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Measurements of Higgs boson properties

  
• Various approaches:

Couplings:  μggF, μVBF, … κg, κV, …

STXS:       σggF×BR(H→γγ) 

Fiducial xs:  σincl×BR(H→γγ) 

Production mode 
separation

Inclusive in                 
production mode
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H→γγ cross sections 

Latest STXS results with 80 fb-1 

  
• Simplified Template X-Sections at two stages


• Stage-0:


• Stage-1 (reduced):


ttH measurement with 139 fb-1 

• 4.9σ observation

truth-level splitting of Higgs 
production processes

Additional splitting based on Higgs 
kinematics and associated particles

Minimal model dependence in these measurements; 
ideal setup for combinations of all channels and with 
CMS measurements

described in Section 6. Since no systematic trends were observed between categories in spurious signal
studies, the spurious signal uncertainty is left uncorrelated between the BDT categories.

8 Statistical Framework

The statistical procedure used to interpret the data is described in Ref. [77] and follows the methods from
Ref. [78]. As discussed above, the data are divided into seven tt̄H-enriched BDT categories, each with
di�erent signal-to-background ratios. For each category, an extended likelihood function is constructed,
using as input the m�� distribution of data events in the range m�� 2 [105, 160] GeV, and modeled using
the signal and background parameterizations derived for that category. The overall likelihood function is
the product of the extended likelihoods of the seven categories. Systematic uncertainties are incorporated
into the likelihood function using a set of Gaussian or log-normal constraints on nuisance parameters.

The parameter of interest, µ, is the observed cross section times the branching ratio (� ⇥ BR) of the tt̄H
(H ! ��) process, divided by the predicted SM cross section times the SM branching ratio (�SM ⇥BRSM ).
The cross section times the branching ratio itself is also a parameter of interest. The test statistic relies on
the profile likelihood ratio:

⇤(µ) = L(µ, ˆ̂✓(µ))
L(µ̂, ✓̂)

where L is the overall likelihood function, ✓ is the vector of all nuisance parameters, µ̂ and ✓̂ denote the
unconditional maximum likelihood estimate of µ, and ˆ̂✓(µ) denotes the conditional maximum likelihood
estimate for the nuisance parameters at a fixed value of µ. Agreement of the measured µ with the null
hypothesis (where µ is defined as 0) is quantified by a p-value calculated from the test statistic ⇤(µ = 0),
which corresponds to evaluating the profile likelihood ratio for a vanishing tt̄H(H ! ��) cross section.
This procedure uses the asymptotic formulae presented in Ref. [77].

9 Results

The result of the combined fit to the data is shown projected onto each of the BDT categories in Figures 3
and 4 for the “Had” and “Lep” categories, respectively. Similarly, the predicted and observed event yields
for each category are presented in Table 3. Results summed over all seven BDT categories are presented
in Figure 5; for illustration purposes, events are weighted by ln(1 + S90/B90), where S90 (B90) for each
BDT bin is the expected signal (background) in the smallest m�� window containing 90% of the expected
signal. The combined observed significance is 4.9�, while the expected significance is 4.2�. The expected
significance is evaluated assuming a SM signal and the values of all the nuisance parameters are taken
from the nominal fit to the data. The fitted values of the parameters relating to the photon energy scale and
resolution are mildly pulled with respect to their nominal values. The expected significance fixing the
aforementioned parameters to their nominal value increases to 4.5�.

The observed signal strength is

µt t̄H = 1.38 +0.41
�0.36 = 1.38 +0.33

�0.31 (stat.) +0.13
�0.11 (exp.) +0.22

�0.14 (theo.).

11

ATLAS-CONF-2018-028 

ATLAS-CONF-2019-004
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H→γγ cross sections 

New results with the full Run-2 data from the LHC, 139 fb-1 

  
•Measurement of fiducial cross sections 


•  integrated: 

 (σ∙BR)(pp→H→γγ ) = Nsignal / (L∙ε)


•  differential:  

d(σ∙BR)/dx ,  x: pTγγ, yγγ, Njets, pTj1, mjj, Δφjj


Observables sensitive to new physics, CP-properties but also QCD calculations in the SM

•  Interpretations of the differential measurements


•  Effective Lagrangian (SILH, Warsaw) with additional CP-odd                      
and CP-even interactions


•  setting limits on charm-Yukawa coupling from shape of pTγγ

ATLAS-CONF-2019-029

No separation of production modes, model-independent measurements allowing 
comparison with predictions in the phase space directly accessible by our detector
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 mH constrained: 125.09 ± 0.24 GeV 

Nsig = 6550 ± 530
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The analysis in a nutshell
•  Η→γγ signal extracted from the continuous background with a mass fit


•  Background estimation directly from data using analytical functions


•  Background modelling uncertainty 
(‘spurious signal’) from fits to high-
statistics MC-based background 
templates


•  Yields unfolded to a fiducial volume 
matching the experimental acceptance


•  Kinematic selections:


•  ET1>0.35mγγ  , ET2>0.25mγγ 

•  |ηγ|<1.37 or 1.52<|ηγ|<2.37

•  Jets: pT>30 GeV, |y|<4.4 (               )

✦  Photon isolation at recon. & particle level 


•  Unfolding technique:


• Bin-by-bin correction factor from simulation,  cfid = Nsig/Nfid


• Matrix-based unfolding as a check

ATLAS DRAFT

6 Measurement of fiducial integrated and di�erential cross sections326

Measurements of di�erential and integrated cross sections are presented in fiducial volumes defined at327

particle level that resemble the ATLAS detector acceptance and analysis selections. The measured cross328

sections are model independent and are compared with predictions of various QCD calculations.329

6.1 Particle-level fiducial definition of the H ! �� cross sections330

Stable particles, defined as having a lifetime of ⌧ > 30 ps, are considered for the particle-level selections.331

