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The Higgs potential

• Responsible of the EWK symmetry breaking 
and W/Z masses 

• Characterizing the Higgs potential means 
measuring the H boson mass (μ) and the 
strength of its self coupling (λ) 

•  and top mass determine the stability     
of our vacuum  
V(Φ)

2

ℒSM = ⋯+ |DμΦ |2 + ψiyijψjΦ − V(Φ)

V(Φ) = −μ2Φ†Φ+λ(Φ†Φ)2

Gauge	interactions Yukawa	interactions	
(fermion	masses	=>	

proton,	neutron	masses)

Higgs	potential



Higgs mass and width
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V(Φ) = −μ2Φ†Φ + λ(Φ†Φ)2

= V0+
1
2

m2
HH2 + λvH3 +

1
4

λH4
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Higgs mass 
• Measurement done in H→4ℓ and H→γγ only 

• precision dominated by statistics and experimental systematics
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H → ZZ* → 4ℓ

precision on mH: 140 MeV ≈ 0.1%
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Higgs boson width
•  (corresponding to a lifetime ) 

too small to be measured directly: 

• direct measurement: ΓH<1.1	GeV from on-shell Higgs, limited by 
detector resolution smearing the Breit-Wigner lineshape  

• Higgs width can be extracted from the ratio of              on-shell 
and off-shell yields 

• model assumption: 

ΓSM
H = 4.1 MeV τH ∼ 1.6 × 10−22s

μH
off−shell ≡ μH

on−shell

5

σoff−shell
vv→H→4ℓ

σon−shell
vv→H→4ℓ

∝ ΓH

Phys. Lett. B 786 (2018) 223 

H → ZZ* → 4ℓ, H → 2ℓ2ν

ΓH < 14.4 MeV
2015 and 2016 data

vv = gg, WW, ZZ, Zγ, γγ
0. Methods 19
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Figure S3: Shown are the m2`2n (left) and m4` (right) distributions for the gg ! 2`2n and EW
ZZ(! 4`) + qq processes, respectively. These processes involve the SM H boson and inter-
fering continuum ZZ production contributions. The color code and the coupling constraints
are indicated on the legends below. The dashed green histogram is the direct sum of the H
boson signal and continuum ZZ contributions without their destructive interference, whereas
the solid magenta histogram is the amplitude-level sum with the interference included. The
distributions are shown after parton shower and inclusively in the number of generator-level
jets.

q

q̄
0

V

Z

qq̄
0 ! V Z:

Figure S4: The Feynman diagrams contributing to the qq ! ZZ and qq 0
! WZ processes

at tree level are represented with a single diagram. These two processes constitute the major
irreducible, noninterfering background contributions in the off-shell region.

non-resonant ZZ interferes destructively with off-shell H

https://www.sciencedirect.com/science/article/pii/S0370269318307494
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Higgs width measurement
• Combination of  analysis of full Run2 data 

-  analysis on full Run2, using on-shell + off-shell events 

-  analysis on full Run2, with  final states and categorized in 
jet multiplicity

H → 4ℓ, H → 2ℓ2ν
H → 4ℓ
H → 2ℓ2ν ℓ = e, μ
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first	evidence for off-shell 
Higgs production at 3.6σ

ΓH = 3.2 +2.4
−1.7 MeV

: most precise measurement up to nowσ(ΓH) ∼ 50 %

CMS-PAS-HIG-21-013

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-013/index.html
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VBF H invisible→
• Part of Higgs width could be due to decays to not detectable particles: 

searches can be interpreted within Dark Matter models 

• CMS: Search of 2 forward jets with high  and high  + MET 

- Dominant backgrounds:  and  +jets 

- systematically dominated by V+jets modelling 

• ATLAS: VBF combined to VH production 

-

Mjj |Δηjj |

W → ℓν Z → νν

V = Z → ℓℓ; V = (W, Z) → had

7
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Figure 1: Leading-order Feynman diagrams for the production of a Higgs boson in association
with two jets from VBFH (left), and representative leading-order Feynman diagrams for the
production of a Z boson in association with two jets either through VBF production (middle)
or strong production (right). Diagrams for the production of a W boson in association with two
jets are similar.

event reconstruction is detailed in Section 3, followed by the analysis strategy in Section 4.
Section 5 describes the systematic uncertainties and finally the results are presented in section 6,
with a conclusion in Section 7.

2 Data and simulation samples
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward steel
and quartz fiber calorimeters (HF) extend the h coverage provided by the barrel and endcap de-
tectors. Muons are detected in gas-ionisation chambers embedded in the steel flux-return yoke
outside the solenoid. A detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in Ref. [20].

Events of interest are selected using a two-tier trigger system [21]. The first level (L1) is com-
posed of custom hardware processors, which use information from the calorimeters and muon
detectors to select events at a rate of about 100 kHz. The second level, known as high-level trig-
ger (HLT), is a software-based system which runs a version of the CMS full event reconstruction
optimized for fast processing, reducing the event rate to about 1 kHz.

At the end of 2016, the first part of the CMS detector upgrade program (phase 1) was under-
taken with the replacement of the inner tracking pixel detector, and the replacement of the L1
trigger system. As also found in the 2016 data [15], partial mistiming of signals in the forward
region of the ECAL endcaps (2.5 < |h| < 3.0) led to a large reduction in the L1 trigger efficiency
in 2017 [22]. In the following, any trigger efficiency is given with this effect factored out. A sep-
arate correction was determined using an unbiased data sample, and applied on MC events to
reproduce the loss of efficiency. This issue was fixed before the 2018 data taking period.

The signal and background processes are simulated using similar Monte Carlo (MC) generator
configurations as described in detail in Ref. [15], and summarised below. Separate independent
samples were produced for each year of data taking. The same generator settings were used
for the 2017 and 2018 samples.

The Higgs boson signal events, produced through ggH, VH, ttH and VBFH, are generated
with POWHEG v2.0 [23–27] at next-to-leading order (NLO) approximation in perturbative quan-
tum chromodynamics (pQCD). The signal yields are normalised to the inclusive Higgs boson
production cross sections, taken from the recommendations of Ref. [28], calculated at approxi-

1000 1500 2000 2500 3000 3500 4000 4500 5000
jj_mass

210

310

410

Ev
en

ts
 / 

50
0 

G
eV Data Uncertainty

 strongW  EWKW

 strongZ  EWKZ

Other Multijet

 = 0.13)invB(H

ATLAS  Preliminary
-1 = 13 TeV, 139 fbs

ATLAS  Preliminary
-1 = 13 TeV, 139 fbs

Post-fit

1000 1500 2000 2500 3000 3500 4000 4500 5000
 [GeV]jjm

0.8
0.9

1
1.1
1.2

Ra
tio

Data/Bkg Uncertainty Pre-/Post-fit
1+Signal/Bkg 1+Multijet/Bkg

ATLAS-CONF-2020-008 
HIGG-2018-26 
CMS-PAS-HIG-20-003 
ATLAS-CONF-2020-052

ATLAS:  
CMS: 

BR(H → inv) < 0.11 (exp 0.11)
BR(H → inv) < 0.17 (exp 0.11)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
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STXS measurements overview
• Approach devoted to minimize simultaneously experimental and 

theoretical uncertainties on Higgs cross section measurements 

• Split Higgs production modes in gen-level bins in pT, N(jets), mjj  

- Assume within each bin acceptance is only weakly depending on SM 
kinematics, used in STXS measurements as proxy for true properties 

- Allow re-interpretation of results in different models  

- Look for BSM in extreme bins of the phase space

9
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STXS in H → γγ
•  channel well suited for STXS measurement: 

- high yields, efficiency and S/B across whole phase space 

- robust background estimation from m(γγ) 

- 	reaching	first	ttH	differential	measurements

H → γγ
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STXS H → ZZ* → 4ℓ
• Very clean final state, but low event yield: 

- group STXS bins to improve sensitivity, 
especially VH and ttH processes 

- use DNN (ATLAS) or matrix element (CMS) 
to define categories

11
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Fig. 14 The measured cross sections (σB)obs and the SM predictions
(σB)SM for H → ZZ decay and the merged stage 1.2 STXS production
bins at mH = 125.38 GeV. Points with error bars represent measured
values and black dashed lines with gray uncertainty bands represent

the SM predictions. In the bottom panel ratios of the measured cross
sections and the SM predictions are shown with corresponding uncer-
tainties for each of the bins

Table 5 Best fit values and ±1 standard deviation uncertainties for the
measured cross sections (σB)obs, the SM predictions (σB)SM, and their
ratio for the stage 0 STXS production bins at mH = 125.38 GeV for
H → ZZ decay

(σB)obs (fb) (σB)SM (fb) (σB)obs/(σB)SM

ttH 3+16
−3 15.9 ± 1.4 0.16+0.98

−0.16

VH-lep 41+52
−35 25.9 ± 0.8 1.56+1.99

−1.34

qqH 61+53
−44 122 ± 6 0.50+0.44

−0.36

ggH 1214+135
−125 1192 ± 95 1.02+0.11

−0.10

Inclusive 1318+130
−122 1369 ± 164 0.96+0.10

−0.09

tainties that enter its measurement are beyond the scope of
this analysis.

Two signal strength modifiers, µf ≡ µggH, t t H,bb H,tH and
µV ≡ µVBF,VH, are introduced for the fermion and vector-
boson induced contributions to the expected SM cross sec-

tion. A two-parameter fit is performed simultaneously to
the events reconstructed in all categories, leading to µf =
0.96+0.14

−0.12 and µV = 0.82+0.36
−0.31. The expected values for

mH = 125.38 GeV are µf = 1.00+0.15
−0.13 and µV = 1.00+0.39

−0.33.
The 68 and 95% CL contours in the (µf , µV) plane are shown
in Fig. 12 and the SM predictions lie within the 68% CL
regions of this measurement.

10.2 Simplified template cross section

The results for the H boson product of cross section times
branching fraction for H → ZZ decay, (σB)obs, and com-
parisons with the SM expectation, (σB)SM, for the stages of
production bins defined in Sect. 6.1, are shown in Fig. 13
for the stage 0 and in Fig. 14 for the merged stage 1.2. The
corresponding numerical values are given in Tables 5 and 6 .

As discussed, the set of THU uncertainties described in
Sect. 9.2 is not considered for the STXS measurements: THU
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Fig. 4 Four-lepton mass distribution, m4!, up to 500 GeV with 4 GeV
bin size (upper) and in the low-mass range with 2 GeV bin size (lower).
Points with error bars represent the data and stacked histograms repre-
sent the expected distributions for the signal and background processes.
The SM Higgs boson signal with mH = 125 GeV, denoted as H(125),
the ZZ and rare electroweak backgrounds are normalized to the SM
expectation, the Z+X background to the estimation from data

9.1 Experimental uncertainties

The integrated luminosities of the 2016, 2017, and 2018 data-
taking periods are individually known with uncertainties in
the 2.3–2.5% range [41–43], while the total Run 2 (2016–
2018) integrated luminosity has an uncertainty of 1.8%,
the improvement in precision reflecting the (uncorrelated)
time evolution of some systematic effects. The experimental
uncertainty on the integrated luminosity measurement affects
all final states, both signal and background. Another exper-
imental uncertainty common to all final states is the uncer-
tainty in the lepton reconstruction and selection efficiency.
Here selection efficiency includes all the steps from trigger
to impact parameter significance and finally identification
and isolation requirements. The uncertainty ranges from 1

Fig. 5 Four-lepton mass distribution in three final states: 4e upper),
4µ (center), and 2e2µ (lower). Points with error bars represent the
data and stacked histograms represent the expected distributions for
the signal and background processes. The SM Higgs boson signal with
mH = 125 GeV, denoted as H(125), the ZZ and rare electroweak back-
grounds are normalized to the SM expectation, the Z+X background to
the estimation from data
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Differential and fiducial σ
• Combination of  and 

 by ATLAS for differential  
and inclusive cross-sections with full Run 2

H → γγ
H → ZZ* → 4ℓ
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Figure 3: (a) Di�erential ?? ! � + - cross-section, along with (b) the corresponding correlation matrix, as a
function of Higgs boson transverse momentum ?

�
T in the full phase space, compared to Standard Model predictions.

The � ! WW (red inverted triangles), � ! //
⇤ ! 4✓ (blue triangles) and combined (black squares) measurements

are shown. The dotted red line corresponds to the central value of the NNLOPS ggF prediction. The error bars on
the data points show the total uncertainties, while the systematic uncertainties are indicated by the boxes. The bottom
panel of (a) shows the ratio of the measured cross-sections to ggF predictions by NNLOPS, MG5 F�F�, R��B��2,
SCET��� and R���SH, where NNLOPS, MG5 F�F� and R��B��2 are normalised to the fixed order N3LO total
cross-section with the listed  -factors. MC-based predictions for all other Higgs boson production modes -� are
normalised to the SM predictions. The shaded bands on the ratios indicate the relative impact of the PDF and scale
systematic uncertainties on the prediction. These include the uncertainties related to the -� production modes. The
grey area represents the total uncertainty of the measurement. For better visibility, all bins are shown as having the
same size, independent of their numerical width.

Table 5: ?-values in percent quantifying the compatibility of the measured cross sections with various SM ggF
predictions. All predicted distributions from NNLOPS and M��G����5_�MC@NLO-FxFx, while only ?�T and
|H� | predicted distributions from R��B��2, are scaled overall to the fixed order N3LO total cross-section. All other
predictions are normalised to their respective total cross-section. The non-ggF predictions are added, as discussed in
Section 2. The uncertainties in the theoretical predictions are ignored when calculating the ?-values.

