box diagram gg ! 4` and gg ! H
(⇤) ! 4` processes interfere destructively in the SM. While

interference is maximal around m4` = 220 GeV [3], the relative e�ect of the gg ! H
(⇤) ! 4` contribution

to the overall gg ! 4` lineshape is most pronounced above 350 GeV, as is visible in Figure 2.

The o�-shell Higgs production rate may be a�ected by beyond-the-SM (BSM) processes involving
additional heavy particles, or modifications of the Higgs couplings, even if there is no e�ect on on-shell
Higgs boson production [4].

Previous measurements in this final state were carried out at
p

s = 13 TeV by the ATLAS [5] and CMS [6]
collaborations with a focus on Z Z production. The CMS result additionally includes a determination of the
Z ! 4` branching ratio using a dedicated detector-level analysis. The ATLAS Collaboration performed a
measurement of inclusive four-lepton production at

p
s = 8 TeV [7] and set constraints on the contribution

from gg ! 4`. An analysis using
p

s = 7 TeV and 8 TeV data [8] to determine the Z ! 4` branching
fraction has also been published by ATLAS. Constraints on o�-shell Higgs boson production have recently
been set by ATLAS [9] using the 4` and 2`2⌫ final states in a dedicated detector-level analysis.
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Figure 1: Main contributions to the pp ! 4` (` = e, µ) process: (a) t-channel qq̄ ! 4` production, (b) gluon-induced
gg ! 4` production via a quark loop, (c) internal conversion in Z boson decays and (d) Higgs-boson-mediated
s-channel production (here: gluon–gluon fusion). The notation Z

(⇤) refers to a Z boson which may be either on-shell
or o�-shell.

This measurement is carried out in a fiducial phase space based on the kinematic acceptance of the detector
to ensure a high selection e�ciency. The fiducial phase space and all observables are defined using stable
final-state particles to minimise model dependence. The observation at detector level is corrected for
experimental e�ects such as the detector and trigger system e�ciencies and the detector resolution to
provide results which may be used and reinterpreted without requiring a full simulation of the ATLAS
detector. Electrons or muons originating from leptonic decays of the ⌧-lepton are not considered to be part
of the signal and their contribution to the observation at detector level is subtracted.

Cross-sections are measured di�erentially in the invariant four-lepton mass m4` , and double-di�erentially
with respect to both m4` and the following kinematic variables: the transverse momentum of the four-lepton
system p

4`
T , the rapidity of the four-lepton system y4` , and a matrix-element discriminant (introduced

in Ref. [3] and denoted by DME in this paper) designed to distinguish the s-channel Higgs-mediated
production process from all other processes. The m4` measurement is also made separately for each
flavour combination of leptons in the event; 4e, 4µ and 2e2µ. The double-di�erential cross-sections can
provide additional sensitivity to the various subprocesses contributing to the measured final state; for
example, the p

4`
T is expected to discriminate gg ! Z Z from qq̄ ! Z Z . They are also of interest for

future interpretation; for example, some BSM contributions can have an impact which depends upon the
final-state lepton flavours [10]. The measurements are compared with SM predictions. To explore the
potential of reinterpreting di�erential cross-section measurements, they are also used to constrain the

3

ATLAS dataset comprising 36 fb�1, all detector-related systematic uncertainties as well as the luminosity
uncertainty of �Z are conservatively treated as uncorrelated with the equivalent uncertainties in the
measured cross-section in the lowest m4` bin.

This result is compared with previous dedicated measurements by the ATLAS [8] and CMS [6] collaborations
in Table 3. The largest contributing systematic uncertainties in this mass region come from lepton
identification and reconstruction e�ciencies, as shown in Figure 3. The di�erence in systematic
uncertainties compared to Ref. [8] is due to the assumptions of non-correlation between uncertainties in
the two contributing measurements discussed above. The larger statistical uncertainty compared to Ref. [6]
arises from an acceptance which has not been fully optimised for this interpretation. Nevertheless, the final
precision including all error sources allows this measurement to contribute an improvement in the total
precision of the Z ! 4` branching fraction.