The two highest-pT photons, not originating from a hadron, that are in the detector acceptance, |⌘ | < 2.37332

and outside the region 1.37 < |⌘ | < 1.52, are considered. They are required to pass a p�T/m�� kinematic333

threshold that is 0.35 for the leading-pT photon and 0.25 for the subleading one. Each photon must satisfy334

a particle-level isolation requirement of
Õ

piT/p�T < 0.05, where
Õ

piT is the scalar sum of transverse335

momenta of all charged stable particles with pT > 1 GeV inside a cone �R = 0.2 around the photon.336

Jets at particle level are constructed from all particles, excluding muons and neutrinos, using the anti-kt337

algorithm with a 0.4 radius parameter. Particle-level jets must have pT > 30 GeV, |y | < 4.4, and must be338

well separated from the two photons (�Rj ,� > 0.4) and electrons (�Rj ,e > 0.2). Electrons considered in339

this overlap check must not originate from a hadron, be well separated (�Re,� > 0.4) from the two photons340

and satisfy pT > 10 GeV and |⌘ | < 2.47, excluding 1.37 < |⌘ | < 1.52.341

A brief overview of the particle-level selections for the diphoton fiducial and di�erential cross section342

measurements described above is given in Table 2.

Table 2: Particle-level selections for the fiducial measurements. The photon isolation,
Õ

piT/p�T, is defined as the sum
of the pT of charged particles within �R < 0.2 of the photon.

Objects Fiducial definition
Photons |⌘ | < 2.37 (excluding 1.37 < |⌘ | < 1.52),

Õ
piT/p�T < 0.05

Jets anti-kt , R = 0.4, pT > 30 GeV, |y | < 4.4
Diphoton N� � 2, p�1

T /m�� > 0.35, p�2
T /m�� > 0.25

343

6.2 Fiducial and di�erential cross section definitions344

The cross section measurement is performed in two steps: first, the number of signal events in data is
extracted in each bin using a fit to the diphoton invariant mass spectrum as described in Section 5. In the
second step, the reconstruction-level data signal yields are unfolded to particle level using a bin-by-bin
correction factor. The cross section times branching ratio in the fiducial volume, �fid or in a bin i of variable
x, (d�/dx)i , are given by

�fid =
Nsig

cfidLint
and

✓
d�
dx

◆
i

=
Nsig
i

ci �xiLint
,

where Nsig refers to the signal yield extracted from data, c is the correction factor for detector e�ciency and345

resolution e�ects, Lint is the integrated luminosity of the data set and �xi is the bin width. The correction346

30th June 2019 – 19:31 12

jet-related 
observables
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Improvements with respect to previous measurements

•  Reduced statistical uncertainties

•  Improved signal efficiency/background rejection for diphotons


•  new pTγ-dependent identification


•  Reduced systematic uncertainties thanks to:

•  improved isolation efficiency measurements

•  improved jet calibration, optimized for Run-2 conditions

•  new technique in the estimation of the background modelling uncertainty, 

Gaussian Processes (arXiv: 1709.05681), used to smooth the MC-based templates
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Unfolding uncertainties

•  Experimental, from efficiencies and jet-energy scale/resolution => dominant

•  Photon identification and isolation efficiency accurate at the 1% level

•  JES/JER is dominant for jet-based observables


•  Theoretical, from dependence on the SM assumptions  => subdominant

•  Parton showering

•  Higgs kinematics / production mode

•  Dalitz contributions
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Integrated cross-section

•  Fiducial xsection times H→γγ branching ratio:
ATLAS DRAFT

Table 3: The breakdown of uncertainties on the inclusive diphoton fiducial cross section measurement. The
uncertainties from the statistics of the data and the systematic sources a�ecting the signal extraction are shown. The
remaining uncertainties are associated with the unfolding correction factor and luminosity.

Source Uncertainty (%)
Statistics 6.9
Signal extraction syst. 7.9

Photon energy scale & resolution 4.6
Background modelling (spurious signal) 6.4

Correction factor 2.6
Pile-up modelling 2.0
Photon identification e�ciency 1.2
Photon isolation e�ciency 1.1
Trigger e�ciency 0.5
Theoretical modelling 0.5
Photon energy scale & resolution 0.1

Luminosity 1.7
Total 11.0

recent measurements [58], variations in the parton shower, underlying event and hadronisation modelling389

obtained by comparing samples produced with P�����8 and H�����7 [61], and the variation due a potential390

mismodelling of the Higgs boson kinematics, evaluated by reweighting the p��T and |y�� | distributions to391

the data measurements. In addition, the contribution of Dalitz decays in the simulation is also varied to392

assign a small systematic uncertainty on the correction factor. These sources have a per-mille e�ect on the393

measured cross sections, except for the signal composition and parton showers which have a larger e�ect of394

up to 2% on the measurements of pj1
T and dijet observables. Also the uncertainty on potential mismodelling395

of the Higgs boson kinematics is up to a few % in some bins with a maximum of 3% at low p��T .396

Table 3 summarises the systematic uncertainties discussed above and shows their impact on the cross397

section measurement in the diphoton fiducial region compared to the statistical uncertainty. The uncertainty398

of the fiducial measurement is equally a�ected by statistical and systematic uncertainties; when splitting399

in bins for the di�erential measurements, the statistical uncertainties dominate, as seen in Figure 4 for400

the p��T and Njets di�erential measurements. It can also be seen that the systematics associated to the401

signal extraction (background modelling and photon energy resolution) are typically larger than those402

on the correction factors, except for measurements with Njets > 1 where the impact of jet energy scale403

and resolution uncertainties on the correction factor become equally significant. The breakdown of the404

systematic uncertainty on the correction factors is shown in Figure 5 for the p��T and Njets di�erential405

measurements. For the measurements inclusive in jets, p��T and |y�� |, the photon isolation e�ciency,406

modelling of pile-up in simulation and photon identification e�ciency uncertainties contribute the most to407

the correction factor uncertainty. For the jet-related measurements (Njets, pj1
T , mj j and �� j j), the dominant408

uncertainty is that in the jet energy scale and resolution.409

6.4 Results and comparisons with theoretical predictions410

The measured inclusive fiducial cross section is compared to a SM prediction referenced in the text as the411

default MC prediction. This prediction includes a ggF component modelled using P����� NNLOPS and412