SM prediction ?
�
T |H� | #jets ?

lead. jet
T

NNLOPS 78% 98% 92% 29%

MG5 F�F� 71% 98% 84% 20%

R��B��2 24% 93% - 28%

SCET��� 75% 98% - -

R���SH 3.1% - - 12%

G�S�� - - 84% 9.1%

S�����+MCFM+O���L���� - - 2.1% 0.4%

STWZ,BLPTW - - 89% -
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Figure 4: (a) Di�erential ?? ! �+- cross-section for the rapidity, |H� |, of the Higgs boson and (b) the corresponding
correlation matrix between the measured cross-sections. The measured cross-sections are compared with ggF
predictions by NNLOPS, MG5 F�F�, R��B��2 and SCET���, where NNLOPS, MG5 F�F� and R��B��2 are
normalised to the fixed order N3LO total cross-section with the listed  -factors. MC-based predictions for all other
Higgs boson production modes -� are normalised to the SM predictions.
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Figure 5: (a) ?? ! � + - cross-sections for the number of jets in the event, #jets, and (b) the corresponding
correlation matrix between the measured cross-sections. The measured cross-sections are compared with ggF
predictions by NNLOPS, MG5 F�F�, STWZ,BLPTW, G�S�� and S�����, where NNLOPS and MG5 F�F� are
normalised to the fixed order N3LO total cross-section with the listed  -factors. MC-based predictions for all other
Higgs boson production modes -� are normalised to the SM predictions.
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Figure 2: Total ?? ! � + - cross-sections measured at center-of-mass energies of 7, 8, [77] and 13 TeV, compared
to Standard Model predictions taken from Ref. [34]. The � ! WW channel , � ! //

⇤ ! 4✓ channel and combined
measurements are shown. The individual channel results are o�set along the x-axis for display purposes. The
black box on the combined measurements represent the systematic uncertainty, while the error bars show the total
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dark grey band indicates the total uncertainty on the prediction. The total theoretical uncertainty corresponds to the
higher-order-correction uncertainty summed in quadrature with the sum of the PDF and U( uncertainties, and is
partially correlated across values of the center-of-mass energy.

Table 4: ?-values in percent quantifying the compatibility of the individual � ! //
⇤ ! 4✓ and � ! WW results for

the combined total and di�erential cross-sections.

Compatibility

Inclusive 52%

?
�
T 20%

|H� | 23%

#jets 80%

?
lead. jet
T 47%
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−3.8 pb
σSM

13 TeV = 55.6 ± 2.5 pb
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STXS 3 rd generation: H → ττ
• Bring sensitivity to region of the phase space less 

well measured by  and , i.e. ggF 
high pTH and especially VBF:  

- gluon-fusion: Higgs pT > 300 GeV 

- VBF: mjj > 700 GeV

H → γγ H → 4ℓ
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Figure 15: (a) The measured values for �
H
⇥ B(H ! ⌧⌧) relative to the SM expectations in the nine fiducial volumes

defined in the STXS measurement. Also shown is the result from the combined fit. The total ± 1� uncertainty in the
measurement is indicated by the black error bars, with the individual contribution from the statistical uncertainty in
blue. (b) The measured correlations between each pair parameter of interest in the STXS measurement. The spades
symbol (�) indicates that the criteria on m

j j
only apply to events with at least two reconstructed jets.
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e
⌧µ

Figure 9: Distribution of the reconstructed di-⌧ invariant mass (mMMC
⌧⌧ ) for all events in the (a) ⌧had⌧had, (b) ⌧lep⌧had

and (c) ⌧
e
⌧µ signal regions. The bottom panel shows the di�erences between observed data events and expected

background events (black points). The observed Higgs-boson signal, corresponding to (� ⇥ B)/(� ⇥ B)SM = 0.92,
is shown with a filled red histogram. Entries with values above the x-axis range are shown in the last bin of each
distributions. The prediction for each sample is determined from the likelihood fit performed to measure the total
pp ! H ! ⌧⌧ cross-section.
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Figure 10: Distribution of the reconstructed di-⌧ invariant mass (mMMC
⌧⌧ ) for all events in the (a) boost, (b) VBF_1

and (c) VH_1 signal regions. The bottom panel shows the di�erences between observed data events and expected
background events (black points). The observed Higgs-boson signal, corresponding to (� ⇥ B)/(� ⇥ B)SM = 0.92,
is shown with a filled red histogram. Entries with values above the x-axis range are shown in the last bin of each
distributions. The prediction for each sample is determined from the likelihood fit performed to measure the total
pp ! H ! ⌧⌧ cross-section.
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pH
T > 100 GeV

ATLAS-CONF-2021-044 
CMS-PAS-HIG-19-010

https://cds.cern.ch/record/2779179
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html
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3 rd generation: H → bb̄
• Challenging channel,  can 

measure highly boosted regime 
• boosted jet analysis targets pT(V)>250 GeV

VH, H → bb̄

14

VH, H ĺ bb

Two analyses on full run 2 dataset
� Traditional analysis with anti-kT(R=0.4) 

jets, using MVA methods.
Ϋ Similar strategy as H ĺ bb observation paper 

but with improvements in objects, MVA, 
control regions, background modelling ǥ

� Boosted analysis targeting pT(V) > 250 GeV
Ϋ use large radius jets (anti-kT, R=1.0) with 

substructure info, and track jets for b-tag
Ϋ cut-based categorization, with groomed jet 

mass as final discriminant

QCD@LHC-X 2020, 2 Sept 2020Giovanni Petrucciani (CERN) 18April 2020 arXiv:2007.02873 (sub. to EPJC)
arXiv:2008.02508 (sub. to PLB)
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STXS in H → bb̄
• Observed WH and ZH. Differential cross-sections analysis sensitive to 

pT>250 GeV, probing pT>400 GeV 

- measurements beginning to be systematically limited
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Figure 6: Measured +�, + ! leptons cross-sections times the � ! 11̄ branching fraction in the reduced 1.2 STXS
scheme.
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5.3 Constraints on e�ective interactions

The STXS results presented in the previous section are interpreted in an e�ective Lagrangian approach to
place constraints on potential modifications of the strength and tensor structure of the+�,� ! 11̄ process.
Extra terms are added to the SM Lagrangian (LSM) to obtain an e�ective Lagrangian (LSMEFT) following
the approach in Refs. [27–29]:

LSMEFT = LSM +

’
8

2
⇡
8

⇤⇡�2
O

⇡
8 , (1)
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resolved+boosted  combinationVH, H → bb̄

https://cds.cern.ch/record/2782535/files/ATLAS-CONF-2021-051.pd
http://dx.doi.org/10.1007/JHEP12(2020)085


E. Di Marco Lepton Photon 202110/01/2022

Coupling to 2 nd generation 
• Rare decay: , with large non-resonant 

background from  

- all production modes used: ggF, VBF, VH, ttH, categorized to improve sensitivity

BR(H → μμ) ≈ 2 × 10−4

DY → μμ

16

The ATLAS Collaboration Physics Letters B 812 (2021) 135980

Fig. 1. Dimuon invariant mass spectrum in all the analysis categories observed in data. In (a) the unweighted sum of all events and signal plus background probability density 
functions (pdf) are shown, while in (b) events and pdfs are weighted by ln(1 + S/B), where S are the observed signal yields and B are the background yields derived from 
the fit to data in the mµµ = 120–130 GeV window. The background and signal pdf are derived from the fit to the data, with S normalised to its best-fit value. The lower 
panels compare the fitted signal pdf, normalised to the signal best-fit value, to the difference between the data and the background model. The error bars represent the data 
statistical uncertainties.

Table 3
Number of events observed in the mµµ = 120–130 GeV window in data, the number of signal events expected in the SM (SSM), and events 
from signal (S = µ × SSM) and background (B) as derived from the combined fit to the data with a signal strength parameter of µ = 1.2. 
The uncertainties in SSM correspond to the systematic uncertainty of the SM prediction, the uncertainty in S is given by that in µ, and the 
uncertainty in B is given by the sum in quadrature of the statistical uncertainty from the fit and the SS uncertainty. In addition the observed 
number of signal events divided by the square root of the number of background events (S/

√
B) and the signal-to-background ratio (S/B) in % 

for each of the 20 categories described in the text are displayed. In the last column, the width of the Gaussian component of the double-sided 
Crystal Ball function used in the signal modelling (σ , as described in Section 6) is reported.

Category Data SSM S B S/
√

B S/B [%] σ [GeV]
VBF Very High 15 2.81 ± 0.27 3.3 ± 1.7 14.5 ± 2.1 0.86 22.6 3.0
VBF High 39 3.46 ± 0.36 4.0 ± 2.1 32.5 ± 2.9 0.71 12.4 3.0
VBF Medium 112 4.8 ± 0.5 5.6 ± 2.8 85 ± 4 0.61 6.6 2.9
VBF Low 284 7.5 ± 0.9 9 ± 4 273 ± 8 0.53 3.2 3.0
2-jet Very High 1030 17.6 ± 3.3 21 ± 10 1024 ± 22 0.63 2.0 3.1
2-jet High 5433 50 ± 8 58 ± 30 5440 ± 50 0.77 1.0 2.9
2-jet Medium 18 311 79 ± 15 90 ± 50 18 320 ± 90 0.66 0.5 2.9
2-jet Low 36 409 63 ± 17 70 ± 40 36 340 ± 140 0.37 0.2 2.9
1-jet Very High 1097 16.5 ± 2.4 19 ± 10 1071 ± 22 0.59 1.8 2.9
1-jet High 6413 46 ± 7 54 ± 28 6320 ± 50 0.69 0.9 2.8
1-jet Medium 24 576 90 ± 11 100 ± 50 24 290 ± 100 0.67 0.4 2.7
1-jet Low 73 459 125 ± 17 150 ± 70 73 480 ± 190 0.53 0.2 2.8
0-jet Very High 15 986 59 ± 11 70 ± 40 16 090 ± 90 0.55 0.4 2.6
0-jet High 46 523 99 ± 13 120 ± 60 46 190 ± 150 0.54 0.3 2.6
0-jet Medium 91 392 119 ± 14 140 ± 70 91 310 ± 210 0.46 0.2 2.7
0-jet Low 121 354 79 ± 10 90 ± 50 121 310 ± 280 0.26 0.1 2.7
VH4L 34 0.53 ± 0.05 0.6 ± 0.3 24 ± 4 0.13 2.6 2.9
VH3LH 41 1.45 ± 0.14 1.7 ± 0.9 41 ± 5 0.27 4.2 3.1
VH3LM 358 2.76 ± 0.24 3.2 ± 1.6 347 ± 15 0.17 0.9 3.0
tt̄ H 17 1.19 ± 0.13 1.4 ± 0.7 15.1 ± 2.2 0.36 9.2 3.2

are implemented in the fit as nuisance parameters constrained 
by additional Gaussian or log-normal likelihood terms and the 
Higgs boson is assumed to have a mass of mH = (125.09 ±
0.24) GeV.

The best-fit value of the signal strength parameter, defined as 
the ratio of the observed signal yield to the one expected in the 
SM, is µ = 1.2 ± 0.6, corresponding to an observed (expected) 
significance of 2.0σ (1.7σ ) with respect to the hypothesis of no 
H → µµ signal. The spectra of the dimuon invariant mass for all 
the analysis categories after the signal-plus-background fit are pre-
sented in Fig. 1. In Fig. 1(b) the events are weighted by ln(1 + S/B), 
where S are the observed signal yields and B are the background 
yields derived from the fit to data in the mµµ = 120–130 GeV win-
dow. These values for S , B and other key quantities are listed in 
Table 3.

The best-fit values of the signal strength parameters for the 
five major groups of categories (tt̄ H + V H , ggF 0-jet, 1-jet, 2-jet, 
and VBF) are shown in Fig. 2 together with the combined value. A 
goodness-of-fit test is performed using the saturated model tech-
nique [137] and returns a probability of 10%.

The signal strength uncertainty is dominated by the data statis-
tical error of about ±0.58. The impact of the systematic uncertain-
ties on the signal strength is found to be +0.18

−0.13, with contributions 
from the signal theory uncertainties that account for +0.13

−0.08, the 
signal experimental uncertainties that account for +0.07

−0.03 and the 
spurious-signal uncertainties that account for ±0.10.

The compatibility of the measured signal strengths between the 
20 categories is tested by repeating the fit after allowing each cat-
egory to have its own signal strength parameter. The probability 
of compatibility is found to be at the level of 2%. With the same 

8
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Evidence for Second Generation Yukawa Coupling 

- Approximately 2k events produced but very small signal-to-noise 

- Requires a very accurate description of the backgrounds.

- Gain in sensitivity through the separation in production modes.

Analysis overview

- All production modes ggF, VBF, VH, ttH

- Improvements in mass resolution through Brem recovery

- DNN/BDT discriminants in all categories / Sideband region 

used to control backgrounds

Summary of all categories Estimate the background parameters through a fit of an analytical form!

14

Very challenging channel!

JHEP 01 (2021) 148

μ = 1.2 ± 0.4
significance: 3.0σ (2.5σ exp.)

μ = 1.2 ± 0.6
significance: 2.0σ (1.7σ exp.)

https://doi.org/10.1016/j.physletb.2020.135980
http://dx.doi.org/10.1007/JHEP01(2021)148
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 challengesH → μ+μ−

• S/B ~ 0.1% for inclusive events at 125 GeV 

• Strategies to increase sensitivity: 

- improve σ(mμμ) with FSR recovery, constrain tracks to beam line 

- use dedicated DNN/BDT in each                                                                                            
category  

- very accurate DY bkg modelling

17
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Within target: H → cc̄
• Very challenging channel: large backgrounds from multi-jets 

- c-tagging central to discriminate  

•  associated production categorized in 

• 1, 2, 3 leptons and # c-tagged jets

H → bb̄

(W, Z)H → cc̄
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7 Summary

A direct search for the decay of a Higgs boson to a charm quark-antiquark pair has been performed using
139 fb�1 of pp collision data recorded at

p
s = 13 TeV by the ATLAS detector. The search uses three

channels, ZH ! ⌫⌫cc̄, WH ! `⌫cc̄ and ZH ! ``cc̄. Signal events are identified using a multivariate
charm tagging algorithm.

