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H→ZZ*→4l Decay Channel
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•Low BR of ~0.01%, but high purity with S/B~2 in the mass peak

•Useful for many Higgs boson properties measurements

•ATLAS and CMS both have ~200 signal events with the full Run-2 sample

Dominant background 
from SM ZZ* 
production is 

estimated using MC in 
CMS; normalization 

constrained in 
sidebands in ATLAS

Background from 
lepton fakes/heavy 

flavor decays 
estimated in data-

driven fashion

arXiv:2004.03969

Background from ttV, 
ttt, ttVV can be 
constrained in 

sidebands or taken 
from MC; VVV from MC

https://arxiv.org/abs/2004.03969
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 4l→ ZZ* →H 
-1 = 13 TeV, 139 fbs

Higgs Boson Mass

•Not a test of the Standard Model

‣mH is a free parameter


• Important ingredient in SM predictions

•Best measured in clean channels like 

H→ZZ*→4l
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certainties amount to 5−10% at NLO typically, while the PDF uncertainties range at the level of 3−5%.
The uncertainties induced by the strong coupling αs turn out to be of O(2−3%) for MSTW2008 PDFs,
while the combined PDF+αs errors range at the level of 4−6%. In Table 17 we show the corresponding
NLO numbers for the CTEQ6.6 PDFs and in Table 18 for the NNPDF2.0 parton densities. The difference
of about 20% between MSTW2008 and CTEQ6L1 at LO reduces to a level of 7−8% at NLO between
MSTW2008 and CTEQ6.6. The PDF and αs uncertainties are larger with CTEQ6.6 PDFs than with
MSTW2008. For the NNPDF2.0 sets we obtain the smallest αs uncertainties. The PDF uncertainties are
comparable to MSTW2008.

Tables 19 and 20 contain our final results for
√
s = 7 TeV and 14 TeV, respectively. We exhibit

the central values and the PDF+αs uncertainties according to the envelope method of the PDF4LHC rec-
ommendation and the relative scale variations using MSTW2008 PDFs (see Table 16 for

√
s = 7 TeV).

The last column displays the total uncertainties by adding the final errors linearly. The cross sections for√
s = 14 TeV are 7−10 times larger than the corresponding values for

√
s = 7 TeV. The total uncer-

tainties amount to typically 10−15% apart from Higgs masses beyond 200 GeV where they are slightly
larger.

In Fig. 13a we show the LO and NLO QCD cross sections for
√
s = 7 TeV for the MSTW2008,

CTEQ6.6, and NNPDF2.0 PDF sets individually. It is clearly visible that the LO and NLO cross sec-
tions nearly coincide for the central scale choice with MSTW2008 PDFs, while there are corrections of
O(20%) with CTEQ6.6 PDFs. At NLO all three PDF sets yield consistent values within less than 10%.

The final total cross sections for pp → ttH + X are shown in Fig. 13b for both energies
√
s =

7, 14 TeV. The error bands include the total uncertainties according to the PDF4LHC recommendation
as given in Tables 19 and 20.
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Fig. 13: (a) Total production cross sections of pp → ttH + X for
√
s = 7 TeV at LO and NLO QCD for the

different sets of PDFs. (b) Total production cross sections of pp → ttH+X for
√
s = 7 TeV and 14 TeV at NLO

QCD including the total uncertainties according to the PDF4LHC recommendation.
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•First mass measurement with full Run-2 dataset

•Recover FSR, constrain m12 to mZ (15% resolution gain)

•Parametrize m4l distribution as double-sided Crystal 

Ball function

‣ Analysis categories based on final state (resolution) and 

BDT (for better S/B)

‣ Background shapes from smoothed MC, ZZ* norm floats

ATLAS-CONF-2020-005

http://cdsweb.cern.ch/record/2714883
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-1 = 13 TeV, 139 fbs

Higgs Boson Mass

•Low stats → gain from using per-event m4l resolution

‣ ~2% better resolution, more robust to fluctuations


•Lepton momentum resolution is non-Gaussian → hard 
to calculate m4l resolution from lepton resolutions

‣ Constraint on m12 introduces correlations between 

leading leptons


•Train a NN to predict m4l resolution using lepton and 
event-level information !4