Table 3: Comparison of measurements for the Z ! 4` branching fraction in the phase-space region
80 GeV < m4` < 100 GeV, m`` > 4 GeV.

Measurement BZ!4`/10�6

ATLAS,
p

s = 7 TeV and 8 TeV [8] 4.31±0.34(stat)±0.17(syst)
CMS,

p
s = 13 TeV [6] 4.83 +0.23

�0.22(stat) +0.32
�0.29(syst)±0.08(theo)±0.12(lumi)

ATLAS,
p
s = 13 TeV 4.70 ± 0.32(stat) ± 0.21(syst) ± 0.14(lumi)

Constraint on o�-shell Higgs boson signal strength

The double-di�erential distribution for m4`–DME is used to constrain the o�-shell Higgs production process
at high mass (m4` >180 GeV), assuming that the contribution of the box diagram is as predicted by the
Standard Model. As in the extraction of the signal strength for gluon-induced 4` production, a likelihood
scan is performed where the contribution of qq̄ ! 4` is set to the Standard Model prediction and allowed to
float within the associated theoretical uncertainties. The total yield from gg ! 4` is then parameterised [9]
as

N
gg!4`

⇣
µOS
H

⌘
=

✓
µOS
H

�
q
µOS
H

◆
⇥ N

gg!H
⇤!ZZ

(⇤)!4`
SM +

✓
1 �

q
µOS
H

◆
⇥ N

gg!4`(box)
SM +

q
µOS
H

⇥ N
gg!4`
SM ,

where µOS
H
= �gg!H⇤!4`/�SM

gg!H⇤!4` is the signal strength for the o�-shell Higgs production process,

the parameter of interest for this measurement. The yields N
gg!H

⇤!ZZ
(⇤)!4`

SM , N
gg!4`(box)
SM , and N

gg!4`
SM

are those predicted by the Standard Model for only the o�-shell Higgs production process, only the box
diagram, and the total gg ! 4` contribution including interference, respectively, and are set to the best
available prediction as discussed in Section 5. They are allowed to float within the associated theoretical
uncertainties discussed in Section 7. The observed 95% CL upper limit on the signal strength obtained in
this way is 6.5. This agrees with the expected 95% CL upper limit of 5.4 within the range of [4.2, 7.2]
for ±1� uncertainty. This extraction demonstrates the degree to which an interpretation of measured
cross-sections can approach the precision of dedicated measurements performed at detector level. The
result can be compared to the upper limit of 4.5 obtained by the dedicated detector-level measurement [9]
in the 4` final state using the same dataset and the same model. The sensitivity of this interpretation is
slightly lower in comparison, due to the restrictions the unfolding procedure imposes on the binning of
observables, the DME discriminant in particular.
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• Study of the the m4ℓ spectrum and Offshell H production


‣ m4ℓ ranges from single Z resonance, including H production up to ZZ production

‣ Extraction of the BR(Z→ 4ℓ) 


‣ Offshell Higgs production, enhanced at 350 
GeV because of top-quark loops in ggF

✦ Including interference between H and ZZ 

productions. 


‣ Above ~ 2mZ enhancements of qq→ZZ and 
gg→ZZ. 

https://arxiv.org/abs/1902.05892
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4ℓ mass spectrum
• Study of the the m4ℓ spectrum and off-shell H production


‣ Offshell Higgs production, enhanced at 350 GeV because of top-quark loops in ggF


‣ Measured upper limit on width combining 4ℓ and ℓℓν̅ν̅
‣ Limit ΓH possibile from the off-shell to on-shell event yield ratio Rgg

✦ on-shell event yields ~ k2g,on-shell / ΓH, while off-shell ~ k2g,off-shell

88

Differential cross section
arXiv:1902.05892

The box diagram gg ! 4` and gg ! H
(⇤) ! 4` processes interfere destructively in the SM. While

interference is maximal around m4` = 220 GeV [3], the relative e�ect of the gg ! H
(⇤) ! 4` contribution

to the overall gg ! 4` lineshape is most pronounced above 350 GeV, as is visible in Figure 2.