To enhance the signal sensitivity, events are categorised according to the pT of the reconstructed vector
boson, the number of jets and the number of c-tagged jets. The analysis strategy is validated with the study
of diboson production, which is found to be consistent with the SM prediction, with observed (expected)
significances of 2.6 (2.2) standard deviations for the V Z(! cc̄) process and 3.8 (4.6) standard deviations
for the VW(! cq) process.

The analysis yields an observed (expected) limit of 26 (31+12
�8 ) times the predicted cross-section times

branching fraction for a Higgs boson, with a mass of 125 GeV, decaying to a charm quark-anti-quark
pair. The result is interpreted in the kappa framework, considering e�ects on the Higgs boson width,
which results in an observed (expected) constraint on the charm Yukawa coupling modifier strength
|c | < 8.5 (12.4), at the 95% confidence level, the most stringent constraint to date.
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first limits on  coupling: κc

σ/σSM < 26 (31 exp.)
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Figure 3: The post-fit mcc distribution summed over all signal regions after subtracting backgrounds, leaving only the
VH(! cc̄), VW(! cq) and V Z(! cc̄) processes, for events with 1 c-tag (left) and 2 c-tags (right). The red filled
histogram corresponds to the VH,H ! cc̄ signal for the fitted value of µVH(cc̄) = �9, while the open red histogram
corresponds to the signal expected at the 95% CL upper limit on µVH(cc̄) (µVH(cc̄) = 26). The hatched band shows
the uncertainty on the fitted background.

where BSM
H!cc̄

is the H ! cc̄ branching fraction predicted in the SM.

Constraints on c are shown at 95% CL for each of the three channels and for the combined likelihood fit
in Fig. 4. The combination allows an observed (expected) constraint to be set of |c | < 8.5 (12.4) at the
95% CL.
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Data-bkg, including 

: 3.8 	for	  WH( → cc̄), VZ, VW σ VW( → cq)

ATLAS-CONF-2021-021

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
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Search for H → Zγ
• SU(2)L symmetry relates the HWW, HZZ, Hγγ, HZγ interactions  

- if heavy new physics respects SU(2)L, correlated effects across the four  

• Categorizing by production mode: ggH,VBF,VH and ttH (CMS) or ggH, 
VBF (ATLAS)
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Phys. Lett. B 809 (2020) 135754

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-014/index.html
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Towards rare decays: quarkonia
• Rare decays predicted by the SM:  

- in the SM: ,  

- even smaller  

- new physics in loops can increase this 

• Same search also for Z decays to QQ: 

- in the SM, 

H → Z J/ψ, J/ψJ/ψ, ΥΥ
BR(H → ZJ/ψ, Zψ(2S) ≈ 10−6

BR(H → QQ)

BR(Z → QQ) ≈ 10−12

20

1. Introduction 1

1 Introduction1

A new boson with a mass of 125 GeV was discovered by the ATLAS and CMS Collaborations2

at the CERN LHC in 2012 [1–7]. Comprehensive studies in various decay channels and pro-3

duction modes followed, and combined measurements from ATLAS and CMS showed that the4

properties of the new boson are, so far, consistent with expectations for the standard model5

(SM) Higgs boson (H) [7–9].6

However, precise measurements of rare decay modes of this boson might disclose deviations7

from SM physics. The Yukawa sector of the SM [10] does not provide an explanation for the8

observed fermion mass hierarchy. Modifications to the SM Higgs Yukawa couplings are pre-9

dicted in a wide range of beyond SM (BSM) models (see e.g. Ref. [11]). The required sensitivity10

for measuring Yukawa couplings to second- and first-generation fermions has not yet been11

reached. The upper limit at the 95% confidence level (CL) for the Higgs decay into µ+µ� or c̄c12

in inclusive measurements is found to be approximately 2 and 70 times the SM expectation, re-13

spectively [12–15]. Rare exclusive decays of the Higgs boson to mesons provide experimentally14

clean final states to study Yukawa couplings to quarks and physics beyond the SM.15

One class of such processes is the decay of the Higgs boson into a photon and a vector me-16

son [16–18]. Thus far, the gJ/y, gy(2S), gU(nS), gr, and gf decays have been searched for at17

the LHC [19–21]. The 95% CL upper limits on the branching fractions of the Higgs boson into18

gJ/y, gr, and gf are 2 orders of magnitude larger than their expected values in the SM. For19

the gy(2S) and gU(nS) decays, the corresponding upper limits are, respectively, 3 and 5 orders20

of magnitude larger than the expected SM branching fraction.21

A second related class of such processes that is considered here is the decay of the Higgs boson22

into a Z boson and quarkonium resonances (Q) which are vector mesons [11, 18, 22]. The rele-23
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simulated signal shape. The selection of the ZJ/y final state requires each dilepton resonance212

pT to be greater than 5 GeV, and the candidate invariant mass to lie in the region 80–100 GeV213

for Z (3.0–3.2 GeV for J/y). Each dilepton must fit to their common vertex with probability214

greater than 1%, determined by a Kalman vertex fit probability. The four lepton candidate pT215

must be greater than 5 GeV, and the fit to a common four-lepton vertex must have a probabil-216

ity of greater than 1%. A total of 230 (177) single candidate events are found in the 4µ (2e2µ)217

invariant mass between 112 and 142 GeV. The lower range of the four-muon invariant mass218

is chosen to exclude the region close to the ZJ/y threshold. The selection criteria for the decay219

H ! Zy(2S), where y(2S) decays inclusively into J/y, are identical. The respective four-lepton220

invariant mass distributions are shown in Figure 2.
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Figure 2: Four-lepton invariant mass distributions, (left) for ZJ/y ! 4µ candidates and (right)
for ZJ/y ! 2e2µ candidates. The result of the maximum likelihood fit is superimposed (solid
blue line). For illustrative purposes, the plots show simulated H ! ZJ/y (dashed red line) and
H ! Zy(2S) (dotted green line) signals normalized to their observed upper limit branching
fractions at 95% CL as obtained in this analysis, where y(2S) decays into J/y.

221

In the case of the J/y pair channel, each dimuon has to be fit to a common vertex with a prob-222

ability of greater than 0.5%. In addition, the J/y candidate’s pT has to be greater than 3.5 GeV,223

matching the trigger requirement, and the invariant masses of the higher and lower-pT J/y224

candidates have to be within 0.1 and 0.15 GeV, respectively, of the nominal mass of the J/y.225

The dimuon mass resolution is about 1%. The mass window of the subleading J/y is wider to226

allow further monitoring of the sideband population in the J/y pair channel. To suppress con-227

tributions from nonprompt hadrons, separately produced J/ys and muons from other sources,228

the four-muon Kalman vertex fit probability of J/y pairs has to be greater than 5%. Finally, the229

absolute value of the difference in rapidity between the two J/y candidates has to be less than230

3. This criterion marginally affects the signal while removing about 20% of the selected events.231

After the selection, 720 events are found in data in the 40–140 GeV four-muon invariant mass232

range. Figure 3 shows the four-muon invariant mass distribution of the J/yJ/y candidates.233

An U pair candidate event must have at least four muons each with pT > 4 GeV. The U(nS)234

(U(1S)) candidate is formed with oppositely charged muon pairs with pT greater than 5 GeV,235

and the dimuon invariant mass within the range 9.0–10.7 GeV (9.0–9.7 GeV). To suppress ran-236

dom combinations, dimuon and four-muon objects are required to have a Kalman vertex fit237

probability greater than 1%. Between two candidate dimuons, the absolute value of the differ-238

ence in rapidity has to be less than 2.3 and the azimuthal angle difference has to be greater than239

1 radian. The four-muon combination must have pT greater than 5 GeV and an absolute rapidity240

H → Z J/ψ H → Υ Υ

BR /BRSM < 826
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Figure 4: The four-muon invariant mass distributions for U(nS)U(mS)(right) and U(1S)U(1S)
candidates (error bars for zero entries are omitted). The result of the maximum likelihood fit is
superimposed (solid blue line). For illustrative purposes, the plots show the distributions for
simulated Higgs and Z boson signals (dashed and dashed-dotted red lines) normalized to their
observed 95% CL upper limit branching fractions from this analysis.

Gaussian function (combination of Gaussian and Crystal Ball function) with a common mean.266

Similarly, the Higgs boson signal in the J/y (U) pair channel is described with a double Gaus-267

sian function (combination of Gaussian and Crystal Ball function) with common mean. The268

simulated Z signal is described with a Voigtian function with the resonance width fixed to the269

world-average value [60]. The mass resolution and mean are taken from the fit to the simula-270

tion, and they are fixed in the fit to data. The signal and background function from the fit to271

data in the ZJ/y and J/y J/y final states are superimposed as solid blue lines in Fig. 2 and 3,272

respectively. In the U pair sample, no events are observed above the four-muon invariant mass273

of 80 GeV. The m4µ invariant mass distribution below 80 GeV is well described solely by an274

exponential function. Figure 4 shows the observed m4µ distribution with the fit superimposed.275

Separate fits are performed to the four-lepton mass distributions for the different signal hy-276

potheses. The feed-down signals are derived from simulation of Higgs and Z boson decays277

involving the inclusive transition from y(2S) to J/y. The Higgs boson signal is modelled with278

a combination of the same functions as used for the Higgs directly decaying into ground state279

mesons (direct signal). For the fits to the feed-down channels the background functions are280

identical and parameters are fixed to the ones from the previous direct signal fits. Feed-down281

signals are also included in combination with the direct signals in the fits to data. No significant282

correlations between the different signal contributions are found.283

6 Systematic uncertainties284

Systematic uncertainties originate from imperfect knowledge of the detector and uncertainties285

in signal modelling. Most of the systematic uncertainties affect only the normalization of the286

simulated signals. Systematic uncertainties considered in this analysis are listed below;287

i The integrated luminosities for the 2016, 2017, and 2018 data-taking years have 1.2–2.5%288

individual uncertainties [70–72], while the overall uncertainty for the 2016–2018 period is289

1.6%.290

ii The differences in efficiencies between data and simulation for the trigger, offline muon291

BR /BRSM < 5.8
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HVV in H->ZZ (4l and 2l2 )ν
• After Run1 excluded spin-1 and spin-2 hypotheses, analyses with full 

Run2 investigate CP structure in a vast program of measurements 

• HVV couplings tested with H→4ℓ using production and decay 

- production categories: untagged, boosted, VBF 1/2 jets, VH H hadronic/
leptonic 
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categorize events), background (to isolate signal), or an
alternative H boson coupling model (to measure coupling
parameters). The “int” label refers to the interference
between the two model contributions. The probability
densities P are calculated from the matrix elements
provided by the MELA package and are normalized to give
the same integrated cross section for both processes in the
relevant phase space. This normalization leads to a bal-
anced distribution of events in the range between 0 and 1
for the Dalt discriminants, or between −1 and 1 for Dint.
In the special case where the Dint is calculated between
CP-even and CP-odd models, it is denoted as DCP. The
DCP observable is CP odd, and a forward-backward
asymmetry in its distribution would indicate CP violation.
This motivates the index “CP.”
When events are split into the VBF-1/2jet and VH-

hadronic categories, a set of discriminants D1=2jet is con-
structed, following Eq. (20), where Psig corresponds to the

signal probability density for the VBF (WH or ZH)
production hypothesis in the VBF-tagged (VH-tagged)
category, and Palt corresponds to that of H boson produc-
tion in association with two jets via gluon fusion. When
more than two jets pass the selection criteria, the two jets
with the highest pT are chosen for the matrix element
calculations. Thereby, the D1=2jet discriminants separate the
target production mode of each category from gluon fusion
production, in all cases using only the kinematic properties
of the H boson and two associated jets. The application of
the D1=2jet discriminants is described in Sec. III, where we
introduce four types of discriminants DVBF

1jet , D
VBF;i
2jet , DZH;i

2jet ,
and DWH;i

2jet , with the SM and the four anomalous coupling
hypotheses i considered in the signal model.
Several arrays of observables x⃗ are defined in each

category of events, uniquely targeting kinematic features of
each category, and are listed in Table IV. One observable,

FIG. 8. Four topologies of the H boson production and decay: gluon or EW vector boson fusion qq → V1V2ðqqÞ → HðqqÞ →
ðVVÞðqqÞ (upper left); associated production qq → V → VH → ðffÞðVVÞ (upper right);H boson production in association with the top
quarks tt̄H or tH (lower left); and four-lepton decay H → VV → 4l where the incoming gluons gg indicate the collision axis (lower
right), and which proceeds either with or without associated particles. The incoming partons are shown in brown and the intermediate or
final-state particles are shown in red and green. The angles characterizing kinematic distributions are shown in blue and are defined in
the respective rest frames [29,31,32]. The subsequent top quark decay is not shown. See Ref. [32] for details.
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gg(qq)→ttH→ttVV

of interactions [32] or the experimental signatures that
would allow its isolation from the other more dominant
production mechanisms.