•First mass measurement with full Run-2 dataset

•Recover FSR, constrain m12 to mZ (15% resolution gain)

•Parametrize m4l distribution as double-sided Crystal 

Ball function

‣ Analysis categories based on final state (resolution) and 

BDT (for better S/B)

‣ Background shapes from smoothed MC, ZZ* norm floats

ATLAS-CONF-2020-005

http://cdsweb.cern.ch/record/2714883
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Higgs Boson Mass

•Final result: mH=124.92±0.21 GeV

‣Compare previous CMS 4l result 125.26±0.21 GeV


•20% improvement on previous ATLAS result

•Still stat-dominated: leading systematic is 

muon momentum scale

!5

Systematic Uncertainty Impact (GeV)

Muon momentum scale +0.08,�0.06

Electron energy scale ±0.02

Muon momentum resolution ±0.01

Muon sagitta bias correction ±0.01

ATLAS-CONF-2020-005

•First mass measurement with full Run-2 dataset

•Recover FSR, constrain m12 to mZ (15% resolution gain)

•Parametrize m4l distribution as double-sided Crystal 

Ball function

‣ Analysis categories based on final state (resolution) and 

BDT (for better S/B)

‣ Background shapes from smoothed MC, ZZ* norm floats

http://cdsweb.cern.ch/record/2714883


Simplified Template Cross Sections

•Target specific phase space regions within production 
modes

‣Using SM as a kinematic template


•Attempt to maximize experimental sensitivity and minimize 
dependence on theoretical uncertainties !6

438 III.2.1. Overview
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Figure 217: Schematic overview of the simplified template cross section framework.

precise form of the categorization. Typically, a subset of the experimental event categories is designed to
enrich events of a given Higgs boson production mode, usually making use of specific event topologies.
This is what eventually allows the splitting of the production modes in the global fit. Another subset of
event categories is defined to increase the sensitivity of the analysis by splitting events according to their
expected signal-to-background ratio and/or invariant-mass resolution. In other cases, the categories are
motivated by the analysis itself, e.g. as a consequence of the backgrounds being estimated specifically
for certain classes of events. While these are some of the primary motivations, in the future the details of
the event categorization can also be optimized in order to give good sensitivity to the simplified template
cross sections to be measured.

The centre of Figure 217 shows a sketch of the simplified template cross sections, which are
determined from the experimental categories by a global fit that combines all decay channels and which
represent the main results of the experimental measurements. They are cross sections per production
mode, split into mutually exclusive kinematic bins for each of the main production modes. In addition,
the different Higgs boson decays are treated by fitting the partial decay widths. Note that as usual,
without additional assumptions on the total width, only ratios of partial widths and ratios of simplified
template cross sections are experimentally accessible.

The measured simplified template cross sections together with the partial decay widths then serve
as input for subsequent interpretations, as illustrated on the right of Figure 217. Such interpretations
could for example be the determination of signal strength modifiers or coupling scale factors  (pro-
viding compatibility with earlier results), EFT coefficients, tests of specific BSM models, and so forth.
For this purpose, the experimental results should quote the full covariance among the different bins. By
aiming to minimize the theory dependence that is folded into the first step of determining the simpli-
fied template cross sections from the event categories, this theory dependence is shifted into the second



Simplified Template Cross Sections

•Reconstructed categories are defined to target STXS bins

‣Both experiments use STXS Stage 1 with some bins merged


✦ ATLAS: Reduced Stage 1.1; CMS: Stage 1.1


•Extract cross-sections in each bin from fit to values in 
categories !7
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precise form of the categorization. Typically, a subset of the experimental event categories is designed to
enrich events of a given Higgs boson production mode, usually making use of specific event topologies.
This is what eventually allows the splitting of the production modes in the global fit. Another subset of
event categories is defined to increase the sensitivity of the analysis by splitting events according to their
expected signal-to-background ratio and/or invariant-mass resolution. In other cases, the categories are
motivated by the analysis itself, e.g. as a consequence of the backgrounds being estimated specifically
for certain classes of events. While these are some of the primary motivations, in the future the details of
the event categorization can also be optimized in order to give good sensitivity to the simplified template
cross sections to be measured.