The o�-shell Higgs production rate may be a�ected by beyond-the-SM (BSM) processes involving
additional heavy particles, or modifications of the Higgs couplings, even if there is no e�ect on on-shell
Higgs boson production [4].

Previous measurements in this final state were carried out at
p

s = 13 TeV by the ATLAS [5] and CMS [6]
collaborations with a focus on Z Z production. The CMS result additionally includes a determination of the
Z ! 4` branching ratio using a dedicated detector-level analysis. The ATLAS Collaboration performed a
measurement of inclusive four-lepton production at

p
s = 8 TeV [7] and set constraints on the contribution

from gg ! 4`. An analysis using
p

s = 7 TeV and 8 TeV data [8] to determine the Z ! 4` branching
fraction has also been published by ATLAS. Constraints on o�-shell Higgs boson production have recently
been set by ATLAS [9] using the 4` and 2`2⌫ final states in a dedicated detector-level analysis.
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Figure 1: Main contributions to the pp ! 4` (` = e, µ) process: (a) t-channel qq̄ ! 4` production, (b) gluon-induced
gg ! 4` production via a quark loop, (c) internal conversion in Z boson decays and (d) Higgs-boson-mediated
s-channel production (here: gluon–gluon fusion). The notation Z

(⇤) refers to a Z boson which may be either on-shell
or o�-shell.

This measurement is carried out in a fiducial phase space based on the kinematic acceptance of the detector
to ensure a high selection e�ciency. The fiducial phase space and all observables are defined using stable
final-state particles to minimise model dependence. The observation at detector level is corrected for
experimental e�ects such as the detector and trigger system e�ciencies and the detector resolution to
provide results which may be used and reinterpreted without requiring a full simulation of the ATLAS
detector. Electrons or muons originating from leptonic decays of the ⌧-lepton are not considered to be part
of the signal and their contribution to the observation at detector level is subtracted.

Cross-sections are measured di�erentially in the invariant four-lepton mass m4` , and double-di�erentially
with respect to both m4` and the following kinematic variables: the transverse momentum of the four-lepton
system p

4`
T , the rapidity of the four-lepton system y4` , and a matrix-element discriminant (introduced

in Ref. [3] and denoted by DME in this paper) designed to distinguish the s-channel Higgs-mediated
production process from all other processes. The m4` measurement is also made separately for each
flavour combination of leptons in the event; 4e, 4µ and 2e2µ. The double-di�erential cross-sections can
provide additional sensitivity to the various subprocesses contributing to the measured final state; for
example, the p

4`
T is expected to discriminate gg ! Z Z from qq̄ ! Z Z . They are also of interest for

future interpretation; for example, some BSM contributions can have an impact which depends upon the
final-state lepton flavours [10]. The measurements are compared with SM predictions. To explore the
potential of reinterpreting di�erential cross-section measurements, they are also used to constrain the
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H and jets variables
• Double differential d2σ/dpTdNJ:
‣ Probe the Higgs production mode

‣ Nj = 0 dominated buy ggF production 

‣ Nj > 1 VBF enriched production
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Differential cross section
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• Account for BSM acceptance effects in kinematic observables of decay products 
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Couplings interpretations
• Results interpreted in the context of new physics:


‣ Standard Model Effective Field Theory as the standard candle. 


‣ Probe for non-SM contributions to the tensor structure of the Higgs boson. 

90

Production mode

G. Barone October-20

• Couplings interpretations: 

‣ Based on summer combination. 

‣ New: enhance sensitivity by isolating dependencies in Wilson coefficients 
(ci ), allowing for simultaneous extraction.  

• Upcoming combinations (mH=125.09 ± 0.240 GeV)

1.Differential cross sections: with H→4ũ (published), H→γγ, 

H→bb̅, (and eventually H→WW)
2.H+HH combination 
3.CP analyses combination 
4.ATLAS+CMS differential cross section combination 
5.Couplings combinations, when more channels are available 

ATLAS and ATLAS+CMS
6.Mass combination (depends on H→γγ/calibration)

Combinations

17

‣  Added limits on 6 benchmark MSSM models. 