A. Parametrization of production and decay amplitudes

Anomalous effects in theH boson couplings to fermions,
such as in the tt̄H and bb̄H production and partially in the
tH and gg → ZH production, can be parametrized with the
amplitude

AðHffÞ ¼ −
mf

v
ψ̄ fðκf þ iκ̃fγ5Þψ f ; ð1Þ

defined for each fermion type f, where ψ̄ f and ψ f are the
fermions’ Dirac spinors, κf and κ̃f are the corresponding

coupling strengths,mf is the fermion mass, and v is the SM
Higgs field vacuum expectation value. In the SM, the
coupling strengths are κf ¼ 1 and κ̃f ¼ 0. The presence of
both CP-even κf and CP-odd κ̃f couplings will lead to CP
violation. In an experimental analysis of the bb̄H process it
is not possible to resolve the κb and κ̃b couplings [32], but it
is possible to resolve the κt and κ̃t couplings in the tt̄H and
tH processes, which we explore in this paper.
Anomalous effects in EW H boson production (VBF,

ZH, and WH), ggH production, H → VV decay, and
partially in the tH and gg → ZH production, are described
by theHV1V2 couplings. The scattering amplitude describ-
ing the interaction between a spin-zero H boson and two
spin-one gauge bosons V1V2, such as ZZ, Zγ, γγ, WW, or
gg, is written as

AðHV1V2Þ ¼
1

v

!
aVV1 þ κVV1 q2V1 þ κVV2 q2V2

ðΛVV
1 Þ2

þ κVV3 ðqV1 þ qV2Þ2

ðΛVV
Q Þ2

"
m2

V1ϵ
%
V1ϵ

%
V2 þ

1

v
aVV2 f%ð1Þμν f%ð2Þ;μν þ 1

v
aVV3 f%ð1Þμν f̃%ð2Þ;μν; ð2Þ

where fðiÞμν ¼ ϵμViq
ν
Vi − ϵνViq

μ
Vi, f̃ðiÞμν ¼ 1

2 ϵμνρσf
ðiÞ;ρσ, and

ϵVi, qVi, and mVi are the polarization vector, four-
momentum, and pole mass of a gauge boson i ¼ 1 or 2.
The constants Λ1 and ΛQ are the scales of BSM physics
necessary to keep the κVVi couplings unitless, and aVV1 , aVV2 ,
aVV3 , κVV1 , κVV2 , and κVV3 are real numbers that modify the
corresponding amplitude terms. Equation (2) describes
couplings to both EW bosons and gluons, so HV1V2

can stand for HVV or Hgg.
In Eq. (2), the only nonzero tree-level contributions

in the SM are aZZ1 ≠ 0 and aWW
1 ≠ 0. In the SM,

aZZ1 ¼ aWW
1 ¼ 2. The rest of the ZZ and WW couplings

are considered to be anomalous contributions, which are
either small contributions arising in the SM because of
loop effects or new BSM contributions. Among the
anomalous contributions, considerations of symmetry
and gauge invariance require κZZ1 ¼ κZZ2 , κWW

1 ¼ κWW
2 ,

and aZγ1 ¼aγγ1 ¼agg1 ¼ κγγ1 ¼ κγγ2 ¼ κgg1 ¼ κgg2 ¼ κZγ1 ¼ κVV3 ¼0
[33]. Therefore, there are a total of 13 independent
parameters describing couplings of the H boson to EW
gauge bosons and two parameters describing couplings to
gluons. The presence of any of the CP-odd couplings aVV3

together with any of the other couplings, which are all CP
even, will lead to CP violation in a given process.
Since in our analysis it is not possible to disentangle the

top quark, bottom quark, and any other heavy BSM particle
contributions to the gluon fusion loop from kinematic
features of the event, we parametrize the Hgg coupling
with only two parameters: CP-even agg2 and CP-odd agg3 ,
which absorb all SM and BSM loop contributions.
However, when the gluon fusion process is analyzed jointly
with the tt̄H and tH processes, it may be possible to
disentangle the top quark contributions in the loop from
the relative rates of the processes, and we allow these
contributions to be separated.

B. Symmetry considerations and SMEFT formulation

The formulation in Eqs. (1) and (2) is presented in
the approach of anomalous amplitude decomposition.
However, it is fully equivalent to the Lagrangian para-
metrization with dimension-4 operators, such as the aVV1
term in Eq. (2), and dimension-6 operators, such as the
other terms in Eq. (2), using the mass eigenstate basis [28].
The dimension-8 and higher-dimension contributions are

Ht

t
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g
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FIG. 5. Leading-order Feynman diagrams for the gg → ZH production mode.
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a1: SM a2: CP even anomalous coupling
a3: CP odd anomalous coupling
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 AC (ATLAS)H → 4ℓ
• EFT	interpretations: BSM contributions at a high scale appear at low scale 

as deviations of Wilson coefficients  of the higher orders operators  

• Signal strength for STXS bin   parameterised at LO in Warsaw basis 

- fit HVV couplings in production (VBF, VH, ggH, ttH) 

- acceptance effects estimated from signal full simulation and parameterized as a 
function of anomalous couplings

cj

μi
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• SMEFT interpretation of the results for CP-conserving parameters: cHW, 

cHB, cHWB or CP-violating parameters cH̃W, cH̃B, cH̃WB
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2− 0 2 4 6
Parameter Value

uH
c

HG
c

HWBc

HBc

HWc

ATLAS

 4l→ ZZ* →H 
-1 = 13 TeV, 139 fbs

SMEFT

Best-fit 95% CL

-6,18 [-18,30]-2 10⋅ 5 ⋅

-0.001 [-0.008,0.007]2 10⋅

0.1 [-1.1,1.0]

-0.03 [-0.62,0.59]

0.5 [-3.4,2.1]

Best-fit 95% CL

-6,18 [-18,30]

-0.001 [-0.008,0.007]

0.1 [-1.1,1.0]

-0.03 [-0.62,0.59]

0.5 [-3.4,2.1]

Expected: Stat+Sys

Observed: Stat+Sys

Observed: Stat-Only[   ]

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[   ]

CP-even	
Wilson coefficients

CP-odd	
Wilson coefficients
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 AC (CMS)H → 4ℓ
• Dedicated analysis for anomalous couplings to probe 3 independent HVV 

and Hff+Hgg couplings 

- includes SMEFT interpretation in the Higgs basis  

- constraints sensitivity dominated by production information
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retained because CP-sensitive measurements constrain the
relative contribution of CP-odd amplitudes.

D. Constraints on HVV couplings

The measurement of anomalous couplings of the H
boson to EW vector bosons in approach 1 with the

relationship aWW
i ¼ aZZi is presented in Fig. 18 and

Table VI. Figure 18 shows the observed and expected
likelihood scans in the simultaneous measurement of fa3,
fa2, fΛ1, and fZγΛ1, where the CP-sensitive parameter fggHa3
and the signal strength parameters μV and μggH are profiled,
and where we relate μtt̄H and fHtt

CP to μggH and fggHa3
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FIG. 18. Observed (solid) and expected (dashed) likelihood scans of fa3 (upper left), fa2 (upper right), fΛ1 (lower left), and f
Zγ
Λ1 (lower

right) in approach 1 with the coupling relationship aWW
i ¼ aZZi . The results are shown for each coupling fraction separately with

the other three anomalous coupling fractions either set to zero or left unconstrained in the fit. In all cases, the signal strength parameters
have been left unconstrained. The dashed horizontal lines show the 68 and 95% CL regions. For better visibility of all features, the x and
y axes are presented with variable scales. On the linear-scale x axis, an enlargement is applied in the range −0.03 to 0.03. The y axis is
shown in linear or logarithmic scale for values of −2 lnL below or above 11, respectively.
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off-shell H→2ℓ2νThe cross section fractions in the HVV couplings of the

H boson to EW gauge bosons require more parameters.
Since in both of our approaches the HWW couplings
are expressed through other aVVi couplings following
Eqs. (3)–(6), and because we prefer that our definitions
not depend on parton distribution functions (PDFs) and
other effects that involve measurement uncertainties,
we use the H → ZZ=Zγ!=γ!γ! → 2e2μ decay process to
define the cross section fractions as

fVVai ¼ jaVVi j2αð2e2μÞiiP
jjaVVj j2αð2e2μÞjj

sign
!
aVVi
a1

"
; ð18Þ

where the αð2e2μÞii coefficients are introduced in Eq. (14).
The numerical values of these coefficients are given in
Table I, where they are normalized with respect to the
αð2e2μÞ11 coefficient, corresponding to the cross section

calculated for a1 ¼ 1. The αð2e2μÞii are the cross sections
for aVVi ¼ 1, which are different in the two approaches of
the coupling relationship as a result of Eq. (7) adopted in
approach 2. The cross section fractions in Eq. (18) can be
converted to coupling ratios as

aVVi
aVVj

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jfVVai jα

ð2e2μÞ
jj

jfVVaj jα
ð2e2μÞ
ii

vuut signðfVVai fVVaj Þ: ð19Þ

The measured values of μj and fai should be sufficient to
adopt them in the fits for EFT parameters jointly with the
data from other H boson, top quark, and EW measure-
ments. They allow constraints on the κi and ai couplings in
Eqs. (1) and (2). However, it is required to perform a
simultaneous measurement of all production and decay

channels of the H boson, including unobserved and
invisible channels, as they contribute to the total width
in Eq. (14). In this paper, we present only a limited
interpretation of our data in terms of couplings by making
certain assumptions about their relationship. We leave
more extensive interpretation to a future combination with
other channels.

III. THE CMS DETECTOR, DATASETS, AND
EVENT RECONSTRUCTION

The H → 4l decay candidates are produced in proton-
proton (pp) collisions at the LHC and are collected and
reconstructed in the CMS detector [74]. The data sample
used in this analysis corresponds to integrated luminosities
of 35.9 fb−1 collected in 2016, 41.5 fb−1 collected in 2017,
and 59.7 fb−1 collected in 2018, for a total of 137 fb−1

collected during Run 2 at a pp center-of-mass energy
of 13 TeV.
The CMS detector comprises a silicon pixel and strip

tracker, a lead tungstate crystal electromagnetic calorimeter
(ECAL), and a brass/scintillator hadron calorimeter, each
composed of a barrel and two end cap sections, all within a
superconducting solenoid of 6 m internal diameter, provid-
ing a magnetic field of 3.8 T. Extensive forward calorimetry
complements the coverage provided by the barrel and end
cap detectors. Outside the solenoid are the gas-ionization
detectors for muon measurements, which are embedded in
the steel flux-return yoke. A detailed description of the
CMS detector can be found in Ref. [74].
Events of interest are selected using a two-tiered trigger

system. The first level, composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 KHz
within a fixed latency of about 4 μs [75]. The second level,
known as the high-level trigger, consists of a farm of
processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the
event rate to around 1 KHz before data storage [76].

A. Event reconstruction and selection

The selection of 4l events and associated particles
closely follows the methods used in the analyses of the
run 1 [12,13] and run 2 [16,17,77,78] datasets. The main
triggers for the run 2 analysis select either a pair of
electrons or muons, or an electron and a muon, passing
loose identification and isolation requirements. The trans-
verse momentum (pT) for the leading electron or muon is
required to be larger than 23 or 17 GeV, while that of the
subleading lepton is required to be larger than 12 or 8 GeV,
respectively. To maximize the signal acceptance, triggers
requiring three leptons with lower pT thresholds and no
isolation requirement are also used, as well as isolated
single-electron and single-muon triggers with thresholds of
27 and 22 GeV in 2016, or 35 and 27 GeV in 2017 and

TABLE I. List of anomalous HVV couplings aVVi considered,
the corresponding measured cross section fractions fVVai defined in
Eq. (18), and the translation coefficients αii=α11 in this definition
with the relationship aZZi ¼ aWW

i (approach 1), and with the
SMEFT relationship according to Eqs. (3)–(7) (approach 2).
In the case of the κ1 and κZγ2 couplings, the numerical values
Λ1 ¼ ΛZγ

1 ¼ 100 GeV are adopted in this calculation to make the
coefficients have the same order of magnitude and the negative
sign indicates the convention in Eq. (18) adopted earlier [13]. In
approach 2, κZγ2 is a dependent parameter expressed through Eq. (7)
and does not require a translation coefficient.

Coupling Fraction Approach 1 Approach 2

aVVi fVVai αii=α11 αii=α11

a3 fa3 0.153 0.153
a2 fa2 0.361 6.376
−κ1 fΛ1 0.682 5.241
−κZγ2 fZγΛ1 1.746 ---
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Yukawa  couplingstt̄H
• Lagrangian with CP-odd component  can be tested also in Higgs-fermion 

couplings via ttH and : 

- CP mixing angle  

• BDT dedicated to ttH, tH CP with top-diphoton kinematics (ATLAS) or ttH CP 
MVA (CMS) in multiple categories 

- CMS combined ttH ,  and 

κ̃
ττ

ΦCP = arg(κf /κ̃f )

H → γγ H → 4ℓ H → ττ
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of interactions [32] or the experimental signatures that
would allow its isolation from the other more dominant
production mechanisms.