The centre of Figure 217 shows a sketch of the simplified template cross sections, which are
determined from the experimental categories by a global fit that combines all decay channels and which
represent the main results of the experimental measurements. They are cross sections per production
mode, split into mutually exclusive kinematic bins for each of the main production modes. In addition,
the different Higgs boson decays are treated by fitting the partial decay widths. Note that as usual,
without additional assumptions on the total width, only ratios of partial widths and ratios of simplified
template cross sections are experimentally accessible.

The measured simplified template cross sections together with the partial decay widths then serve
as input for subsequent interpretations, as illustrated on the right of Figure 217. Such interpretations
could for example be the determination of signal strength modifiers or coupling scale factors  (pro-
viding compatibility with earlier results), EFT coefficients, tests of specific BSM models, and so forth.
For this purpose, the experimental results should quote the full covariance among the different bins. By
aiming to minimize the theory dependence that is folded into the first step of determining the simpli-
fied template cross sections from the event categories, this theory dependence is shifted into the second
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to the VH (either ZH or WH) signal topology with two associated jets are

D2jet =

"
1 +

PHJJ(~WH+JJ|m4`)

PVBF(~WH+JJ|m4`)

#�1

D1jet =

"
1 +

PHJ(~WH+J|m4`)R
dhJPVBF(~WH+JJ|m4`)

#�1

DWH =

"
1 +

PHJJ(~WH+JJ|m4`)

PWH(~WH+JJ|m4`)

#�1

DZH =

"
1 +

PHJJ(~WH+JJ|m4`)

PZH(~WH+JJ|m4`)

#�1 (4)

where PVBF, PHJJ, PHJ and PVH are probabilities obtained from the JHUGEN matrix elements
for the VBF process, the ggH (technically combination of gg/qg/qq0 parton collisions) in as-
sociation with two jets (H + 2jets), the ggH in association with one jet (H + 1jet), and the VH
process. The

R
dhJPVBF is the integral of the two-jet VBF matrix element probability discussed

above over the hJ values of the unobserved jet with the constraint that the total transverse mo-
mentum of the H + 2 jets system is zero. The DVH, used for event categorization, is simply
defined as the maximum value of two discriminants DVH = max(DZH,DWH).

6 Event categorization

In order to improve the sensitivity to the H boson production mechanisms, the selected events
are classified into mutually exclusive categories based on the features of the reconstructed ob-
jects associated with the H ! 4` candidates. This categorization is primarily designed to
separate ggH, VBF, VH, and tt̄H. There is little sensitivity to bb̄H or tH, even though these
production modes are also considered explicitly in this analysis. In addition, the events are
further binned within the three main production mechanism (ggH, VBF, and VH) in order to
study deeper structure within each production mechanisms, following the so-called Simplified
Template Cross Sections (STXS) approach [25], which is also outlined in Figs. 1, 2, and 3. In the
following, the Stage 1.1 of the STXS approach is adopted.

6.1 Truth-matched production Bin

STXS [25] were developed to provide finely-grained measurements compared to the signal
strength and multiplicative coupling modifiers. The primary goals of the STXS framework
are to maximize the sensitivity of the measurements while at the same time to minimize their
dependence on the theory predictions. The measured exclusive regions of phase space, called
Bins for simplicity, are specific to the different production modes. To account for the evolving
experimental sensitivity, the STXS Bins are defined in stages (corresponding to increasingly
fine granularity). The Stage 0 Bins correspond to the H boson production mechanisms. The
previous Run 2 analysis has reported the measured Stage 0 results [15]. With the full Run 2
data, the current analysis targets the finer Stage 1.1 Bins. The Bin definitions are shown in
Figs. 1, 2 and 3 and are discussed in more detail below.

The Bins in the STXS approach are identified at generator level using truth information in the
MC simulation. We generally follow the approach described in Figs. 1, 2, and 3, with the tt̄H,
bb̄H and tH events left without further splitting [25]. Bins are identified using the truth H
boson, truth vector bosons, and truth jets, defined as anti-kT jets with a distance parameter of
0.4 and a pT threshold of 30 GeV.