30th June 2019 – 19:31 14
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normalised to the N3LO(QCD)+NLO(EW) prediction of Refs. [14, 21, 62–65] and the diphoton decay413

branching ratio. The particle-level VBF, VH, tt̄H and bb̄H contributions (collectively called XH) are414

taken from the simulated samples and normalised using the cross section predictions described in Section 3.415

A description of the uncertainties assigned on the default MC prediction can be found in Ref. [1].416

The inclusive fiducial cross section times the H ! �� branching ratio is measured to be

�fid = 65.2 ± 4.5 (stat.) ± 5.6 (syst.) ± 0.3 (theo.) fb ,

which is within one standard deviation of the default SM prediction of 63.6 ± 3.3 fb [14].417

Figure 6 reports the unfolded di�erential cross section as a function of the diphoton kinematics, p��T and418

|y�� |. Figures 7 and 8 show the results for the corresponding one for the jet-related observables, Njets, pj1
T ,419

mj j and �� j j . The first bin of the pj1
T distribution represents events that do not contain a jet passing the420

corresponding fiducial selections.421

The unfolded di�erential distributions are compared to the default MC prediction for ggF and XH described422

earlier and also to additional theory predictions of ggF production, added to the same XH contributions,423

described below. All predictions are modified to include the e�ect of particle-level photon isolation424

e�ciency by applying correction factors obtained from the P����� NNLOPS simulation.425

The p��T distribution is compared to NNLOJET+SCET [66], which provides predictions using a N3LL426

resummation matched to an NNLO fixed-order calculation in the heavy top-quark mass limit. Corrections427

are applied for the fiducial selections of the analysis and are obtained from the P����� NNLOPS sample.428

The p��T distribution reaches out to 350 GeV, a region where top mass e�ects start to become sizeable. The429

statistical errors for the last bin prevent any conclusive statement about the presence of such e�ects in the430

data. The inclusive cross section for p��T > 350 GeV is measured to be 0.23 ± 0.14 fb, with the uncertainty431

being predominantly statistical, and is in good agreement with the default prediction within one standard432

deviation. A finer binning has been chosen at lower p��T to probe the region where resummation e�ects are433

important and to probe the charm quark Yukawa coupling.434

The |y�� | distribution is compared to SCET���+MCFM8, which provides predictions for |y�� | at435

NNLO+NNLL0
' accuracy, derived by applying a resummation of the virtual corrections to the gluon436

form factor [67, 68]. The underlying NNLO predictions are obtained using MCFM8 with zero-jettiness437

subtractions [69, 70]. The diphoton rapidity distribution is sensitive to the gluon distribution. Good438

agreement is observed over the full rapidity range.439

The Njets distribution is compared to440

• The perturbative N3LO QCD and NLO EW prediction of Refs. [14, 21, 62–65], shown only for the441

inclusive zero-jet cross section.442

• The perturbative JVE+N3LO prediction of Ref. [71], which includes NNLL resummation in QCD443

of the pT of the leading jet which is matched to the N3LO total cross section, shown only for the444

inclusive one-jet cross section.445

• The perturbative STWZ-BLPTW predictions of Refs. [72, 73], which include NNLL0+NNLO446

resummation for the pT of the leading jet in QCD, combined with a NLL0+NLO resummation in447

QCD for the subleading jet.3 The numerical predictions for
p

s = 13 TeV are taken from Ref. [14].448

3 The prime indicates that the leading contributions from N3LL (resp. NNLL) are included along with the full NNLL (resp.
NLL) corrections.

30th June 2019 – 19:31 16

SM prediction: 63.6 ± 3.3 fb  , arXiv: 1610.07922 [hep-ph]

• SM prediction based on calculations 
accurate to:


• N3LO for ggF


• NNLO (approx.) VBF


• (N)NLO for VH, ttH and bbH


• Experimental uncertainties dominate: 


• photon energy resolution


• background modelling
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Differential cross-section vs pTγγ and |yγγ|

•  High pTγγ: sensitive to top-quark mass effects and new physics contributions


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


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

                                                     (Default ggF MC: Powheg NNLOPS scaled to N3LO)
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Cross-section vs Njets

•  Large systematic uncertainties from jet-energy scale and resolution, 6%-25%

•  Comparison for multiple ggF predictions added to the same XH component

•  Comparison in bins of exclusive and inclusive jet multiplicity

Good agreement seen with the predictions;  N3LO normalization improves agreement
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Differential cross-section vs pTj1, mjj, Δφjj

•  Observables with sensitivity to new physics

• pTj1: jet leading in pT

• mjj (                  ): sensitivity to VBF in the high mass bin

• Δφjj=φj1-φj2, ηj1>ηj2 (                  ): sensitivity to CP properties of the Higgs boson

Good agreement observed; no significant excess that would indicate non-SM behaviour

for the two 
leading-pT jets

for the two 
leading-pT jets
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•  Dim-6 extension of the SM Lagrangian in the SILH            
_(                  ) and Warsaw (SMEFT) bases


•  Wilson coefficients ci quantify the strength of the new interactions (CP-even/odd)