A. Parametrization of production and decay amplitudes

Anomalous effects in theH boson couplings to fermions,
such as in the tt̄H and bb̄H production and partially in the
tH and gg → ZH production, can be parametrized with the
amplitude

AðHffÞ ¼ −
mf

v
ψ̄ fðκf þ iκ̃fγ5Þψ f ; ð1Þ

defined for each fermion type f, where ψ̄ f and ψ f are the
fermions’ Dirac spinors, κf and κ̃f are the corresponding

coupling strengths,mf is the fermion mass, and v is the SM
Higgs field vacuum expectation value. In the SM, the
coupling strengths are κf ¼ 1 and κ̃f ¼ 0. The presence of
both CP-even κf and CP-odd κ̃f couplings will lead to CP
violation. In an experimental analysis of the bb̄H process it
is not possible to resolve the κb and κ̃b couplings [32], but it
is possible to resolve the κt and κ̃t couplings in the tt̄H and
tH processes, which we explore in this paper.
Anomalous effects in EW H boson production (VBF,

ZH, and WH), ggH production, H → VV decay, and
partially in the tH and gg → ZH production, are described
by theHV1V2 couplings. The scattering amplitude describ-
ing the interaction between a spin-zero H boson and two
spin-one gauge bosons V1V2, such as ZZ, Zγ, γγ, WW, or
gg, is written as

AðHV1V2Þ ¼
1

v

!
aVV1 þ κVV1 q2V1 þ κVV2 q2V2

ðΛVV
1 Þ2

þ κVV3 ðqV1 þ qV2Þ2

ðΛVV
Q Þ2

"
m2

V1ϵ
%
V1ϵ

%
V2 þ

1

v
aVV2 f%ð1Þμν f%ð2Þ;μν þ 1

v
aVV3 f%ð1Þμν f̃%ð2Þ;μν; ð2Þ

where fðiÞμν ¼ ϵμViq
ν
Vi − ϵνViq

μ
Vi, f̃ðiÞμν ¼ 1

2 ϵμνρσf
ðiÞ;ρσ, and

ϵVi, qVi, and mVi are the polarization vector, four-
momentum, and pole mass of a gauge boson i ¼ 1 or 2.
The constants Λ1 and ΛQ are the scales of BSM physics
necessary to keep the κVVi couplings unitless, and aVV1 , aVV2 ,
aVV3 , κVV1 , κVV2 , and κVV3 are real numbers that modify the
corresponding amplitude terms. Equation (2) describes
couplings to both EW bosons and gluons, so HV1V2

can stand for HVV or Hgg.
In Eq. (2), the only nonzero tree-level contributions

in the SM are aZZ1 ≠ 0 and aWW
1 ≠ 0. In the SM,

aZZ1 ¼ aWW
1 ¼ 2. The rest of the ZZ and WW couplings

are considered to be anomalous contributions, which are
either small contributions arising in the SM because of
loop effects or new BSM contributions. Among the
anomalous contributions, considerations of symmetry
and gauge invariance require κZZ1 ¼ κZZ2 , κWW

1 ¼ κWW
2 ,

and aZγ1 ¼aγγ1 ¼agg1 ¼ κγγ1 ¼ κγγ2 ¼ κgg1 ¼ κgg2 ¼ κZγ1 ¼ κVV3 ¼0
[33]. Therefore, there are a total of 13 independent
parameters describing couplings of the H boson to EW
gauge bosons and two parameters describing couplings to
gluons. The presence of any of the CP-odd couplings aVV3

together with any of the other couplings, which are all CP
even, will lead to CP violation in a given process.
Since in our analysis it is not possible to disentangle the

top quark, bottom quark, and any other heavy BSM particle
contributions to the gluon fusion loop from kinematic
features of the event, we parametrize the Hgg coupling
with only two parameters: CP-even agg2 and CP-odd agg3 ,
which absorb all SM and BSM loop contributions.
However, when the gluon fusion process is analyzed jointly
with the tt̄H and tH processes, it may be possible to
disentangle the top quark contributions in the loop from
the relative rates of the processes, and we allow these
contributions to be separated.

B. Symmetry considerations and SMEFT formulation

The formulation in Eqs. (1) and (2) is presented in
the approach of anomalous amplitude decomposition.
However, it is fully equivalent to the Lagrangian para-
metrization with dimension-4 operators, such as the aVV1
term in Eq. (2), and dimension-6 operators, such as the
other terms in Eq. (2), using the mass eigenstate basis [28].
The dimension-8 and higher-dimension contributions are

Ht

t

t

g

g
Z

Z

Ht

t

g

g

t

t Z

FIG. 5. Leading-order Feynman diagrams for the gg → ZH production mode.
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Yukawa top couplings
• Combine ttH in  and  with uncorrelated signal strengths 

and interpret them as top couplings  and 
H → γγ H → 4ℓ

κt κ̃t
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κt solutions away from −1 and makes it less likely than
the þ1 value for the reasons discussed above. However,
the local minimum near κQ ∼ −2, corresponding to
cgg ∼ −0.017, cannot be excluded, even though the global
minimum is at cgg ¼ −0.001, close to the null SM

expectation. In the case with the other parameters profiled,
the constraints on the (κt, cgg) plane get washed out further,
as expected in a fit with more degrees of freedom. In this
case, the CP-odd amplitudes can compensate for some
effects of the CP-even ones. However, some sensitivity is
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FIG. 17. Constraints on the anomalous H boson couplings cgg, c̃gg, κt, and κ̃t in the tt̄H, tH, and ggH processes combined, using the
H → 4l and γγ decays. The constraints are shown for the pairs of parameters: cgg and c̃gg (upper), κt and κ̃t (middle), κt and cgg (lower),
and with the other two parameters either profiled (left) or fixed to the SM expectation (right). The dashed and solid lines show the
68 and 95% CL exclusion regions in two dimensions, respectively.

CONSTRAINTS ON ANOMALOUS HIGGS BOSON COUPLINGS TO … PHYS. REV. D 104, 052004 (2021)

052004-27

gluon fusion pointlike  couplings  profiledcgg, c̃gg
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In summary, the production rate of the Higgs boson in
association with top quarks is measured, and the CP
property of the top Yukawa coupling is studied. The no-
tt̄H hypothesis is rejected with a significance of 5.2σ, and
the measured σtt̄H × Bγγ is 1.64

þ0.38
−0.36ðstatÞþ0.17

−0.14ðsysÞ fb. The
measured rate for tt̄H is 1.43þ0.33

−0.31ðstatÞþ0.21
−0.15ðsysÞ times the

SM expectation. The tH process is not observed, and an
upper limit of 12 times the SM expectation is set on its rate
at 95% CL. All measurements are consistent with the SM
expectations, and the possibility of CP-odd couplings
between the Higgs boson and top quark is severely con-
strained. A pure CP-odd coupling is excluded at 3.9σ, and
jαj > 43° is excluded at 95% CL.
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The observation of Higgs boson production in association with top quarks at the LHC [1, 2] provides an
opportunity to probe the charge conjugation and parity (CP) properties of the Yukawa coupling of the
Higgs boson to the top quark. The Standard Model (SM) of particle physics predicts the Higgs boson to
be a scalar particle (J

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

CP = 0+� pseudoscalar admixture, which introduces a second coupling to the top quark, has not yet
been excluded. Any measured CP-odd contribution would be a sign of physics beyond the SM and could
account for the explanation of the observed baryon asymmetry of the universe. This Letter presents a
search for CP-violation in this coupling and measurements of the production rate of the Higgs boson, via
its decay into two photons, in association with top quarks. Recently, the CMS Collaboration performed a
similar study [3].

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

The CP properties of the top Yukawa coupling can be probed directly using Higgs boson production in
association with top quarks: tt̄H and tH processes. The couplings impact the production rates [11–14] and
some kinematic distributions. The tH rate is particularly sensitive to deviations from SM couplings due to
destructive interference in the SM between diagrams where the Higgs boson radiates from a top quark and
from a W boson. The presence of CP-mixing in the top Yukawa coupling also modifies the gluon–gluon
fusion (ggF) production rate and the H ! �� decay rate.

This analysis is performed using 139 fb�1 of
p

s = 13 TeV proton–proton (pp) collision data recorded from
2015 to 2018 with the ATLAS detector. The ATLAS detector [15–17] is a multipurpose particle detector
with a forward–backward symmetric cylindrical geometry and near 4⇡ coverage in solid angle.1 The trigger
system consists of a hardware-based first-level trigger and a software-based high-level trigger [18]. Events
used in this analysis were triggered by requiring two photons with a loose identification requirement [19]
in the 2015–2016 data-taking period and transverse energies of at least 25 GeV and 35 GeV for the
subleading and leading photons, respectively. Due to the greater instantaneous luminosity, the photon
trigger identification requirement was tightened in the 2017–2018 data-taking period. The average trigger
e�ciency is over 98% for events passing the full diphoton event selection for this analysis.

The EFT definition used in this Letter is provided by the Higgs Characterization model [20], which is
implemented in the M��G����5_�MC@NLO generator [21]. Within this model, the term in the e�ective
Lagrangian that describes the top Yukawa coupling is:

L = � mt

v

�
 ̄t t [cos(↵) + i sin(↵)�5] t

 
H

where mt is the top quark mass, v is the Higgs vacuum expectation value, t (> 0) is the top Yukawa
coupling parameter, and ↵ is the CP-mixing angle. The SM corresponds to a CP-even coupling with
↵ = 0 and t = 1 while a CP-odd coupling is realized when ↵ = 90�.

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

p
(�⌘)2 + (��)2.

2

N.B. : sligtly different notation:

http://dx.doi.org/10.1103/PhysRevD.104.052004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
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CP from Yukawa  H → ττ
• Full Run2 analysis to measure CP 

odd/even mixing in  

- Use	~70%	of	the	τ	BR: H→τhτh, τμτh, 
τeτh  with τh decays to π±, ρ± (π±π0),   
a1±(π±π0π0), a1±(π±π+π−)  

- estimate the τ plane from multiple 
tracks or from the the track impact 
parameter vector and momentum for 
1-track decays 

- Use the distribution of the angle φCP 
between the two τ decay planes 

H → ττ

28
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 CP resultsH → ττ
• Most sensitive final states: μρ, ρρ, πρ 

29
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Higgs	self-coupling
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HH production
• Di-Higgs production at the LHC is dominated by the gluon-fusion 

process, followed (1/20) by VBF production 

31

R. Frederix et al. / Physics Letters B 732 (2014) 142–149 145

Fig. 3. Total cross sections at the LO and NLO in QCD for H H production channels, at the
√

s = 14 TeV LHC as a function of the self-interaction coupling λ. The dashed
(solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and PDF uncertainties added linearly. The SM values of the cross sections are
obtained at λ/λSM = 1.

Fig. 4. Transverse momentum distribution of the hardest Higgs boson in H H production in the gluon–gluon fusion, VBF, tt̄ H H , W H H and Z H H channels, at the 14 TeV
LHC. The main frame displays the NLO + PS results obtained after showering with Pythia8 (solid) and HERWIG6 (dashes). The insets show, channel by channel, the ratios of
the NLO + Pythia8 (solid), NLO + HERWIG6 (dashes), and LO + HERWIG6 (open boxes) results over the LO + Pythia8 results (crosses). The dark-colour (light-colour) bands
represent the scale (red) and PDF (blue) uncertainties added linearly for the NLO (LO) simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

PLB 732 (2014) 142-149

HH production in the SM: gluon fusion
� Dominant HH production mode in the SM is gluon fusion, 

driven by on self-coupling ɉand Higgs-top couplings ɉt
Ϋ ɐSM(ggHH) = 31 fb  [ ~ 1/1500 of ɐ(ggH) ! ]

� Destructive interference between the 
two contributions: ɐ larger at ɉ = 0!

���̷���Ǧ��͖͔͖͔ǡ�͖������͖͔͖͔Giovanni Petrucciani (CERN) 58

ʄt

ʄ�

ʄ�

ʄ +
�

g

H

H
ί ��

ɐ/ɐSM ~ 2.09 Ɉt
4 Ȃ 1.36 ɈɉɈt

3 + 0.28 Ɉɉ2Ɉt
2

[Ɉt := ɉt / ɉt
SM

; Ɉɉ := ɉ / ɉSM ]

[ PLB 732 (2014) 142-149 ]  

self-coupling	λ Higgs-top	coupling	λt

ggF: σ(ggHH) = 31 fb ≈ 1/1500 × σ(ggH)

VBF: σ = 1.72 fb ≈ 1/1500 × σ(ggH)

�������������ǣ������� ����� ������

� VBF is the second production mode, with ɐSM = 1.72 fb  
Ϋ ~1/20 of ggHH, ~1/2000 of VBF H

� Receives contributions from self-coupling HHH, HVV coupling (ɈV, 
well measured in single Higgs), and HHVV quartic vertex (Ɉ2V).
Ϋ Ɉ2V = ɈV

2 if H is part of a SU(2)L doublet, as in the SM or the SMEFT.
Ϋ Otherwise, large increase in ɐVBF possible: VL VLĺ H H would violate unitary

QCD@LHC-X 2020, 2 Sept 2020Giovanni Petrucciani (CERN) ͙͝

ί + +ʃʄ
ʃV

ʃV

ʃV
ʃϮs

self-coupling	  HHH and  HVV	single	H	coupling	λ κλ
HHVV	quartic	coupling		
only in VBF production

destructive interference makes σλ=0 > σSM

SM
λ = 0

https://doi.org/10.1016/j.physletb.2014.03.026
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HH → bb̄γγ
• Phase space of 2 photons and 2 b-tagged jets, with  around 125 GeV 

- both CMS and ATLAS also look for a resonant  

- bkgs:  from data sidebands and single Higgs from MC fullsim 

• ATLAS limit: 4.2 (5.7 exp)  

• CMS limit: 7.7 (5.2 exp) 

mγγ

X → HH → bb̄γγ
γγ + jets

× σHH
SM

× σHH
SM

32
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Figure 12. Negative log-likelihood contours at 68 and 95% CL in the (κλ, κt) plane evaluated with
an Asimov data set assuming the SM hypothesis (left) and the observed data (right). The contours
obtained using the HH analysis categories only are shown in blue, and in orange when combined
with the ttH categories. The best fit value for the HH categories only (κλ = 0.6, κt = 1.2) is
indicated by a blue circle, for the HH + ttH categories (κλ = 1.4, κt = 1.3) by an orange diamond,
and the SM prediction (κλ = 1.0, κt = 1.0) by a black star. The regions of the 2D scan where the
κt parametrization for anomalous values of κλ at LO is not reliable are shown with a gray band.
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Figure 13. Negative log-likelihood scan, as a function of κt , evaluated with an Asimov data set
assuming the SM hypothesis (left) and the observed data (right). The 68 and 95% CL intervals are
shown with the dashed gray lines. The two curves are shown for the HH (blue) and the HH +ttH
(orange) analysis categories. All other couplings are fixed to their SM values.