The ggH process is split into events with pH
T > 200 GeV, with the Bin called ggH/pT>200. The

events with zero or one jets are placed into Bins ggH-0j/pT[0,10], ggH-0j/pT[10-200],
ggH-1j/pT[0-60], ggH-1j/pT[60-120], and ggH-1j/pT[120-200]. The events with
two or more jets are split according to the dijet invariant mass as follows. The events with
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Neural Networks

•ATLAS approach uses fewer categories to reduce migrations

•To maintain sensitivity, train NNs to optimize signal efficiency

‣ These are also used to define some category boundaries


•Final fits use NN distributions inside categories !9
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•Results obtained for (Reduced) STXS stage 1.1

‣Different bin mergings used by the 2 experiments

‣Note that ggZH is included in the ATLAS gg2H categories so the 

correspondence is not exact


•Good agreement with the SM observed in all cases !10
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Please see the talk of N. Belyaev on Friday for EFT interpretations!
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H→WW→llνν Decay Channel
Phys. Lett. B 789 (2019) 508 

H→WW*→eνμν candidate and no jets
Longitudinal view Transverse view

Run 302300, Ev. no. 4386907856
Jun. 18, 2016, 13:09:05 CEST
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H→WW→llνν Decay Channel

•Much higher BR than H→ZZ*→4l, ~1%

•More backgrounds, final state not fully reconstructed

•STXS stage 1 difficult but stage 0 (production modes) possible
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WW background 
constrained by CR 

(ATLAS) or as part of 
the final fit (CMS)

Top quark and Drell-
Yan backgrounds 

constrained by CR’s

Non-WW diboson 
backgrounds 

constrained by CRs or 
taken from MC

Misidentified lepton 
backgrounds 

estimated from data

Phys. Lett. B 789 (2019) 508 

https://www.sciencedirect.com/science/article/pii/S0370269318309936


VH→WW: WH
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OSSF pair: less pure, WZ 
background dominates

SSSF pair: higher purity, leading 
background is top/nonprompt

BDTs for S/B rejection (separate in each category)

Phys. Lett. B 789 (2019) 508 

Phys. Lett. B 791 (2019) 96

min(ΔRll) between the oppositely charged leptons

https://www.sciencedirect.com/science/article/pii/S0370269318309936
http://dx.doi.org/10.1016/j.physletb.2018.12.073


VH→WW: ZH, VH(had)
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•ZH is fairly pure but low stats

•Split on # of SFOS lepton pairs

•Counting only

•V→2j has higher BR but much more 
background

•Dominantly from tW and ttbar

•Require central jets for b-tagging

•mll as variable

https://www.sciencedirect.com/science/article/pii/S0370269318309936
http://dx.doi.org/10.1016/j.physletb.2018.12.073
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Couplings Measurements

•Measure cross section 
in production modes

•Mostly good agreement 

with the SM observed
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Summary

•Higgs decays to all-leptonic diboson final states provide 
valuable probes of its properties

•H→ZZ*→4l can be used for precision measurements of the 

Higgs mass

•Both channels are used for couplings measurements in the 

STXS framework

•Final H→ZZ*→4l results using Run-2 data are here

‣ Though still room for more interpretations


•H→WW→llνν not yet exploiting the full dataset

•Stay tuned for more results!
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Backup
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Expected vs. Measured mH Uncertainty
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CMS 4l Mass Measurement

•3D likelihood includes mass, mass resolution, kinematic 
discriminant

‣Discriminant to separate signal and background

‣ Final result uses mass and resolution with Z-mass constraint applied to 

leading lepton pair
!19
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Expected mH uncertainty change +8.1% +11% +21%
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Expected mH uncertainty change — +3.2% +11%
Observed mH (GeV) 125.26±0.21 125.30±0.21 125.34±0.23



STXS Correlation Matrices
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4

Learning on BSM from the Higgs: 
two-step approach

1
Measure all the physical properties of the Higgs,

in production and decay,
with the highest possible accuracy

as much model-independently as possible.

2

Interpret the results of these measurements
in explicit BSM scenarios to learn about the UV.