•  Fiducial measurements can probe the strength of new interactions

EFT interpretation using the differential cross-sections

Higgs Effective 
Lagrangian

ATLAS DRAFT

In addition to the comparisons to the SM predictions, the model-independent measurement of the di�erential88

cross section can be used to probe physics beyond the SM via an e�ective field theory (EFT) approach.89

In this approach, the SM Lagrangian, LSM, is supplemented by additional dimension-six operators, O(6)
i ,90

such that in the gauge eigenbasis the Lagrangian is specified by91

LEFT = LSM +
’
i

ci
⇤2 O

(6)
i , (1)

where the ci specify the strength of the new interactions and are known as the Wilson coe�cients, and ⇤ is92

the scale of new physics. Non-zero values of these Wilson coe�cients can modify the shapes of kinematic93

distributions or the overall production cross section of the Higgs boson. The cross-section measurements94

as function of p��T , Njets, mj j , pj1
T and �� j j and their correlations are used to set constraints on the Wilson95

coe�cients of the operators from two EFT bases: the Strongly Interacting Light Higgs (SILH) basis [6]96

and the SMEFT (Warsaw) basis [7].97

In addition to an interpretation in terms of an EFT, the di�erential cross section as a function of p��T can98

be used to extract information about the Yukawa coupling of the Higgs boson to the charm quark. The99

coupling of the charm quark to the Higgs boson has a direct e�ect on the ggF and quark-initiated Higgs100

boson production (qq̄ ! H). In this note, the analysis is performed based on the expected e�ect on the101

shape of the inclusive p��T di�erential distribution. Using the measured di�erential cross section, limits are102

set on a potential modification of the Yukawa coupling to the charm quark compared to that predicted in103

the SM.104

2 The ATLAS detector105

The ATLAS detector [8, 9] is a multi-purpose particle detector with a forward-backward symmetric106

cylindrical geometry and almost 4⇡ coverage in solid angle. The inner tracking detector (ID) covers107

|⌘ | < 2.5 in pseudorapidity and consists of a silicon pixel detector, a silicon microstrip detector, and108

a transition radiation tracker. The ID is surrounded by a superconducting solenoid and a hermetic109

calorimeter system, which provides three-dimensional reconstruction of particle showers up to |⌘ | = 4.9.110

The electromagnetic (EM) calorimeter is a lead/liquid-argon (LAr) sampling calorimeter, measuring111

electromagnetic showers in the barrel (|⌘ | < 1.475) and endcap (1.375 < |⌘ | < 3.2) regions. The112

hadronic calorimeter reconstructs hadronic showers using steel and scintillator tiles (|⌘ | < 1.7), copper/LAr113

(1.5 < |⌘ | < 3.2), or copper–tungsten/LAr (3.1 < |⌘ | < 4.9). ATLAS data-taking uses a two-level trigger114

system [10] with a hardware-based level to reduce the event rate to at most 100 kHz, and a software-based115

level to reduce the event rate to approximately 1 kHz for storage.116

3 Data set and event simulation117

The data set of
p

s = 13 TeV proton-proton collisions was recorded by the ATLAS detector from 2015118

to 2018 with a proton bunch spacing of 25 ns. The mean number of interactions per bunch crossing,119

hµi, was 34 on average, varying from 24 in 2015–2016 to 37 in 2017–2018 data. Events were selected120

by a diphoton trigger with pT thresholds of 35 GeV and 25 GeV for the leading and subleading photon121

candidates, respectively. Loose photon identification requirements [11] were applied by this trigger in122

2015–2016 and were tightened in 2017 to cope with a higher instantaneous luminosity. On average, the123
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The strength and tensor structure of the Higgs-boson interactions are investigated following an e�ective489

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

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

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

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

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

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

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

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

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

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

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

terms in the Lagrangian can be specified by501

LSILH
e� � cgOg + c�O� + cHWOHW + cHBOHB

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

eOHB ,

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

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

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

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

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

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

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

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

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

LSMEFT
e� � CHGO 0

g + CHWO 0
HW + CHBO 0

HB + CHWBO 0
HWB

+eCHG
eO 0
g + eCHW

eO 0
HW +

eCHB
eO 0
HB +

eCHWB
eO 0
HWB ,

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

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

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

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

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

formulation.
5 Using the notation Ci ⌘ Ci�

2/⇤2 (and similarly for the CP-odd ones) for the dimensionless coe�cients in the SMEFT
formulation, where � is the vacuum expectation value of the Higgs field and ⇤ is the scale of new physics.
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expected. For the SILH basis, the change in partial widths is determined for each Higgs-boson decay mode551

using the partial-width calculator in M�������5 and normalised to reproduce the SM prediction from552

H����� [15]. The cross sections are scaled by �H/(�H + ��), where �� is the change in partial widths553

due to a specific choice of Wilson coe�cient. For the SMEFT basis, the modification of the total and554

partial width is obtained from Ref. [91].555

The ratios of the expected di�erential cross sections to the SM predictions for some representative values556

of the Wilson coe�cients of the SILH operators are shown in Figure 9. The impact of the cg and c̃g557

coe�cients is mainly on ggF, giving a large change in the overall cross-section normalisation. The c̃g558

coe�cient also changes the shape of the �� j j distribution, which is expected from consideration of the559

tensor structure of CP-even and CP-odd interactions [92, 93]. The impact of the cHW , cHB and their560

CP-odd counterparts is mainly on VBF+VH production, giving large shape changes in all of the studied561

distributions. The �� j j distribution is of particular interest as it is known to discriminate between CP-even562

and CP-odd interactions in VBF production [94].563

R
at

io
 to

 S
M

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 0.03HBc = HWc
-5 10× = 2.4 gc