– 24 –

2D constraint 

self-coupling	 	vs	Higgs-top	coupling	κλ κt

https://arxiv.org/abs/2112.11876
https://link.springer.com/article/10.1007/JHEP03(2021)257
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HH → bb̄τ+τ−

• ATLAS searches for  using  

- 2 b-tagged jets categorized in di-  system decay mode 

• bkgs from  and Z+heavy flavor jets from fullsim MC 

• jets faking  in  and QCD estimated from data

HH → bb̄ττ τhτh, τhτe, τhτμ

τ
tt̄

τh tt̄

33

ATLAS-CONF-2021-030

σHH /σSM
HH < 4.6 (obs), 3.9 (exp) σHH /σSM

HH < 3.1 (obs), 3.1 (exp)

bb̄ττ  and  combinationbb̄ττ bb̄γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
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HH → 4b

34

• Early Run 2 results focused on ggF production in the context of EFT using the three most 

sensitive channels: 𝑏𝑏𝑏𝑏, 𝑏𝑏𝜏𝜏, 𝑏𝑏𝛾𝛾 with non-boosted topology: 

• SM sensitivities   

• VBF	  also targets the extreme kinematic of κ2V	≠	1		

- Two boosted  candidates (two large-R jets) 

- VBF topology,  and QCD bkg discriminated with convolutional NNs

σHH /σHH
SM < 6.9 (ATLAS), 7.3 (CMS)

HH → 4b

H → bb̄

tt̄
JHEP	07	(2020)	108
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https://link.springer.com/article/10.1007/JHEP07(2020)108
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html
https://cds.cern.ch/record/2776802?ln=en
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Multilepton HH search
• Double H decays into 4W, 4 , 2W2  in final states with  and an hadronically 

decaying  cover ~7.7% of the HH decays 

• dedicated categories for 7 channels and 2 CRs 

• background estimates from data as ttH multileptons 

• Sensitivity  

τ τ ℓ = e, μ
τh

≈ 20 × σHH
SM

35

HH search in multilepton final states

I Search for HH production in final states with ` and ⌧h;
where `: e or µ

I Target decay modes: HH ! 4W / 2W 2⌧ / 4⌧ ,
covering ⇠ 7.7% of the HH decays

I Channels:
4`, 3`+ 0⌧h, 2`ss + 0/1⌧h,
3`+ 1⌧h, 1`+ 3⌧h, 2`+ 2⌧h, 0`+ 4⌧h.

I Note: Background estimation methods adopted from the
Run-2 tt̄H-multilepton analysis Hig-19-008.

Similarities with tt̄H analysis are tagged by † marker. [Source: Thesis of T. Lange]

Siddhesh Sawant Approval of HIG-21-002 5/31
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Figure 7: Observed and expected 95% CL upper limits on the SM HH production cross section,
obtained for both individual search categories and from a simultaneous fit of all seven search
categories combined.
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Figure 8: Observed and expected 95% CL upper limits on the HH production cross section as
a function of the Higgs boson self-coupling strength modifier kl. All Higgs boson couplings
other than l are assumed to have the values predicted in the SM. The plot on the left shows
the result obtained by combining all seven search categories, while the plot on the right shows
the limits obtained for each search category separately. Overlaid on the left is a curve in red
representing the predicted HH production cross section.

The observed (expected) 95% CL interval for the Higgs boson trilinear self-coupling strength624

modifier is measured to be �7.0 < kl < 11.2 (�7.0 < kl < 11.7), where the upper limit is625

one of the strongest constraints on this fundamental SM parameter to date [54, 123, 124]. The626

observed and expected upper limits on the HH production cross section as a function of kl,627

obtained from the simultaneous fit of all seven search categories, are shown in Fig. 8, along628

with limits obtained for each search category individually.629

The observed and expected limits on the HH production cross section for the 20 benchmark630

scenarios are shown in Figs. 9 and 10. and summarized in Table 4. These limits refer to the631

ggHH process: the qqHH process can be safely neglected for these measurements. The ob-632

22

1 2 3 4 5 6 7
1−10

1
(g

gH
H

) [
pb

]
σ

95
%

 C
L 

up
pe

r l
im

it 

 (13 TeV)-1138 fbCMS  Multilepton→HH 

benchmarks
JHEP03 EFT

Shape benchmark

Observed Median expected

68% CL expected 95% CL expected

1 2 3 4 5 6 7

1

10

(g
gH

H
) [

pb
]

σ
95

%
 C

L 
up

pe
r l

im
it 

 (13 TeV)-1138 fbCMS  Multilepton→HH 

benchmarks
JHEP03 EFT

Shape benchmark

Solid (dashed) lines: observed (median expected) limits

Combined hτ40#ell#text{ + } hτ3 1#ell#text{ + }
hτ2#ell#text{ ss + 0/1 } hτ2 2#ell#text{ + } hτ0 3#ell#text{ + }

hτ13#ell#text{ + } 4#ell

Figure 10: Observed and expected 95% CL upper limits on the HH production cross section
for seven benchmark scenarios from Ref. [61]. The plot on the left shows the result obtained by
combining all seven search categories, while the plot on the right shows the limits obtained for
each search category separately.
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Figure 11: Observed and expected limits on the HH production cross section as function of
the effective coupling c2 (left) and region excluded in the kt–c2 plane (right). All limits are
computed at 95% CL. Higgs boson couplings other than the ones shown in the plots (c2 in the
left plot and c2 and kt in the right plot) are assumed to have the values predicted by the SM.

Figure 11 shows the observed and expected upper limits on the HH production cross section as643

a function of the coupling c2 and the region excluded in the kt–c2 plane. The effects of variations644

in kl and kt on the rate of the single SM Higgs boson background [125] and on the Higgs boson645

decay branching fractions [126] are taken into account when computing these limits and those646

shown in Fig. 8. Assuming the Higgs boson couplings kt and kl have the values expected in647

the SM, the coupling c2 is observed (expected) to be constrained, at 95% CL, within the interval648

�1.06 < c2 < 1.49 (�0.97 < c2 < 1.37).649

Figure 12 shows the observed and expected limits on the resonant HH production cross section650

as a function of mX for a spin-0 or spin-2 particle X decaying to a Higgs boson pair. Compared to651

previously published searches [54, 124], this analysis has similar sensitivity at very low masses652

(250-400 GeV), owing again to the efficient reconstruction and identification of low-pT leptons653

in CMS. In the mass range mX & 600 GeV, the observed limit is less stringent than the ex-654

pected limit. The reason is a small excess of data events concentrated near mX = 750 GeV in655

the categories 2`ss and 3`. The distributions in the output of the BDT classifier targeting reso-656

nances of spin 2 and mass 750 GeV in the 2`ss and 3` categories is shown in Fig. 13. A small657

Constraint on trilinear coupling at 95% CL: 

-7	<	 	<	11κλ 2t-2H	coupling	 	vs	H-t	coupling	c2 κt
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Figure 1: LO Feynman diagrams for SM nonresonant HH production via gluon fusion (a, b)
and via vector boson fusion (c, d, e).

and c2, referring to the interactions between two gluons and one Higgs boson, two gluons and47

two Higgs bosons, and two top quarks and two Higgs bosons, respectively. The corresponding48

Feynman diagrams for ggHH production are shown in Fig. 2. The LO diagrams for qqHH49

production contain no gluons, so the impact of cg, c2g, and c2 are only considered in ggHH50

signal in this paper.51

H

g

g

H

H

cg l

g H

g H

c2g t

g H

g H

c2

(a) (b) (c)

Figure 2: LO Feynman diagrams for nonresonant HH production via gluon fusion in an effec-
tive field theory approach where loop-mediated contact interactions between (a) two gluons
and one Higgs boson, (b) two gluons and two Higgs bosons, and (c) two top quarks and two
Higgs bosons are parametrized by three effective couplings: cg, c2g, and c2.

An excess of HH signal events may also result from decays of new heavy particles, denoted52

X, into pairs of Higgs bosons. Various BSM theories postulate such decays, in particular two-53

Higgs-doublet models [25, 26], composite Higgs models [27, 28], Higgs portal models [29, 30],54

and models inspired by warped extra dimensions [31]. In the latter, the new heavy particles55

may have spin 0 (“radions”) or spin 2 (“gravitons”) [32]. In this paper, the resulting“resonant”56

HH production is sought for mass values of X from 250 to 1000 GeV, and the width of X is57

assumed to be negligible compared to the experimental resolution on mHH. This creates a peak58

in the reconstructed mHH distribution around the mass mX of the resonance. The Feynman59

diagram for this process is shown in Fig. 3. The production of new particles with masses above60

1000 GeV is probed via the effective coupling c2g in the EFT approach described above.61

In this paper, we present the results of a search for nonresonant as well as resonant HH produc-62

c2
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Run 2 combination:  μ
• Higgs physics in the era	of	precision	(6%	on	 ):  

- ATLAS:  

- CMS:    

μ
μ = 1.06 ± 0.06 = 1.06 ± 0.03(stat.) ± 0.03(exp.) ± 0.04(sig . th.) ± 0.02(bkg . th.)

μ = 1.02+0.07
−0.06 = 1.02 ± 0.04(stat.) ± 0.04(exp.) ± (th.)

37

the SM within corresponding theory uncertainties. Cross sections are reported in the region |H� | < 2.5.
Results are obtained in a simultaneous fit to the data, with the cross sections of each production mechanism
as parameters of interest. Higgs boson decay branching fractions are set to their SM values, within
the uncertainties specified in Ref. [37]. The results are shown in Figure 2 and Table 2. The level of
compatibility between the measurement and the SM prediction corresponds to a ?-value of ?SM = 63%,
computed using the procedure outlined in Section 3 with five degrees of freedom.

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
Cross-section normalised to SM value

0.5−

8
Total Stat. Syst. SM PreliminaryATLAS

-1 = 13 TeV, 36.1 - 139 fbs
| < 2.5

H
y = 125.09 GeV, |Hm

 = 63%
SM

p              Total      Stat.     Syst.

ggF  ) 0.05−
 0.06+  ,    0.04±     (  0.07±   1.02   

VBF  ) 0.09−
 0.10+  ,    0.08±     (  0.12−

 0.13+   1.13   

WH  ) 0.13−
 0.15+  ,    0.17±     (  0.21−

 0.23+   1.30   

ZH  ) 0.13−
 0.15+  ,    0.16−

 0.17+     (  0.21−
 0.22+   0.88   

tH+ttH  ) 0.12−
 0.14+  ,    0.13±     (  0.18−

 0.19+   0.96   

Figure 2: Cross sections for ggF, VBF, ,�, /�, and CC� + C� production modes. The cross sections are normalised
to their SM predictions, measured assuming SM values for the decay branching fractions. The black error bars, blue
boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements, respectively. The
gray bands indicate the theory uncertainties on the SM cross-section predictions. The level of compatibility between
the measurement and the SM prediction corresponds to a ?-value of ?SM = 63%, computed using the procedure
outlined in the text with five degrees of freedom.

The correlations between the measured cross sections, shown in Figure 3, are further reduced relative
to previous analyses [23]. A modest correlation of �6% between the ggF and VBF processes remains,
however, because of contributions from ggF production in the VBF-enriched selections. Compared to the
previous results [61], the anti-correlation between ,� and /� measurements increased by a factor of two.
This is mainly due to the inclusion of the � ! gg channel updated with the full Run 2 data set, that is
only sensitive inclusively to the +� production. This increase in anti-correlation also explains the larger
di�erence in the observed ,� and /� cross section values compared to the previous result.

9
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Figure 5: Signal strength modifiers for the production, µi, and for the decay, µ f , modes on the left and
the right panel, respectively. The thick (thin) black lines report the 1s (2s) confidence intervals. The
thick blue and red lines report the statistical and systematic components of the 1s confidence intervals.
The assumptions used in this fit are described in the text.

Table 3: Best-fit values and ±1s uncertainties for the decay channel signal strength parametrization.
The expected uncertainties for µ f = 1 are given in brackets.

Decay µ f

Uncertainty
Parameters Best-fit Stat. Syst.