Eg. SMEFT, SUSY, Composite Higgs, ??, …  
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CP-even interaction between Higgs and gluons

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

ATLAS DRAFT

For a Higgs boson production and decay process via couplings i and f , respectively, coupling strength145

modifiers are defined as146

2i =
�i

�SM
i

and 2f =
�f

�SM
f

, (2)

so that147

� · B (i ! H ! f ) = 2i · 2f · �SM
i ·

�SM
f

�H (2i , 2f )
. (3)

1.3 Tensor structure of Higgs boson couplings in the e�ective field theory approach148

In order to probe the tensor structure of the Higgs boson couplings, the measured simplified template149

cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152

LEFT = LSM +

nd’
i=1

C(d)
i

⇤(d�4) O
(d)
i for d>4. (4)

The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.

Table 1: Summary of EFT operators in the SMEFT formalism that are probed in the H ! Z Z⇤ ! 4` channel. The
corresponding tensor structure in terms of the SM fields from Ref. [26] is shown together with the associated Wilson
coe�cients, a�ected production vertices and the impact on the H ! Z Z⇤ decay vertex.

CP-even CP-odd Impact on
Operator Structure Coe�. Operator Structure Coe�. production decay
OHG HH†GA

µ⌫Gµ⌫A cHG OH eG HH†eGA
µ⌫Gµ⌫A cH eG ggF Yes

OuH HH†q̄pur H̃ cuH OeuH HH†q̄pur H̃ ceuH ttH -
OHW HH†W l

µ⌫Wµ⌫l cHW OHfW HH†eW l
µ⌫Wµ⌫l cHfW VBF, VH Yes

OHB HH†Bµ⌫Bµ⌫ cHB OH eB HH†eBµ⌫Bµ⌫ cH eB VBF, VH Yes
OHWB HH†⌧lW l

µ⌫Bµ⌫ cHWB OHfWB HH†⌧l eW l
µ⌫Bµ⌫ cHfWB VBF, VH Yes
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cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152

LEFT = LSM +
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i for d>4. (4)

The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.

Table 1: Summary of EFT operators in the SMEFT formalism that are probed in the H ! Z Z⇤ ! 4` channel. The
corresponding tensor structure in terms of the SM fields from Ref. [26] is shown together with the associated Wilson
coe�cients, a�ected production vertices and the impact on the H ! Z Z⇤ decay vertex.
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cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152
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The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.
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ggH STXS: split 
by Njets and pTH

• Add new physics to the Lagrangian without committing to specific model

• Wilson coefficients for generic interactions

arXiv:2004.03447

https://arxiv.org/abs/2004.03447
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Effective Field Theory Interpretations

•Add new physics to the Lagrangian without committing to specific model

•Wilson coefficients for generic interactions

•Parametrize predictions in STXS bins


‣ Include effects on cross sections, branching fractions, in some cases 
acceptances !23
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Learning on BSM from the Higgs: 
two-step approach

1
Measure all the physical properties of the Higgs,

in production and decay,
with the highest possible accuracy

as much model-independently as possible.

2

Interpret the results of these measurements
in explicit BSM scenarios to learn about the UV.

Eg. SMEFT, SUSY, Composite Higgs, ??, …  
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16⇡2

3

2

ĉH
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ATLAS DRAFT

For a Higgs boson production and decay process via couplings i and f , respectively, coupling strength145

modifiers are defined as146

2i =
�i

�SM
i

and 2f =
�f

�SM
f

, (2)

so that147

� · B (i ! H ! f ) = 2i · 2f · �SM
i ·

�SM
f

�H (2i , 2f )
. (3)

1.3 Tensor structure of Higgs boson couplings in the e�ective field theory approach148

In order to probe the tensor structure of the Higgs boson couplings, the measured simplified template149

cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152

LEFT = LSM +

nd’
i=1

C(d)
i

⇤(d�4) O
(d)
i for d>4. (4)

The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.

Table 1: Summary of EFT operators in the SMEFT formalism that are probed in the H ! Z Z⇤ ! 4` channel. The
corresponding tensor structure in terms of the SM fields from Ref. [26] is shown together with the associated Wilson
coe�cients, a�ected production vertices and the impact on the H ! Z Z⇤ decay vertex.