-5 10× = -9.0 γc

 = 13 TeVs, γγ → H InternalATLAS

0-20
20-30
30-45
45-60
60-80
80-120
120-170
170-220
220-350
= 0
= 1
= 2  3≥ 0-170
170-500
500-1500 /2

π
- -

π-

/2-0
π-

/2
π

0-

π
/2-

π 30-55
55-75
75-120
120-350

[GeV] γγ
T
p jetsN [GeV] jjm jjφΔ [GeV] j1

T
p

SILH

(a)

R
at

io
 to

 S
M

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 0.07HBc~ = HWc~
-4 10× = 1 gc

~
-4 10× = -4.0 γc

~

 = 13 TeVs, γγ → H InternalATLAS

0-20
20-30
30-45
45-60
60-80
80-120
120-170
170-220
220-350
= 0
= 1
= 2  3≥ 0-170
170-500
500-1500 /2

π
- -

π-

/2-0
π-

/2
π

0-

π
/2-

π 30-55
55-75
75-120
120-350

[GeV] γγ
T
p jetsN [GeV] jjm jjφΔ [GeV] j1

T
p

SILH

(b)

Figure 9: The e�ect on the five di�erential distributions used in the analysis of (a) the CP-even coe�cients cg, c� and
cHW , and (b) the CP-odd coe�cients c̃g, c̃� and c̃HW of the SILH e�ective Lagrangian for values of the coe�cients
close to the observed limits.

Figure 10 shows the corresponding modifications to the di�erential cross sections for SMEFT. The CHG and564 eCHG coe�cients a�ect ggF production while CHB, CHW and their CP-odd counterparts a�ect VBF+VH565

production. The main e�ect of CHB, CHW and also of CHWB, however, is on the H ! �� decay rate,566

impacting the overall normalisation. The CP-odd coe�cients, as seen in the figure, exhibit sensitivity only567

to the �� j j observable when only the interference term is considered [95].568

7.2 Statistical interpretation569

Limits on Wilson coe�cients are set by constructing a likelihood function,570

L = 1q
(2⇡)k |C |

exp
✓
�1

2
�Æ�data � Æ�pred

�T C�1 �Æ�data � Æ�pred
� ◆
, (3)

where Æ�data and Æ�pred are k-dimensional vectors from the measured and predicted di�erential cross sections571

of the five analysed observables, with k = 32, C = Cstat + Csyst + Ctheo is the k ⇥ k total covariance572
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• C: covariance matrix: Cstat + Csyst + Ctheo


• Cstat built from statistical 
correlations between bins


• Csyst built from 
experimental uncertainties 
of the measured xsections


• Ctheo built from   
theoretical uncertainties 
on the predicted xsections

100  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 29  2  3  0  3  0  2  2  2  1  0  3  0  0  2

 0 100  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 40  4  3  2  3  2  0  1  2  0  4  6  2  1  0

 0  0 100  0  0  0  0  0  0  0  0  0  0  0  0  0  0 36  7  4  1  3  2  0  1  1  1  3  9  1  2  1

 0  0  0 100  0  0  0  0  0  0  0  0  0  0  0  0  0 34  9  5  1  4  3  0  4  1  2  3 11  3  1  0

 0  0  0  0 100  0  0  0  0  0  0  0  0  0  0  0  0 30 11  6  4  6  3  3  6  0  2  5 12  5  3  2

 0  0  0  0  0 100  0  0  0  0  0  0  0  0  0  0  0 24 13  7  3  7  4  0  5  1  1  6 16  4  2  2

 0  0  0  0  0  0 100  0  0  0  0  0  0  0  0  0  0 19 15  7  3  6  4  2  5  1  1  6 18  5  2  1

 0  0  0  0  0  0  0 100  0  0  0  0  0  0  0  0  0 20 24 11  6 10  7  3  9  4  4  8 25 11  6  3

 0  0  0  0  0  0  0  0 100  0  0  0  0  0  0  0  0 13 30 16 10 14 10  5 11  5  7 12 28 20 10  4

 0  0  0  0  0  0  0  0  0 100  0  0  0  0  0  0  0  5 29 19 12 16 14  7 14 10  9 12 19 25 21  9

 0  0  0  0  0  0  0  0  0  0 100  0  0  0  0  0  0  1 18 17 14 15 13  7 11 12 11 10  6 16 29 12

 0  0  0  0  0  0  0  0  0  0  0 100  0  0  0  0  0  0 13 16 13 14 13  7  9 11 15  9  4 10 24 18

 0  0  0  0  0  0  0  0  0  0  0  0 100  0  0  0  0  2  8 12 11  9 13  5  7  9  9  7  1  4 14 24

 0  0  0  0  0  0  0  0  0  0  0  0  0 100  0  0  0  0  7 11 11  9 11  6  5 12 10  7  1  2 10 28

 0  0  0  0  0  0  0  0  0  0  0  0  0  0 100  0  0  1  2  7 10  5  9  6  5  8  6  5  0  0  3 24

 0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 100  0  0  2  6  9  5  6  7  4  8  7  3  0  0  4 23

 0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 100  0  1  5  7  3  7  6  4  6  5  3  0  0  2 16

29 40 36 34 30 24 19 20 13  5  1  0  2  0  1  0  0 100  0  0  0  1  1  0  0  1  0  0  0  0  0  1

 2  4  7  9 11 13 15 24 30 29 18 13  8  7  2  2  1  0 100  0  0  0  0  0  0  0  0  0 73 32 23  9

 3  3  4  5  6  7  7 11 16 19 17 16 12 11  7  6  5  0  0 100  0 68 45 20 49 34 34 48 25 26 29 24

 0  2  1  1  4  3  3  6 10 12 14 13 11 11 10  9  7  0  0  0 100 31 43 25 36 20 21 34  8 15 25 33