µgg 1.07+0.12
�0.10

+0.08
�0.08

+0.08
�0.07⇣

+0.11
�0.10

⌘ ⇣
+0.08
�0.08

⌘ ⇣
+0.07
�0.06

⌘

µZZ 0.93+0.10
�0.09

+0.07
�0.07

+0.07
�0.06⇣

+0.11
�0.10

⌘ ⇣
+0.08
�0.07

⌘ ⇣
+0.07
�0.06

⌘

µWW 1.20+0.16
�0.15

+0.09
�0.09

+0.13
�0.12⇣

+0.14
�0.13

⌘ ⇣
+0.09
�0.09

⌘ ⇣
+0.11
�0.10

⌘

µtt 0.80+0.17
�0.16

+0.10
�0.10

+0.14
�0.13⇣

+0.18
�0.17

⌘ ⇣
+0.10
�0.10

⌘ ⇣
+0.15
�0.14

⌘

µbb 1.11+0.20
�0.19

+0.13
�0.13

+0.16
�0.15⇣

+0.20
�0.19

⌘ ⇣
+0.12
�0.12

⌘ ⇣
+0.15
�0.14

⌘

µµµ 0.90+1.29
�1.28

+1.28
�1.27

+0.22
�0.13⇣

+1.27
�1.26

⌘ ⇣
+1.25
�1.26

⌘ ⇣
+0.24
�0.06

⌘

8 Measurements of the Higgs boson couplings

In the k-framework [76], coupling modifiers are introduced in order to test for deviations in
the couplings of the Higgs boson to other particles. The total Higgs boson width cannot be

	in	decayσH /σH
SM

	in	productionσH /σH
SM

ATLAS-CONF-2021-053 
CMS-PAS-HIG-19-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
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Run 2 combination:  and EFTκ
• Combination also for in the	 -framework for 

the coupling modifiers 

• assuming decays to SM-only particles 

• e.g. universal vector-boson couplings                                                                                               
 and universal fermion                                                             

couplings 

κ

κV = κW = κZ
κF = κt = κb = κτ = κμ

38

κ2
j = Γj /ΓSM

J

6.2 Fermion and gauge boson couplings

The model studied in this section probes the universal coupling-strength scale factors ^+ = ^, = ^/ for all
vector bosons and ^� = ^C = ^1 = ^g = ^` for all fermions. The e�ective couplings corresponding to the
66�, � ! WW and � ! /W vertex loops are being resolved in terms of the fundamental SM couplings. It
is assumed that there are no invisible or undetected Higgs boson decays, i.e. ⌫i. = ⌫u. = 0. Only the relative
sign between ^+ and ^� is physical. As a negative relative sign has been excluded with high confidence
level [9], ^+ � 0 and ^� � 0 are assumed. The best-fit values and uncertainties from a combined fit are

^+ = 1.039+0.031
�0.030

^� = 0.93 ± 0.05.

Figure 10 shows the results of the combined fit in the (^+ , ^� ) plane. Both ^+ and ^� are measured to be
compatible with the SM expectation. The level of compatibility between the SM hypothesis with the best-fit
point corresponds to a ?-value of ?SM = 2.8%, computed using the procedure outlined in Section 3 with
two degrees of freedom. Compared to the previous result [23], a lower ?-value is observed mainly due to
the lower fitted value for ^� . This is driven by the updated CC�, � ! 11̄ and ggF, � ! gg measurements.
In the combined measurement a linear correlation of 43% between ^+ and ^� is observed.

0.95 1 1.05 1.1 1.15
Vκ

0.8

0.85

0.9

0.95

1
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1.1

1.15

F
κ ATLAS Preliminary

-1 = 13 TeV, 36.1-139 fbs
| < 2.5

H
y = 125.09 GeV, | Hm

 = 2.8%
SM

p

Observed best fit
Observed 68% CL
Observed 95% CL
Standard Model

Figure 10: Negative log-likelihood contours at 68% and 95% CL in the (^+ , ^� ) plane obtained from a combined fit,
assuming no contributions from invisible or undetected Higgs boson decays. The best-fit value is indicated by a cross
while the SM hypothesis is indicated by a star. A linear correlation of 43% between ^+ and ^� is observed. The
level of compatibility between the combined measurement and the SM prediction, estimated using the procedure
outlined in the text with two degrees of freedom, corresponds to a ?-value of ?SM = 2.8%.
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• Or	EFT	for	BSM	at	a	scale	 :  
constraints of Wilson coefficients of the higher-
order operators derived from STXS signal 
strengths  in each bin-i:

Λ ≫ VEVH

μi

μi(cj) =
σEFT

i

σSM
i
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Figure 10: Summary plot for the HEL parameter scans. The best fit values when profiling (fixing) the
other parameters are shown by the solid black (hollow blue) points. The ± 1s and ± 2s confidence
intervals are represented by the thick and thin black lines respectively for the profiled scenario, and
the green and yellow bands respectively for the fixed scenario. The assumptions used in this fit are
described in the text.

in the combination. These analyses target Higgs boson decays to gg, ZZ, WW, tt , bb, and µµ
pairs, using 13 TeV proton-proton collision data collected between 2016–2018 with integrated
luminosities of between 35.9–137 fb�1 depending on the analysis.

The combined Higgs boson signal strength is measured to be 1.02+0.07
�0.06, and signal strengths

measured per production and decay mode are also found to be in agreement with the SM
prediction. In addition, an interpretation is provided in which these production and decay
rates are parameterised by the Higgs boson self-coupling modifier kl. The measured value is
compatible with the SM expectation, and a 95% confidence level interval of [�3.5, 14.5] is de-
termined under the assumption that the Higgs boson couplings to fermions and vector bosons
take their SM values. An effective field theory interpretation is also presented, in which con-
straints on the parameters of the Higgs Effective Lagrangian model are determined. For many
of the parameters these results represent the strongest constraints to date.

ATLAS-CONF-2021-053 
CMS-PAS-HIG-19-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
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Conclusions
• The LHC Run2 provided data for a lot of results from ATLAS and CMS 

characterizing the Higgs boson 

- mass measured with 0.1% precision, and width measured for the first time with 
50% precision 

- the production cross section are now measured differentially in many STXS bins, in 
several production modes  

- fiducial cross sections and coupling modifiers measured at 10% level, allowing 
interesting EFT interpretations 

- couplings to 2nd generation established with , next challenge is  

- CP violation studied in many channels, including rare ttH 

- searches for HH production for H self-couplings impressive 

• The	LHC	is	going	to	have	new	collisions	in	Spring	2022 with =13.6 TeV and 	

350	h-1	is	expected	per	experiment	for	Run1+2+3	(+100	h-1	if	Run3	is	extended	
of	one	more	year) 
- a unique opportunity to continue characterizing the Higgs potential: entering the 

precision era for the Higgs field

H → μ+μ− H → cc̄

s
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Evidence for H → γℓ+ℓ−

• Rare three body decay of the Higgs:  
for mℓℓ<30 GeV 

- LFV affecting B-meson RK* ratio could also affect the ℓℓγ rate 

- can be used to probe CP-violation in the Higgs sector

BR(H → μμ[ee]γ) ≈ 3.4[7.2] × 10−5

41

Merged electron reconstruction where a calorimeter (electron-like) cluster 
is associated to two tracks and conversions are carefully rejected! 

Evidence for H → γℓ+ℓ−

Key experimental challenge is to go to low dilepton mass this 
required a new reconstruction technique:

~ 1.7% of Br(γγ)
m`+`� < 50 GeV

<latexit sha1_base64="RY1KTHs5T1Gem6oNhoy1AZPNaVg="></latexit>

Search initially made in this case in the 
dimuon channel only (in the low di-lepton 
mass limit the shower of electrons merge).

�
<latexit sha1_base64="Y9OFLjKtBShdL0eNsw8geGsxyPI="></latexit>

Z/�⇤
<latexit sha1_base64="2dhaOsayK8KI6+bhe/WgfFLo+6w="></latexit>

`+
<latexit sha1_base64="bdZJIokR6WGfo0zJr5DQw8gO4f0="></latexit>

`�
<latexit sha1_base64="ygd9NYt+5+2R3mR63Q+Bp3rxzg4="></latexit>

h
<latexit sha1_base64="J16lRymcTpm7oDAUVpEQCJYjwWs="></latexit>
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Phys. Lett. B 819 (2021) 136412

Expected    

Observed   

2.1σ
3.2σ

- 3 x 3 categories (VBF, 
high pT ggF, low pT 
ggF)  (ee resolved, ee 
merged, )


- Contributions from  
are removed with a 
mass cut

⊗
μμ

J/ψ

O(3%)In this case the HL-LHC

Highlights importance of further developing our 
reconstruction techniques!
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Figure 4: Best-fit values of the signal-strength parameters for all event categories, in a fit where the signal strength in
each category is allowed to float independently (black circles), compared with the result of the global fit (red circle
and line) including its total uncertainty (grey band).
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Figure 5: <✓✓W distribution, with every data event reweighted by a category-dependent weight, ln (1 + (90/⌫90),
where (90 is the number of signal events in the smallest window containing 90% of the expected signal, and ⌫90

is the expected number of background events in the same window, estimated from fits to the data sidebands using
the background models. The data are shown as the black circles with statistical uncertainties. The parameterised
signal and backgrounds are also added up with the category-dependent weight. The red curve shows the combined
signal-plus-background model when fitting all analysis categories simultaneously, the dashed black line shows the
model of the non-resonant background component and the dotted blue line denotes the sum of the non-resonant
background and the resonant � ! WW background. The curves are obtained from the fit, i.e. they include the best-fit
values of the parameter of interest and the nuisance parameters, including the spurious signal. The bottom panel
shows the residuals of the data with respect to the non-resonant background component of the signal-plus-background
fit.
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• 3 productions (ggH low pT, ggH high pT 
and VBF) x 3 final states (ee-resolved, 
ee-merged, μμ) 

•required new experimental technique 
for merged electrons in the e.m. 
calorimeter

μ = 1.5 ± 0.5 (stat)+0.2
−0.1 (syst)

significance: 3.2σ (2.1σ exp.)

Phys. Lett. B 819 (2021) 136412

https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub
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: differential and fiducialH → γγ
• Inclusive fiducial cross section measurement has precision of 10%: 

-  (ATLAS) 

-
σfid = 65.2 ± 4.5(stat) ± 5.6(syst) ± 0.3(th) fb

σSM = 63.6 ± 3.3 fb

42
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: differential and fiducialH → 4ℓ
• single- or doubly-differential distributions measured, consistent with SM 

• Fiducial x-sections measured with 10% precision:

43

Eur. Phys. J. C           (2020) 80:942 Page 39 of 67   942 

Fig. 33 aDouble differential fiducial cross sections of the p4!
T distribution in |y4!| bins. The corresponding correlation matrix between the measured

cross sections and the Z Z∗ background normalisation factors is shown in b. The p-values shown are calculated for all bins across both p4!
T and

|y4!| simultaneously

Fig. 34 aDouble differential fiducial cross sections of the p4!
T distribution in Njets bins. The corresponding correlation matrix between the measured

cross sections and the Z Z∗ background normalisation factors is shown in b. The p values shown are calculated for all bins across both p4!
T and

Njets simultaneously
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Eur. Phys. J. C 81 (2021) 488

• CMS also provides a range of one-dimensional observables 

• Again mostly seem consistent with the SM at this stage

Eur. Phys. J. C 80 (2020) 942  
Eur. Phys. J. C 81 (2021) 488 

Measured [�] SM prediction [�]

ATLAS 

CMS

3.18 ± 0.31 (stat) ± 0.11 (syst)
2.73+0.23

−0.22(stat) +0.24
−0.29 (syst)

3.41 ± 0.18
2.76 ± 0.14

https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0
http://dx.doi.org/10.1140/epjc/s10052-021-09200-x
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: differential and fiducialH → ττ
• Dedicated measurement of differential cross sections complements the 

ones in  channels in the high  region and high jet 
multiplicity: 

- , Njets>2, 

γγ, ZZ, bb̄, WW pH
T

120 < pH
T < 600 GeV pj1

T > 120 GeV
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STXS in H → WW*
• H→2ℓ2ν challenging channel  where backgrounds needs to be 

modelled with data accurately 

• Large signal yield allows granular binning for differential cross sections

45
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Figure 4. Observed fiducial cross sections in bins of pHT (left) and Njet (right), overlaid with predic-
tions from the nominal and alternative models for signal. The ggF and VBF samples are generated
using powheg in the nominal model and MadGraph5_amc@nlo in the alternative model. The
uncertainty bars on the observed cross sections represent the total uncertainty, with the statisti-
cal, experimental (including luminosity), and theoretical uncertainties also shown separately. The
uncertainty bands on the theoretical predictions correspond to quadratic sums of renormalization-
and factorization-scale uncertainties, PDF uncertainties, and statistical uncertainties of the simu-
lation. The filled histograms in the ratio plots show the relative contributions of the Higgs boson
production modes in each bin.

Njet-binned combined data set, are

µfid=1.05±0.12
(
±0.05(stat)±0.07(exp)±0.01(signal)±0.07(bkg)±0.03(lumi)

)
, (9.3)

σfid=86.5±9.5 fb. (9.4)

where (stat) refers to the statistical uncertainties (including the background normalizations
extracted from control regions), (exp) to the experimental uncertainties excluding those in
the integrated luminosity, (signal) to the theoretical uncertainties in modeling the signal,
(bkg) to the remaining theoretical uncertainties, and (lumi) to the luminosity uncertainty.
Tabulated results are available in the HepData database [84].