CP-even CP-odd Impact on
Operator Structure Coe�. Operator Structure Coe�. production decay
OHG HH†GA

µ⌫Gµ⌫A cHG OH eG HH†eGA
µ⌫Gµ⌫A cH eG ggF Yes

OuH HH†q̄pur H̃ cuH OeuH HH†q̄pur H̃ ceuH ttH -
OHW HH†W l

µ⌫Wµ⌫l cHW OHfW HH†eW l
µ⌫Wµ⌫l cHfW VBF, VH Yes

OHB HH†Bµ⌫Bµ⌫ cHB OH eB HH†eBµ⌫Bµ⌫ cH eB VBF, VH Yes
OHWB HH†⌧lW l

µ⌫Bµ⌫ cHWB OHfWB HH†⌧l eW l
µ⌫Bµ⌫ cHfWB VBF, VH Yes
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For a Higgs boson production and decay process via couplings i and f , respectively, coupling strength145

modifiers are defined as146

2i =
�i
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i

and 2f =
�f

�SM
f

, (2)

so that147

� · B (i ! H ! f ) = 2i · 2f · �SM
i ·

�SM
f

�H (2i , 2f )
. (3)

1.3 Tensor structure of Higgs boson couplings in the e�ective field theory approach148

In order to probe the tensor structure of the Higgs boson couplings, the measured simplified template149

cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152

LEFT = LSM +

nd’
i=1

C(d)
i

⇤(d�4) O
(d)
i for d>4. (4)

The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.

Table 1: Summary of EFT operators in the SMEFT formalism that are probed in the H ! Z Z⇤ ! 4` channel. The
corresponding tensor structure in terms of the SM fields from Ref. [26] is shown together with the associated Wilson
coe�cients, a�ected production vertices and the impact on the H ! Z Z⇤ decay vertex.

CP-even CP-odd Impact on
Operator Structure Coe�. Operator Structure Coe�. production decay
OHG HH†GA

µ⌫Gµ⌫A cHG OH eG HH†eGA
µ⌫Gµ⌫A cH eG ggF Yes

OuH HH†q̄pur H̃ cuH OeuH HH†q̄pur H̃ ceuH ttH -
OHW HH†W l

µ⌫Wµ⌫l cHW OHfW HH†eW l
µ⌫Wµ⌫l cHfW VBF, VH Yes

OHB HH†Bµ⌫Bµ⌫ cHB OH eB HH†eBµ⌫Bµ⌫ cH eB VBF, VH Yes
OHWB HH†⌧lW l

µ⌫Bµ⌫ cHWB OHfWB HH†⌧l eW l
µ⌫Bµ⌫ cHfWB VBF, VH Yes
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For a Higgs boson production and decay process via couplings i and f , respectively, coupling strength145

modifiers are defined as146

2i =
�i

�SM
i

and 2f =
�f

�SM
f

, (2)

so that147

� · B (i ! H ! f ) = 2i · 2f · �SM
i ·

�SM
f

�H (2i , 2f )
. (3)

1.3 Tensor structure of Higgs boson couplings in the e�ective field theory approach148

In order to probe the tensor structure of the Higgs boson couplings, the measured simplified template149

cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152

LEFT = LSM +

nd’
i=1

C(d)
i

⇤(d�4) O
(d)
i for d>4. (4)

The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.

Table 1: Summary of EFT operators in the SMEFT formalism that are probed in the H ! Z Z⇤ ! 4` channel. The
corresponding tensor structure in terms of the SM fields from Ref. [26] is shown together with the associated Wilson
coe�cients, a�ected production vertices and the impact on the H ! Z Z⇤ decay vertex.

CP-even CP-odd Impact on
Operator Structure Coe�. Operator Structure Coe�. production decay
OHG HH†GA

µ⌫Gµ⌫A cHG OH eG HH†eGA
µ⌫Gµ⌫A cH eG ggF Yes

OuH HH†q̄pur H̃ cuH OeuH HH†q̄pur H̃ ceuH ttH -
OHW HH†W l

µ⌫Wµ⌫l cHW OHfW HH†eW l
µ⌫Wµ⌫l cHfW VBF, VH Yes

OHB HH†Bµ⌫Bµ⌫ cHB OH eB HH†eBµ⌫Bµ⌫ cH eB VBF, VH Yes
OHWB HH†⌧lW l

µ⌫Bµ⌫ cHWB OHfWB HH†⌧l eW l
µ⌫Bµ⌫ cHfWB VBF, VH Yes
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Effective Field Theory Interpretations

!24

4

Learning on BSM from the Higgs: 
two-step approach

1
Measure all the physical properties of the Higgs,

in production and decay,
with the highest possible accuracy

as much model-independently as possible.