 3  3  3  4  6  7  6 10 14 16 15 14  9  9  5  5  3  1  0 68 31 100  0  0 39 38 38 37 26 28 24  9

 0  2  2  3  3  4  4  7 10 14 13 13 13 11  9  6  7  1  0 45 43  0 100  0 42 14 16 42  7 13 29 41
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Parameter value
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 HWC~
]-3 [10HWC

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

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

 Interference-onlySMEFT

Observed 68% CL
Observed 95% CL

Given high-level of compatibility of cross-section measurements with the SM, 
setting narrow limits around the SM expectation (ci=0)
- SILH: ×2 improvement compared to last ATLAS results with 36 fb-1

- SMEFT/Warsaw: First ATLAS results

• 1d and 2d limits on SILH coefficients

 14

EFT interpretation using the differential cross-sections

• 1d limits on SMEFT coefficients
Fitting one (or two) coeff., with others fixed to zero Interference of dim.6-SM operators studied separately
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Observed 68% CL
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 = 0γc~ = γc
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SM
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SILH
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=0HWc = HBc

 = 0γc~ = γc
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•  Limit on the κc=Yc/YcSM modification of the charm coupling with an indirect approach

•  Modelling the effect of κc on the shape of the pTγγ distribution, assuming:


• Modification on gg→H (from c in the loop) cross section — from RadISH

• Modification on cc/cg→H cross section — from MadGraph

 15

charm-Yukawa interpretation of pTγγ
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2 Theory Predictions66

Only gluon fusion and quark-initiated Higgs production are sensitive to non-SM values for c. The p��T67

spectra for these two production modes therefore have to be generated depending of the value of c in68

question. Leading-order Feynman diagrams for these two production modes are shown in figure 1. The69

remaining production modes that are used in this study, i.e. VBF, VH and ttH, are taken from nominal70

simulated samples as specified in table 1.71

Table 1: Monte Carlo samples used in the analysis.

Process Generator Order of � calculation PDF � ⇥ BR[fb]

ggF P����� NNLOPS N3LO(QCD)+NLO(EW) PDF4LHC15 110.1
VBF P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 8.578
W+H P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 1.902
W�H P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 1.206
qqZH P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 1.725
ggZH P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 0.2782

tt̄H P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 1.150

Figure 1: Feynman diagrams for the Higgs production modes which are sensitive to c: Gluon fusion and quark-initiated
production.

2.1 Gluon Fusion72

2.1.1 Simulation and Corrections73

The predictions used for gluon fusion in this measurement are resummed and matched NNLL + NLO74

cross sections, computed using the RadISH software, and normalized to the inclusive NNLOPS (see table75

1) cross section by scaling with a factor of �NNLOPS
�RadISH, SM

= 1.179 (computed at c = 1, assuming no strong76

dependence of this correction on c).77

For details of the resummation and [4] for the treatment of quark masses, see [5]. The PDF set that was78

used for these predictions is PDF4LHC15_nnlo_mc. The RadISH gluon fusion predictions are given for a79

discrete set of values of c and b, with t set to 1. Predictions for combinations of b and c from the80

following sets are available:81

21st June 2019 – 11:26 4

(NNLL+NLO)

(NLO)

2

II. SETUP

Within the SM the couplings of the physical Higgs bo-
son to the fermions are completely determined in terms
of fermion masses. However, in the presence of NP, a
misalignment between quark-mass and Yukawa matri-
ces is possible. This can be parametrized in a model-
independent way by adding the D = 6 operators

LY
6 = � 1

v2
�
(�†�) q̄LCu�

cuR + (�†�) q̄LCd� dR
�

(1)

to the SM Lagrangian. Here, � denotes the Higgs
doublet, parametrized in unitary gauge as � =
1/

p
2 (0, h+ v)T , where v corresponds to the vacuum ex-

pectation value h�i = 1/
p
2 (0, v)T , h is the physical

Higgs field, and qL, uR, dR are the chiral SM-quark dou-
blet and singlets (all quark fields being 3-vectors in flavor
space). Inserting this decomposition of the Higgs doublet
into (1) as well as into the SM-like (D = 4) Yukawa terms

with couplings Ŷ
u,d

SM, we obtain the fermion masses and
Higgs couplings in the flavor basis

L � �ūL

✓
M̂

u
+

hp
2
Ŷ

u
◆
uR � d̄L

✓
M̂

d
+

hp
2
Ŷ

d
◆
dR ,

(2)

where the Yukawa matrix Ŷ
u,d

= Ŷ
u,d

SM + 3
2 Cu,d and the

mass matrix M̂
u,d

= vp
2
(Ŷ

u,d

SM + 1
2Cu,d) = vp

2
(Ŷ

u,d �
Cu,d) are independent parameters. After performing a
rotation to the mass basis

M̂
u
= Uu

L Mu
diagU

u †
R , Mu

diag= diag(mu,mc,mt) ,

M̂
d
= Ud

L Md
diagU

d †
R , Md

diag= diag(md,ms,mb) ,
(3)

with Ud
L = Uu

L V CKM, we finally arrive at the cou-
plings of the physical quarks to the Higgs boson Y u =

Uu †
L Ŷ

u
Uu

R, Y
d = Ud †

L Ŷ
d
Ud

R, such that

L � �ūL

✓
Mu

diag +
hp
2
Y u

◆
uR + (u ! d). (4)

Here, we concentrate on possible experimental con-
straints on the diagonal entry Yc ⌘ (Y u)22. For conve-
nience, we parametrize the deviations from the SM pre-
diction (Cu = Cd = 0) in terms of q ⌘ Yqv/(

p
2mq) 6=

1, which we assume to be real for simplicity.2

III. THE QCD-YUKAWA pp ! hc PROCESS

We consider the production of a Higgs boson in asso-
ciation with a charm-quark jet. At the LHC, the main

2 In the following we assume the top and bottom Yukawa cou-
plings to be constrained close to their SM values after the high-
luminosity LHC run.