In ATLAS circulation, aiming at Higgs2020
ATLAS DRAFT

3 Methodology of Effective Field Theory interpretations196

Standard Model Effective Field Theory (SMEFT) provides a theoretically elegant language to encode the197

modifications of the Higgs properties induced by a wide class of beyond-the-SM (BSM) models that reduce198

to the SM at low energies, and is systematically improvable with higher-order perturbative calculations.199

Within the mathematical language of the SMEFT, the effects of BSM dynamics at high energies Λ ! !,200

well above the electroweak scale ! = 246 GeV, can be parametrised at low energies, " " Λ, in terms of201

higher-dimensional operators built up from the Standard Model fields and respecting its symmetries such202

as gauge invariance:203

LSMEFT = LSM +
!!6∑
"

#"
Λ2 O

(6)
" +

!!8∑
#

$ #

Λ4 O
(8)
# + . . . (2)

where LSM is the SM Lagrangian and O(6)
" and O(8)

# represent a complete set of operators of mass-204

dimensions % = 6 and % = 8. Operators with % = 5 and % = 7 violate lepton and/or baryon number205

conservation and are not relevant for Higgs physics. The effective theory expansion in Eq. 2 is robust,206

fully general, and can be systematically matched to explicit ultraviolet-complete BSM scenarios.207

In this analysis the “Warsaw” basis [76] is used, which forms a complete set of all O(6)
" operators in208

Eq. 2 allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various209

fields of particle physics and the usage of a common basis will allow easier future combination of these210

measurements. Contributions of operators of mass-dimension % = 8 are not considered. The goal of the211

analysis is to constrain the % = 6 Wilson coefficients that correspond to operators that either directly impact212

or indirectly impact Higgs boson couplings to SM particles [10, 77]. Table 3 lists the operators considered213

in this analysis, and their corresponding Wilson coefficients # # . Here, all CP-even % = 6 operators were214

considered for which the Λ−2-suppressed contribution to any of the STXS categories measured in Figure 1215

exceeds 1‰ w.r.t. the SM prediction.216

Wilson coefficient Operator
#$! (&†&)!(&†&)
#$%%

(
&†'&&

)∗ (
&†'&&

)
#$' &†& ((
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(&)

#$* &†& )&))&)

#$+ &†&* ,
&)*

, &)

#$+* &†+,&* ,
&))

&)

|#-$ | (&†&)( ,̄.-/&)
#$01 (&†.

←→
' &&) ( ,̄./&,/ )

#$03 (&†.
←→
' ,

&&)( ,̄.+, /&,/ )
#$- (&†.
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' &&)(-̄./&-/ )

#$11 (&†.
←→
' &&)(0̄./&0/ )

#$13 (&†.
←→
' ,

&&) (0̄.+, /&0/ )
#$2 (&†.
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' &&) (1̄./&1/ )

#$3 (&†.
←→
' &&) (%̄./&%/ )

Wilson coefficient Operator
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&)

|#2+ | (0̄.2&)1/ )+, &̃ * ,
&)

|#2* | (0̄.2&)1/ )&̃ )&)

#001 ( ,̄./&,4 ) ( ,̄//&,5)
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#22 (1̄./&1/ ) (1̄5/&14 )
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#121 (0̄./&04 )(1̄//&15)
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7

Table 3: Wilson coefficients # # and corresponding % = 6 SMEFT operators O # used in this analysis.
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Figure 9: Summary of observed measurements of the parameters c0
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with the SMEFT linearized model (blue) and the
SMEFT model with additional quadratic terms.
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(a) (b)

(c) (d)

Figure 15: Exclusion contours in the (mA, tan �) plane for the M125
h

(a), M125
h

( �̃) (b), M125
h

(⌧̃) (c) and M125
h

(alignment)
(a) scenarios. Observed (solid) and expected (dashed) contours at 95% C.L., defined as �2 ln⇤ = 5.99 according to
the asymptotic approximation, are shown. The excluded parameter space is marked in yellow.
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.