2

Interpret the results of these measurements
in explicit BSM scenarios to learn about the UV.

Eg. SMEFT, SUSY, Composite Higgs, ??, …  
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CP-even interaction between Higgs and gluons
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ATLAS DRAFT

For a Higgs boson production and decay process via couplings i and f , respectively, coupling strength145

modifiers are defined as146

2i =
�i

�SM
i

and 2f =
�f

�SM
f

, (2)

so that147

� · B (i ! H ! f ) = 2i · 2f · �SM
i ·

�SM
f

�H (2i , 2f )
. (3)

1.3 Tensor structure of Higgs boson couplings in the e�ective field theory approach148

In order to probe the tensor structure of the Higgs boson couplings, the measured simplified template149

cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152

LEFT = LSM +

nd’
i=1

C(d)
i

⇤(d�4) O
(d)
i for d>4. (4)

The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.

Table 1: Summary of EFT operators in the SMEFT formalism that are probed in the H ! Z Z⇤ ! 4` channel. The
corresponding tensor structure in terms of the SM fields from Ref. [26] is shown together with the associated Wilson
coe�cients, a�ected production vertices and the impact on the H ! Z Z⇤ decay vertex.

CP-even CP-odd Impact on
Operator Structure Coe�. Operator Structure Coe�. production decay
OHG HH†GA

µ⌫Gµ⌫A cHG OH eG HH†eGA
µ⌫Gµ⌫A cH eG ggF Yes

OuH HH†q̄pur H̃ cuH OeuH HH†q̄pur H̃ ceuH ttH -
OHW HH†W l

µ⌫Wµ⌫l cHW OHfW HH†eW l
µ⌫Wµ⌫l cHfW VBF, VH Yes

OHB HH†Bµ⌫Bµ⌫ cHB OH eB HH†eBµ⌫Bµ⌫ cH eB VBF, VH Yes
OHWB HH†⌧lW l

µ⌫Bµ⌫ cHWB OHfWB HH†⌧l eW l
µ⌫Bµ⌫ cHfWB VBF, VH Yes
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For a Higgs boson production and decay process via couplings i and f , respectively, coupling strength145

modifiers are defined as146

2i =
�i

�SM
i

and 2f =
�f

�SM
f

, (2)

so that147

� · B (i ! H ! f ) = 2i · 2f · �SM
i ·

�SM
f

�H (2i , 2f )
. (3)

1.3 Tensor structure of Higgs boson couplings in the e�ective field theory approach148

In order to probe the tensor structure of the Higgs boson couplings, the measured simplified template149

cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152

LEFT = LSM +

nd’
i=1

C(d)
i

⇤(d�4) O
(d)
i for d>4. (4)

The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.

Table 1: Summary of EFT operators in the SMEFT formalism that are probed in the H ! Z Z⇤ ! 4` channel. The
corresponding tensor structure in terms of the SM fields from Ref. [26] is shown together with the associated Wilson
coe�cients, a�ected production vertices and the impact on the H ! Z Z⇤ decay vertex.

CP-even CP-odd Impact on
Operator Structure Coe�. Operator Structure Coe�. production decay
OHG HH†GA

µ⌫Gµ⌫A cHG OH eG HH†eGA
µ⌫Gµ⌫A cH eG ggF Yes

OuH HH†q̄pur H̃ cuH OeuH HH†q̄pur H̃ ceuH ttH -
OHW HH†W l

µ⌫Wµ⌫l cHW OHfW HH†eW l
µ⌫Wµ⌫l cHfW VBF, VH Yes

OHB HH†Bµ⌫Bµ⌫ cHB OH eB HH†eBµ⌫Bµ⌫ cH eB VBF, VH Yes
OHWB HH†⌧lW l

µ⌫Bµ⌫ cHWB OHfWB HH†⌧l eW l
µ⌫Bµ⌫ cHfWB VBF, VH Yes
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For a Higgs boson production and decay process via couplings i and f , respectively, coupling strength145

modifiers are defined as146

2i =
�i

�SM
i

and 2f =
�f

�SM
f

, (2)

so that147

� · B (i ! H ! f ) = 2i · 2f · �SM
i ·

�SM
f

�H (2i , 2f )
. (3)