FIG. 1. Diagrams contributing to pp ! hc at leading order.
Black dots correspond to vertices where the Yukawa coupling
Yc enters, while the crossed vertex corresponds to the SM-like
top triangle, integrated out.

partonic process inducing this final state is gc ! hc and
the corresponding Feynman diagrams are presented in
Figure 1. The charm Yukawa coupling, depicted as a
black dot, enters in the first two graphs, that yield a
contribution to the amplitude of O(gsYc). The t�channel
diagram turns out to be largely dominant. The third dia-
gram is formally of higher order in ↵s but is enhanced by
the top-quark Yukawa coupling. Here the crossed vertex
corresponds to the e↵ective ggh interaction obtained by
integrating out the top quark. This diagram yields the
contribution to the amplitude that survives in the limit
c ! 0 (see Table I).
The challenge of the proposed process is to tag the

charm-quark jet, as in h ! cc̄. However, as anticipated,
it o↵ers some interesting virtues compared to h ! cc̄.
In particular, it allows us to fully reconstruct the Higgs
boson in a clean decay channel such as h ! �� or h !
WW , and it requires only a single charm tag. The main
drawback is that the process does not vanish in the limit
Yc ! 0 (contrary to h ! cc̄) requiring a good theoretical
control on the cross section as a function of Yc. While
a full analysis, including the optimization of the event
selection, is beyond the scope of this article, here we just
want to examine the potential of the channel by deriving
the expected number of signal and background events,
based on reasonable e�ciency assumptions.
We have calculated the cross section of pp ! hc at

leading order in QCD (including the e↵ective ggh as dis-
cussed above) at the LHC with 14TeV center-of-mass
energy for various values of c, employing MadGraph5
[10], with a tailored model file and CTEQ6L1 parton
distribution functions. Using mc(mZ) = 0.63GeV and
mh = 125GeV, for c = 1 (i.e., the SM) we obtain a cross
section of �(pp ! hc) = 166.1 fb, employing the default
cuts of pT (j)> 20GeV, ⌘(j)< 5, �R(j1, j2)> 0.4 for all
processes considered here. In the following, we focus on
the h ! �� decay channel, with a branching fraction of
B(h ! ��) = 0.0023. This leads to S0 = 2292 events at
the HL-LHC with 3000 fb�1, taking into account also the
pp ! hc̄ process. Assuming a charm-tagging e�ciency
of ✏c = 0.4 (see e.g. Ref. [9]), we finally end up with
S = ✏cS0 = 917 signal events. The di↵erent number of
events obtained by varying c are reported in Table I.

The main backgrounds to the process studied here
are pp ! hg, with the gluon mis-identified as a charm
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2 Theory Predictions66

Only gluon fusion and quark-initiated Higgs production are sensitive to non-SM values for c. The p��T67

spectra for these two production modes therefore have to be generated depending of the value of c in68

question. Leading-order Feynman diagrams for these two production modes are shown in figure 1. The69

remaining production modes that are used in this study, i.e. VBF, VH and ttH, are taken from nominal70

simulated samples as specified in table 1.71

Table 1: Monte Carlo samples used in the analysis.

Process Generator Order of � calculation PDF � ⇥ BR[fb]

ggF P����� NNLOPS N3LO(QCD)+NLO(EW) PDF4LHC15 110.1
VBF P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 8.578
W+H P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 1.902
W�H P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 1.206
qqZH P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 1.725
ggZH P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 0.2782

tt̄H P�����-B�� NNLO(QCD)+NLO(EW) PDF4LHC15 1.150

Figure 1: Feynman diagrams for the Higgs production modes which are sensitive to c: Gluon fusion and quark-initiated
production.

2.1 Gluon Fusion72

2.1.1 Simulation and Corrections73

The predictions used for gluon fusion in this measurement are resummed and matched NNLL + NLO74

cross sections, computed using the RadISH software, and normalized to the inclusive NNLOPS (see table75

1) cross section by scaling with a factor of �NNLOPS
�RadISH, SM

= 1.179 (computed at c = 1, assuming no strong76

dependence of this correction on c).77

For details of the resummation and [4] for the treatment of quark masses, see [5]. The PDF set that was78

used for these predictions is PDF4LHC15_nnlo_mc. The RadISH gluon fusion predictions are given for a79

discrete set of values of c and b, with t set to 1. Predictions for combinations of b and c from the80

following sets are available:81
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• Indirect approach using the shape of pTγγ (normalization is profiled)

• Limited by statistical uncertainty

• Big loss of sensitivity by not modelling the effect of κc on the branching ratio,  

at the benefit of a simpler model with fewer assumptions
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charm-Yukawa interpretation of pTγγ

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

ATLAS DRAFT

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

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

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

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

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

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

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

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

666

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

Source �c ( +up
�down )

Stat. +10.2
�8.2

Exp. syst. +3.0
�2.8

QCD scale (ggF) +5.5
�5.4

QCD scale (cc̄ ! H) +0.8
�0.2

PDF (ggF) +0.5
�0.5

PDF (cc̄ ! H & bb̄ ! H) +0.3
�0.1

Parton shower (cc̄ ! H) +1.5
�0.7

Total +12.2
�10.3

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

of interpreting the Higgs-boson di�erential cross sections.668
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Summary and conclusions

•  Preliminary measurements and interpretations with the full Run-2 dataset 


•  Integrated fiducial cross section becomes systematically limited; in 
agreement with the SM prediction


•  Model-independent differential fiducial cross-section measurements still 
statistically limited