Analysis Integrated Reference STXS Used in Used in
lumi (fb�1) level MSSM EFT

H ! �� (incl. ttH , H ! ��) 139 [29] 1.2 3 3
H! Z Z⇤! 4` (incl. ttH , H! Z Z⇤! 4`) 139 [11] 1.2 3 3
H ! bb̄ (VH) 139 [12] 1.2 3 3
H ! WW ⇤ 36.1 [16] 1.0 3 -
H ! ⌧⌧ 36.1 [17] 1.0 3 -
H ! bb̄ (VBF) 24.5 – 30.6 [14] 0 3 -
ttH ! lep 36.1 [18] 0 3 -
ttH ! bb̄ 36.1 [15] 0 3 -
H ! µµ 139 [19] 0 3 -

2.1 Simulation of the Standard Model signal84

For each Higgs boson decay mode, the branching fraction used corresponds to theoretical calculations at85

the highest available order [30].86

All analyses except H ! bb̄ (VBF) use a consistent set of Higgs boson signal samples which is described87

in the following paragraphs. The samples used for H ! bb̄ (VBF) are described separately at the end of88

this section.89

Higgs boson production via gluon-gluon fusion (ggF) is simulated using the P����� B�� [31–34] NNLOPS90

implementation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson91

rapidity distribution produced by the next-to-leading order (NLO) generation of pp! H + parton, with92

the scale of each parton emission determined using the MiNLO procedure [38]. The PDF4LHC15 parton93

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized94
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Table 1: The decay channels, targeted production modes and integrated luminosity (L) used for each input analysis of
the combination. The references for the input analyses and information about which measurements they enter are
also provided. The definition of the STXS stage of the signal yield parametrization is detailed in Section 2.2.
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Study modifications of the Higgs boson couplings related to BSM physics  
Assume production and decay can be factorised 
Cross section times branching fraction parametrised as   

Coupling strength modifiers defined as 

Higgs boson total width also modified:  

LHC data insensitive to κc and κs (assumed here to vary like κt and κb, respectively)

and decay can be factorized, such that the cross section times branching fraction of an individual channel
�(i ! H ! f ) contributing to a measured signal yield is parametrised as

�i ⇥ B f =
�i() ⇥ �f ()

�H
, (6)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the final
state f . For a given production process or decay mode j, the corresponding coupling strength modifier j
is defined as

2
j
=
�j

�SM
j

or 2
j
=
�j

�SM
j

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications
of the coupling scale factors also change the Higgs boson total width �H by a factor H , defined as
2
H
=
Õ

j BSM
f
2
j
.

The total width of the Higgs boson increases beyond modifications of j due to contributions from two
additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss

T signature
in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included
in this combination are sensitive (the latter includes for instance Higgs boson decays to light quarks, or
to BSM particles to which none of the input analyses provide appreciable sensitivity). In the SM, the
branching ratio for decays to invisible final states is ⇠ 0.1%, from the H ! Z Z⇤ ! 4⌫ process. BSM
contributions to this branching fraction and to the branching fraction to undetected final states are denoted
by Binv and Bundet respectively, with the SM corresponding to Binv = Bundet = 0. The Higgs boson total
width is then expressed as

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are
included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production
�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in
order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest
assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.
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Couplings interpretations
• Interpretation of couplings cross sections in the context of new physics.


• Assuming production and decay are factorised 


• Coupling strength modifiers 


• BSM contributions in loops and 
decays 


‣ kg and kγ measured with all other 
modifiers fixed to SM value. 


‣ Both hypotheses of invisible decays 
(Binv and Bund floating, with kF=kV=1) 
and no invisible decays (Binv= Bund=0). 
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assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.