10 Summary

Inclusive and differential fiducial cross sections for Higgs boson production have been mea-
sured using H → W+W− → e±µ∓νν decays. The measurements were performed using
pp collisions recorded by the CMS detector at a center-of-mass energy of 13TeV, cor-
responding to a total integrated luminosity of 137 fb−1. Differential cross sections as a
function of the transverse momentum of the Higgs boson and the number of associated
jets produced are determined in a fiducial phase space that is matched to the experimental
kinematic acceptance. The cross sections are extracted through a simultaneous fit to kine-
matic distributions of the signal candidate events categorized to maximize sensitivity to

– 20 –
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 SMEFT (CMS)H → 4ℓ
• Same analysis framework for anomalous couplings fits also SMEFT 

parameters 

- fits up to 4 parameters simultaneously, in the Higgs basis 

• cgg and cg̃g included and profiled away 

• cγγ and cZγ set to zero, assuming tightly constrained by BR(γγ), BR(Zγ)

46

μV ¼ 1.10þ0.50
−0.42 . The observed correlation coefficients are

shown in Table VII. Keeping only linear terms and
dropping terms with order greater than one for anomalous
couplings does not allow us to make a reasonable like-
lihood scan, since the probability density goes negative, as
discussed in Sec. II C.
Since the relationship of the HWW and HZZ couplings

does not affect the measurement of the fa3 parameter in the
H → 4l decay, the constraints from the decay information
in the wider range of fa3 in approach 2 are unaffected
compared to approach 1, when other couplings are fixed
to zero. However, with one less parameter to float, the
constraints are modified somewhat when all other cou-
plings are left unconstrained. The modified relationship
between the HWW and HZZ couplings also leads to some
modification of constraints using production information in
the narrow range of fa3. On the other hand, the fa2 and fΛ1
parameters are modified substantially because the fZγΛ1

information gets absorbed into these measurements through
symmetry relationships.
The measurement of the signal strength μV and the fa3,

fa2, fΛ1 parameters can be reinterpreted in terms of the
δcz, czz, cz□, and c̃zz coupling strength parameters.
Observed one- and two-dimensional constraints from
a simultaneous fit of SMEFT parameters are shown in
Figs. 21 and 22. The cgg and c̃gg couplings are left
unconstrained. A summary of all constraints on the Htt,
Hgg, and HVV coupling parameters in the Higgs basis of
SMEFT, including the correlation coefficients, is shown
in Table VIII. The results in this table are taken from
Secs. VI C and VI E, as measured in the tH, tt̄H, ggH, and
EW processes.
The above interpretation of HVV results in terms of the

δcz, czz, cz□, and c̃zz couplings can be extended into an
interpretation in terms of the couplings in the Warsaw
SMEFT basis [28]. In this basis, nine operators are
considered: cH□

, cHD, cHW , cHWB, cHB, cHW̃ , cHW̃B,
cHB̃, and δv, where the latter is a linear combination of
additional Warsaw basis operators [71]. However, not all
nine of these operators are independent. First of all,
consideration of Eq. (3) leads to δv expression as a linear
combination of cHD and cHWB. Four constraints on the
couplings aγγ;Zγ2 and aγγ;Zγ3 lead to only one of the three
operators cHW , cHWB, and cHB being independent, and only
one of cHW̃ , cHW̃B, and cHB̃ being independent. Therefore,
we obtain only four independent constraints, the same
number as in the Higgs basis. We note that the couplings of
the Z boson to fermions are fixed to those expected in the
SM because those are well constrained from prior mea-
surements and this constraint is already included in our
primary measurements. Even though some of the above
EFT operators may affect couplings of the Z boson, their
effect must be compensated by the other EFT operators not
affecting the H boson couplings directly. With the above
constraints, we use the tools in Refs. [33,71] to relate

TABLE VIII. Summary of constraints on the Htt, Hgg, and HVV coupling parameters in the Higgs basis of SMEFT. The observed
correlation coefficients are presented for the Htt and Hgg and HVV couplings in the fit configurations discussed in text and shown in
Figs. 17 and 22, respectively.

Channels Coupling Observed Expected Observed correlation

cgg c̃gg κt κ̃t
tH & tt̄H & ggH cgg −0.0012þ0.0022

−0.0174 0.0000þ0.0019
−0.0196 1 −0.050 −0.941 þ0.029

c̃gg −0.0017þ0.0160
−0.0130 0.0000þ0.0138

−0.0138 1 þ0.046 −0.568
κt 1.05þ0.25

−0.20 1.00þ0.34
−0.26 1 þ0.168

κ̃t −0.01þ0.69
−0.67 0.00þ0.71

−0.71 1

δcz czz cz□ c̃zz
VBF & VH & H → 4l δcz −0.03þ0.06

−0.25 0.00þ0.07
−0.27 1 þ0.241 −0.060 −0.009

czz 0.01þ0.11
−0.10 0.00þ0.22

−0.16 1 −0.884 þ0.058
cz□ −0.02þ0.04

−0.04 0.00þ0.06
−0.09 1 þ0.020

c̃zz −0.11þ0.30
−0.31 0.00þ0.63

−0.63 1

TABLE IX. Summary of constraints on the HVV coupling
parameters in the Warsaw basis of SMEFT. For each coupling
constraint reported, three other independent operators are left
unconstrained, where only one of the three operators cHW , cHWB,
and cHB is independent, and only one of cHW̃ , cHW̃B, and cHB̃ is
independent.

Channels Coupling Observed Expected

VBF & VH & H → 4l cH□

0.04þ0.43
−0.45 0.00þ0.75

−0.93
cHD −0.73þ0.97

−4.21 0.00þ1.06
−4.60

cHW 0.01þ0.18
−0.17 0.00þ0.39

−0.28
cHWB 0.01þ0.20

−0.18 0.00þ0.42
−0.31

cHB 0.00þ0.05
−0.05 0.00þ0.03

−0.08
cHW̃ −0.23þ0.51

−0.52 0.00þ1.11
−1.11

cHW̃B −0.25þ0.56
−0.57 0.00þ1.21

−1.21
cHB̃ −0.06þ0.15

−0.16 0.00þ0.33
−0.33
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FIG. 22. Observed two-dimensional constraints from a simultaneous fit of the SMEFT parameters δcz, czz, cz□, and c̃zz with the cgg
and c̃gg couplings left unconstrained.

CONSTRAINTS ON ANOMALOUS HIGGS BOSON COUPLINGS TO … PHYS. REV. D 104, 052004 (2021)

052004-33

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2

z cδ

1−

0.5−

0

0.5

1

zzc~

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

∆
-2

SM
best fit
68% C.L.
95% C.L.

 (13 TeV)-1137 fbCMS

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2

z cδ

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

zzc

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

∆
-2

SM
best fit
68% C.L.
95% C.L.

 (13 TeV)-1137 fbCMS

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2

z cδ

0.1−

0.05−

0

0.05

0.1

0.15

zc

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

∆
-2

SM
best fit
68% C.L.
95% C.L.

 (13 TeV)-1137 fbCMS

0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

zzc

1−

0.5−

0

0.5

1

zzc~

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

∆
-2

SM
best fit
68% C.L.
95% C.L.

 (13 TeV)-1137 fbCMS

0.15− 0.1− 0.05− 0 0.05 0.1

zc

1−

0.5−

0

0.5

1

zzc~

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

∆
-2

SM
best fit
68% C.L.
95% C.L.

 (13 TeV)-1137 fbCMS

0.15− 0.1− 0.05− 0 0.05 0.1

zc

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

zzc

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

∆
-2

SM
best fit
68% C.L.
95% C.L.

 (13 TeV)-1137 fbCMS

FIG. 22. Observed two-dimensional constraints from a simultaneous fit of the SMEFT parameters δcz, czz, cz□, and c̃zz with the cgg
and c̃gg couplings left unconstrained.
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results in Higgs basis can be 
translated 

in Warsaw basis
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 from Hgg H → WW → eνeμνμ

• Effective Higgs-gluon interaction: 

• Use production information of  events in kinematics/MVA categories 

- CP odd/even separation from ΔΦjj distribution in high  regions 

eνμνjj
|Δηjj |

47

 arXiv:2109.13808

25]. In the large top-quark-mass limit, <top ! 1, the CP structure of the top-quark Yukawa coupling is
inherited by the e�ective Higgs–gluon interaction [26]. Thus, constraints on BSM contributions will be
directly set on the CP-even and CP-odd coupling strength modifiers of the e�ective Higgs–gluon interaction.
The e�ective Lagrangian that describes the Higgs–gluon interaction is expressed as

Lloop
0 = �

6
�66

4

⇣
^
66

cos(U)⌧0

`a
⌧

0,`a + ^
66

sin(U)⌧0

`a
⌧̃

0,`a

⌘
� , (1)

where ⌧
0

`a
is the gluon field strength tensor, ⌧̃0,`a = ⌧

0

df
Y
`adf/2 is the dual tensor, 6

�66
is the

e�ective coupling for the SM CP-even 66� interaction, ^
66

is the coupling-strength scale factor for the
e�ective Higgs–gluon interaction and U is the CP-mixing angle. Interference between CP-even and CP-odd
contributions a�ects the shape of the signed �� 9 9 distribution, but has no impact on the cross section
of the ggF production mode, which is a function of ^2

66
cos2(U) and ^

2
66

sin2(U) only. Three benchmark
scenarios with di�erent CP properties are defined in Table 1, and the distribution of the signed �� 9 9

observable is shown in Figure 2(a) for these parameter choices.

Table 1: Definition of the three benchmark scenarios used in the ggF + 2 jets analysis. The parameter settings
correspond to a CP-even (i.e. the SM hypothesis), a CP-odd, and a CP-mixed scenario.

Scenario Parameters

CP-even (SM) ^
66

= 1, cos(U) = 1

CP-odd ^
66

= 1, cos(U) = 0

CP-mixed ^
66

= 1, cos(U) = 1p
2

The analysis targeting �++ couplings in Higgs boson production and decay uses polarisation-dependent
coupling-strength scale factors defined in Ref. [27] as

0L =
6�+L+L

6�++

, 0T =
6�+T+T

6�++

, (2)

where 6�++ is the SM �++ coupling strength and 6�+L+L and 6�+T+T are the measured polarisation-
dependent couplings.

The polarisations of the vector bosons in Eq. (2) are defined in the Higgs boson rest frame so that
mixed-polarisation couplings �+L+T do not contribute to fVBF · B�!,, . Other BSM e�ects are not
considered. Within the SM (0L = 0T = 1), the �++ couplings are insensitive to the polarisations.

Since the polarisations depend on the measurement frame, the above description is not Lorentz invariant
and as such cannot be described in the Lagrangian framework. Instead, the coupling strength modifiers 0L

and 0T can be related to pseudo-observables (POs) [28]. The POs considered in this article appear as ^++

and Y++ in the e�ective Lagrangian

L = ^++
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where in the SM ^++ = 1 and Y++ = 0. The universality of Higgs boson interactions with longitudinal ,
and / bosons follows from assuming custodial symmetry (see Eqs. (33) and (35) in Ref. [29]), no new
physics in the boson–fermion couplings , 5 5 and / 5 5 , and a CP-even Higgs boson with CP-conserving
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Figure 2: Distributions of the signed �� 9 9 observable shown for (a) CP-even, CP-odd and CP-mixed benchmark
models of the ggF + 2 jets production mode, and (b) various configurations of the 0L and 0T parameters in VBF events.
These comparisons are performed at the generator level using the predictions of the M��G����5_aMC@NLO 2.4.2
+ P����� 8.212 [32] generators.

of sampling calorimeters with either liquid argon (LAr) or scintillator tiles as the active medium, and lead,
steel, copper, or tungsten as the absorber material. The MS provides muon identification and momentum
measurements for |[ | < 2.7. The ATLAS detector has a two-level trigger system to select events for further
analysis.

4 Datasets and Monte Carlo predictions

Candidate events in data are selected from the combined 2015 and 2016 ATLAS
p
B = 13 TeV ?? collision

dataset in which all ATLAS subdetectors were fully operational [34]. The corresponding total integrated
luminosity [35] is 36.1 ± 0.8 fb�1.

The modelling of the gluon-induced production of Higgs bosons in association with jets was realised using
the M��G����5_aMC@NLO 2.4.2 generator [24, 25], which provides a calculation of the matrix element
at next-to-leading-order (NLO) precision for ggF events with up to two additional partons in the final state.
The calculations of the matrix element are based on the predictions of the HC model, while the parton
shower, hadronisation and underlying-event activity were simulated with the P����� 8.212 [32] generator
using the A14 set of tuned parameters [36]. The cross-section calculation is based on the NNPDF3.0 [37]
NLO parton distribution function (PDF) sets. In total, three di�erent Monte Carlo samples were produced,
corresponding to a CP-even, a CP-odd or a CP-mixed coupling between Higgs bosons and gluons, following
the recommendations from Ref. [26] and using the FeynRules model HC_NLO_X0_UFO-heft [38]. The
decay � ! ,,

⇤ ! 4a`a was modelled according to the SM.

6

values observed in the data are consistent with the SM predictions within the 68% CL, while |^
66

cos(U) |
values above 1.6 and |^

66
sin(U) | values above 1.1 are excluded at 95% CL.5

Table 6: Post-fit event yields in the signal and control regions obtained from the study of the signal strength parameter
`

ggF+2jets. The quoted uncertainties include those from theoretical and experimental systematic sources and those
due to sample statistics. The fit constrains the total expected yield to the observed yield.

Process Top CR ,, CR / ! gg CR SR
ggF + 2 jets 20 ± 20 < 0.1 10 ± 10 60 ± 80

ggF + 0/1 jets 4 ± 1 < 0.1 3 ± 1 40 ± 20
VBF 8 ± 1 < 0.1 7 ± 1 70 ± 10

Other Higgs 6 ± 3 2 ± 1 20 ± 10 30 ± 10
CC̄, ,C 17800 ± 200 3100 ± 500 390 ± 60 2300 ± 300
,, 180 ± 80 1400 ± 500 200 ± 70 1200 ± 400

/ + jets 220 ± 30 16 ± 3 1960 ± 70 1000 ± 100
, + jets 600 ± 200 140 ± 30 90 ± 20 390 ± 80

Non-,, dibosons 40 ± 30 100 ± 30 120 ± 50 240 ± 80
Observed 18886 4778 2800 5209
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Figure 5: Expected and observed likelihood curves for scans (a) over tan(U) where only the shape is taken into
account in the fit, and (b) over tan(U) when both shape and normalisation are used.

5 Precise measurements of the inclusive ggF cross section give tighter constraints on the individual parameters [86], due to its
dependence on ^

2
66

cos2 (U) and ^
2
66

sin2 (U).
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tan(α) = 0.0 ± 0.4 (stat) ± 0.3 (syst)
2015, 2016 data used
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STXS combination
• Precision era: 

- Combination of several channels 
for the STXS measurements 

• unc within 13%-100% apart tH and 
few extreme bins 

- coupling modifier per particle type
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