•  Useful comparisons with higher-order QCD calculations 


•  Interpretations in the context on an effective Lagrangian


•  Now exploiting CP-sensitive variables, i.e. Δφjj


•  Improved limits with SILH basis compared to previous analyses 
thanks to the larger dataset


•  First ATLAS limits on the SMEFT/Warsaw basis


•  Limits on charm Yukawa coupling of the Higgs boson, exploiting only 
shape information for minimal model dependence
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Backup



  I. Nomidis, LPNHE-Paris           ATLAS H→γγ xs measurements and interpretations with the full Run-2 data

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Ra
tio

 to
 S

M

  -2 10× = 1.8 HGC~

-1 10× = - 2.9 HWC~
 = - 13         HBC~

 = - 8.8       HWBC~

0-20
20-30
30-45
45-60
60-80
80-120
120-170
170-220
220-350
= 0
= 1
= 2  3
≥ 0-170
170-500
500-1500

/2
π:-

π- /2:0
π-

/2
π

0:

π
/2:
π 30-55
30-75
75-120
120-350

[GeV] γγ
T
p jetsN [GeV] jjm jjφ∆ [GeV] j1

T
p

 = 13 TeVs, γγ → H Simulation PreliminaryATLAS
 (Interference-only)SMEFT

•  Terms contributing to the cross section in the dim.6 EFT expansion:


•  Useful feature for interpolating between different values of ci


•  Interference term disappears for CP-odd 
operators; tiny modification of all observables 
except Δφjj


•  Results are provided considering both the 
linear and the quadratic terms


•  Useful for considerations of the EFT 
validity regarding its dim.6 truncation
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SMEFT - Warsaw basis

ATLAS DRAFT

7.1 EFT predictions for SILH and SMEFT516

The implementation of the e�ective Langrangian is done in FeynRules [84] for SILH6, and within the517

SMEFT��� package [87] for SMEFT.7 Both implementations are interfaced to M�������5 [80] for event518

generation through the ggF, VBF and VH production modes with leading-order matrix elements. Other519

Higgs production modes, i.e. tt̄H and bb̄H, are assumed to occur as predicted by the SM, given that the520

cross sections measured in this analysis are inclusive in production mode and thus do not o�er enough521

sensitivity to them.522

The ggF Higgs-boson events are generated in M�������5 with up to two additional partons in the final523

state and are merged using the MLM matching scheme [88] to create the full final state. For each production524

mode, the Higgs boson mass is set to 125 GeV and events are generated using the NNPDF2.3LO PDF525

set [37] and the A14 parameter set [31]. The parton-level events are then passed to P�����8 for parton526

showering, hadronisation and underlying event simulation. To apply the fiducial selections, calculate the527

observables and obtain the di�erential predictions, a R���� [89] routine is used on the generated events.528

An assumption is made that higher-order QCD and electroweak corrections are the same for leading-order529

SM predictions and leading-order predictions which contain contributions from new physics. Thus, the530

leading-order di�erential ggF, VBF and VH predictions obtained from M�������5 for non-zero values of531

the Wilson coe�cients are scaled by the ratio of the higher-order default SM di�erential predictions used532

in Section 6.4 over the di�erential predictions from M�������5 with Wilson coe�cients set to zero.533

To obtain cross sections at any given value of the Wilson coe�cients, samples are produced for a limited set534

of values of the coe�cients and then a multidimensional interpolation is performed based on the fact that535

the dependence of the cross-section on a single coe�cient is known a priori. Specifically, the contributions536

to the cross-section can be separated into components for the SM, BSM and SM-BSM interference:537

� / |MEFT |2 = |MSM |2 + |Md6 |2 + 2Re(M⇤
SMMd6) , (2)

where the first term is the dimension-4 squared matrix element for the SM, the second term is the squared538

matrix element for dimension-6 EFT expansion that is of the order c2
i

⇤4 (C
2
i

⇤4 ) and the last term represents539

the interference between the SM amplitude and the dimension-6 operators in the EFT expansion that of540

the order ci
⇤2 (Ci

⇤2 ). For small values of the Wilson coe�cients, ci, the interference term is the dominant541

beyond-the-SM contribution to the cross-section. As it will be demonstrated later in this section, this is542

mostly the case in the SMEFT formulation for which the interference term can be studied separately. The543

predictions for SILH include both the interference and the squared dimension-6 term. Samples of 100,000544

events are generated for each production mode for 11 values of each Wilson coe�cient and used to derive545

the parametrisation. To study two coe�cients simultaneously, the same procedure is repeated for selected546

combinations at 25 points in a 5 ⇥ 5 grid. The parametrisation is obtained by interpolation between the547

produced samples with the P�������� method [90].548

The model implemented in FeynRules fixes the Higgs boson width to be that of the SM, �H = 4.07 MeV [13],549

while for non-zero values of the Wilson coe�cients a change in the partial and total decay width are550

6 The implementation in Ref. [84] involves a redefinition of the gauge boson propagators that results in unphysical amplitudes
unless certain physical constants are also redefined. The original implementation did not include the redefinition of these
physical constants. However, the impact of redefining the physical constants is found to be negligible on the predicted cross
sections across the range of Wilson coe�cients studied.

7 Using U(3)5 flavour symmetry with non-SM CP-violating phases and the ↵ scheme that uses the ↵ew, mZ , GF input parameters
for the electroweak sector.
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7 Using U(3)5 flavour symmetry with non-SM CP-violating phases and the ↵ scheme that uses the ↵ew, mZ , GF input parameters
for the electroweak sector.
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7 Using U(3)5 flavour symmetry with non-SM CP-violating phases and the ↵ scheme that uses the ↵ew, mZ , GF input parameters
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For small values of ci, the interference term 
dominates => σ has linear dependence on ci