1.3 Tensor structure of Higgs boson couplings in the e�ective field theory approach148

In order to probe the tensor structure of the Higgs boson couplings, the measured simplified template149

cross sections are interpreted using an e�ective field theory (EFT) approach. In this approach, the BSM150

interactions are introduced via additional higher-dimensional operators Od
i of dimension d, supplementing151

the SM Lagrangian LSM,152

LEFT = LSM +

nd’
i=1

C(d)
i

⇤(d�4) O
(d)
i for d>4. (4)

The parameters C(d)
i specify the strength of new interactions and are known as the Wilson coe�cients153

and ⇤ is the scale of new physics. Only dimension-six operators are considered for this paper, since the154

dimension-five and dimension-seven operators violate lepton and baryon number conservation while the155

impact of higher-dimension operators is expected to be suppressed. For energies less than the scale of new156

physics, only the ratio ci = C(d=6)
i /⇤2 is accessible in data and will be used in the following.157

Constraints are set on the Wilson coe�cients defined within the Standard Model E�ective Field Theory158

(SMEFT) formalism [26] in the Warsaw basis [27]. The measurements in the H ! Z Z⇤ ! 4` channel159

do not provide sensitivity for simultaneous constraints on the full set of these coe�cients. To reduce160

the number of relevant parameters, a minimal flavour violating scenario is assumed and only operators161

a�ecting the Higgs boson cross-section at tree level are considered. Operators a�ecting only the double162

Higgs boson production and those a�ecting the Higgs boson couplings to down-type quarks and leptons163

are neglected due to limited sensitivity. The impact of these operators on the total Higgs boson decay width164

is also neglected. The remaining ten operators (see Table 1) comprise five CP-even and five CP-odd ones.

Table 1: Summary of EFT operators in the SMEFT formalism that are probed in the H ! Z Z⇤ ! 4` channel. The
corresponding tensor structure in terms of the SM fields from Ref. [26] is shown together with the associated Wilson
coe�cients, a�ected production vertices and the impact on the H ! Z Z⇤ decay vertex.

CP-even CP-odd Impact on
Operator Structure Coe�. Operator Structure Coe�. production decay
OHG HH†GA

µ⌫Gµ⌫A cHG OH eG HH†eGA
µ⌫Gµ⌫A cH eG ggF Yes

OuH HH†q̄pur H̃ cuH OeuH HH†q̄pur H̃ ceuH ttH -
OHW HH†W l

µ⌫Wµ⌫l cHW OHfW HH†eW l
µ⌫Wµ⌫l cHfW VBF, VH Yes

OHB HH†Bµ⌫Bµ⌫ cHB OH eB HH†eBµ⌫Bµ⌫ cH eB VBF, VH Yes
OHWB HH†⌧lW l

µ⌫Bµ⌫ cHWB OHfWB HH†⌧l eW l
µ⌫Bµ⌫ cHfWB VBF, VH Yes
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CP-Odd Wilson Coefficients

!25

2− 0 2 4 6 8
Parameter Value

Hu~
c

G
~

H
c

BW
~

H
c

B
~

H
c

W
~

H
c

ATLAS

 4l→ ZZ* →H 
-1 = 13 TeV, 139 fbs

SMEFT

Best-fit 95% CL

 21± [-50,50]-2 10⋅ 5 ⋅

0.000 [-0.029,0.029]2 10⋅

0.0 [-1.0,1.0]

0.00 [-0.56,0.56]

 0.6± [-2.4,2.4]

Best-fit 95% CL

 21± [-50,50]

0.000 [-0.029,0.029]

0.0 [-1.0,1.0]

0.00 [-0.56,0.56]

 0.6± [-2.4,2.4]

Expected: Stat+Sys

Observed: Stat+Sys

Observed: Stat-Only[   ]