33

and decay can be factorized, such that the cross section times branching fraction of an individual channel
�(i ! H ! f ) contributing to a measured signal yield is parametrised as

�i ⇥ B f =
�i() ⇥ �f ()

�H
, (6)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the final
state f . For a given production process or decay mode j, the corresponding coupling strength modifier j
is defined as

2
j
=
�j

�SM
j

or 2
j
=
�j

�SM
j

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications
of the coupling scale factors also change the Higgs boson total width �H by a factor H , defined as
2
H
=
Õ

j BSM
f
2
j
.

The total width of the Higgs boson increases beyond modifications of j due to contributions from two
additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss

T signature
in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included
in this combination are sensitive (the latter includes for instance Higgs boson decays to light quarks, or
to BSM particles to which none of the input analyses provide appreciable sensitivity). In the SM, the
branching ratio for decays to invisible final states is ⇠ 0.1%, from the H ! Z Z⇤ ! 4⌫ process. BSM
contributions to this branching fraction and to the branching fraction to undetected final states are denoted
by Binv and Bundet respectively, with the SM corresponding to Binv = Bundet = 0. The Higgs boson total
width is then expressed as

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are
included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production
�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in
order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest
assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.

33

and decay can be factorized, such that the cross section times branching fraction of an individual channel
�(i ! H ! f ) contributing to a measured signal yield is parametrised as

�i ⇥ B f =
�i() ⇥ �f ()

�H
, (6)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the final
state f . For a given production process or decay mode j, the corresponding coupling strength modifier j
is defined as

2
j
=
�j

�SM
j

or 2
j
=
�j

�SM
j

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications
of the coupling scale factors also change the Higgs boson total width �H by a factor H , defined as
2
H
=
Õ

j BSM
f
2
j
.

The total width of the Higgs boson increases beyond modifications of j due to contributions from two
additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss

T signature
in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included
in this combination are sensitive (the latter includes for instance Higgs boson decays to light quarks, or
to BSM particles to which none of the input analyses provide appreciable sensitivity). In the SM, the
branching ratio for decays to invisible final states is ⇠ 0.1%, from the H ! Z Z⇤ ! 4⌫ process. BSM
contributions to this branching fraction and to the branching fraction to undetected final states are denoted
by Binv and Bundet respectively, with the SM corresponding to Binv = Bundet = 0. The Higgs boson total
width is then expressed as

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are
included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production
�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in
order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest
assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.

33

and decay can be factorized, such that the cross section times branching fraction of an individual channel
�(i ! H ! f ) contributing to a measured signal yield is parametrised as

�i ⇥ B f =
�i() ⇥ �f ()

�H
, (6)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the final
state f . For a given production process or decay mode j, the corresponding coupling strength modifier j
is defined as

2
j
=
�j

�SM
j

or 2
j
=
�j

�SM
j

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications
of the coupling scale factors also change the Higgs boson total width �H by a factor H , defined as
2
H
=
Õ

j BSM
f
2
j
.

The total width of the Higgs boson increases beyond modifications of j due to contributions from two
additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss

T signature
in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included
in this combination are sensitive (the latter includes for instance Higgs boson decays to light quarks, or
to BSM particles to which none of the input analyses provide appreciable sensitivity). In the SM, the
branching ratio for decays to invisible final states is ⇠ 0.1%, from the H ! Z Z⇤ ! 4⌫ process. BSM
contributions to this branching fraction and to the branching fraction to undetected final states are denoted
by Binv and Bundet respectively, with the SM corresponding to Binv = Bundet = 0. The Higgs boson total
width is then expressed as

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are
included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production
�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in
order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest
assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.

33

and decay can be factorized, such that the cross section times branching fraction of an individual channel
�(i ! H ! f ) contributing to a measured signal yield is parametrised as

�i ⇥ B f =
�i() ⇥ �f ()

�H
, (6)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the final
state f . For a given production process or decay mode j, the corresponding coupling strength modifier j
is defined as

2
j
=
�j

�SM
j

or 2
j
=
�j

�SM
j

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications
of the coupling scale factors also change the Higgs boson total width �H by a factor H , defined as
2
H
=
Õ

j BSM
f
2
j
.

The total width of the Higgs boson increases beyond modifications of j due to contributions from two
additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss

T signature
in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included
in this combination are sensitive (the latter includes for instance Higgs boson decays to light quarks, or
to BSM particles to which none of the input analyses provide appreciable sensitivity). In the SM, the
branching ratio for decays to invisible final states is ⇠ 0.1%, from the H ! Z Z⇤ ! 4⌫ process. BSM
contributions to this branching fraction and to the branching fraction to undetected final states are denoted
by Binv and Bundet respectively, with the SM corresponding to Binv = Bundet = 0. The Higgs boson total
width is then expressed as

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are
included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production
�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in
order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest
assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.

33

or

ATLAS-CONF-2019-005

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.001

3

68% CL

95% CL

 PreliminaryATLAS
-1 = 13 TeV, 24.5 - 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

0.9 1 1.1

1

2

3

4

 = 0u.B = i.B

 = 51%
SM
p

0 0.5 1

1

2

3

4

 = 70%
SM
p

gκ

γκ

i.B

u.B

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/


G. Barone July-22

γγ

92

Reconstruction and selection
• Diphoton event selection 


‣ At least two photon with ET> 25 GeV 


‣ Highest ET pair forms candidate. 


‣ Vertex identification with Neural Network

✦ Vertex within 0.3 mm for 79% of ggH 

events. 

 [GeV]γγm
110 120 130 140 150 160

 w
ei

gh
ts

 - 
fit

te
d 

bk
g

∑ 10−

0

10

20

 w
ei

gh
ts

 / 
G

eV
∑

100

200

300

400

500

600
Data
Background
Signal + Background
Signal

-1 = 13 TeV, 36.1 fbs
 = 125.09 GeVHm

ln(1+S/B) weighted sum

ATLAS

Figure 9: Weighted diphoton invariant mass spectrum observed in the 2015 and 2016 data at 13 TeV. Each
event is weighted by the ln(1 + S90/B90) ratio of the expected signal (S90) and background (B90) of the 90%
signal quantile in the category to which it belongs to. The error bars represent 68% confidence intervals of the
weighted sums. The solid red curve shows the fitted signal-plus-background model when the Higgs boson mass
is constrained to be 125.09 ± 0.24 GeV. The background component of the fit is shown with the dotted blue
curve. The signal component of the fit is shown with the solid black curve. Both the signal-plus-background
and background-only curves reported here are obtained from the sum of the individual curves in each category
weighted by the logarithm of unity plus the signal-to-background ratio. The bottom plot shows the residuals
between the data and the background component of the fitted model.

the NNLO SM prediction for ggH production [17, 110], which is about 10% lower than the N3LO
calculation used here (see Section 4). section [17, 110] that is about 10% lower than the state-of-
the-art �ggH. The impact of the main sources of systematic uncertainty (presented in Table 3 and
Section 7) in the measured global signal strength is summarized in Table 6. The distinction between
yield and migration uncertainties adopted in Table 3 is used and the uncertainties are grouped into
theory uncertainties, experimental uncertainties, mass resolution and scale, background shape, and
luminosity.

In addition to the global signal strength, the signal strengths of the primary production processes are
evaluated by exploiting the sensitivities of the analysis categories of Table 4 to specific production
processes. The measured signal strengths are shown together with the global signal strengths discussed
above in Figure 12 and found to be:

39

• Background estimation
‣ Entirely estimated from data


‣ Prompt photons: maximum likelihood fit 
to mγγ spectrum 


‣ Jets misidentified as photons: from 
control sample 
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Differential cross section
• 4ℓ: isolate signal under the Higgs resonant peak (115 < m4ℓ< 130).


• γγ cross section extracted from resonant peak over the γγ continuum.


• Higgs boson pT,4ℓ(γγ) and rapidity (y4ℓ(γγ)) probe. 

‣ pT,4ℓ(γγ): Lagrangian structure of H interactions, Yukawa couplings  

‣ y4ℓ(γγ): Sensitivity to proton’s parton density functions.
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