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• Small cross section compared to other Higgs production (~ 1% total XS modes) but ~ 7 
times larger cross section than tH 


• Top-Yukawa coupling is strongest fermion-Higgs coupling in SM 


• Can give hints to the stability of the electroweak vacuum


• Most favourable production mode for direct measurement of Yukawa coupling to top 
quark


• Branching fraction of Higgs decaying to 2 b-quarks ~ 58%

Motivation for  Measurementtt̄H (H → bb̄)
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• Latest measurements: ATLAS  and CMS 


• Semi-leptonic or fully leptonic decay of W-bosons considered


• Full RUN II dataset with  recorded with                             
ATLAS @  (ATLAS-CONF-2020-058)


• Analysis regions optimised for Simplified Template Cross Section 
(STXS) measurement in bins of 


• Dominant background   (irreducible)

36 fb−1 77.4 fb−1

139 fb−1

s = 13 TeV

pH
T

tt̄ + bb̄

Signature of  Processtt̄H (H → bb̄)
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Analysis Strategy
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BDT DNN Event reconstruction

(solving combinatorics)

Categorisation/Selection by number of jets & number of b-tags

Reconstruction BDT: 
Matching jets to partons 
emitted from top-quark 

and Higgs decay

New Deep Neural 
Network trained to 

classify reclustered jets 
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Event reconstruction

(solving combinatorics)

Categorisation/Selection by number of jets & number of b-tags

Analysis Strategy
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Results - Signal Strength
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Figure 6: Fitted values of the tt̄H signal strength parameter in the individual channels and in the inclusive signal
strength measurement.

Table 6: Breakdown of the contributions to the uncertainties in µ. The contribution of the di�erent sources of
uncertainty is evaluated after the fit. The �µ values are obtained by repeating the fit after having fixed a certain
set of nuisance parameters corresponding to a group of systematic uncertainties, and subtracting in quadrature the
resulting total uncertainty of µ from the uncertainty from the full fit. The same procedure is followed when quoting
the e�ect of the tt̄ + �1b normalisation. The total uncertainty is di�erent from the sum in quadrature of the di�erent
components due to correlations between nuisance parameters existing in the fit.

Uncertainty source �µ

tt̄ + �1b modelling +0.25 ≠0.24
tt̄H modelling +0.14 ≠0.06
tW modelling +0.08 ≠0.08
b-tagging e�ciency and mis-tag rates +0.05 ≠0.05
Background-model statistical uncertainty +0.05 ≠0.05
Jet energy scale and resolution +0.03 ≠0.03
tt̄ + �1c modelling +0.03 ≠0.03
tt̄ + light modelling +0.02 ≠0.02
Luminosity +0.01 ≠0.00
Other sources +0.03 ≠0.03

Total systematic uncertainty +0.30 ≠0.27

tt̄ + �1b normalisation +0.03 ≠0.05

Total statistical uncertainty +0.20 ≠0.19

Total uncertainty +0.36 ≠0.33

20

• Observed (expected) significance of 1.3 (3.0) 
standard deviations





• Measured  normalisation 





• Uncertainty improved by almost a factor 2 
compared to previous ( ) analysis (Phys. 
Rev. D 97, 072016) 

μ = 0.43+0.20
−0.19(stat.)+0.30

−0.27(syst.) = 0.43+0.36
−0.33

tt̄ + ≥ 1b

k(tt̄ + ≥ 1b) = 1.26 ± 0.09

36 fb−1

ATLAS-CONF-2020-058

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072016
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2021-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-058/


Results - Systematic Uncertainties
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Figure 6: Fitted values of the tt̄H signal strength parameter in the individual channels and in the inclusive signal
strength measurement.

Table 6: Breakdown of the contributions to the uncertainties in µ. The contribution of the di�erent sources of
uncertainty is evaluated after the fit. The �µ values are obtained by repeating the fit after having fixed a certain
set of nuisance parameters corresponding to a group of systematic uncertainties, and subtracting in quadrature the
resulting total uncertainty of µ from the uncertainty from the full fit. The same procedure is followed when quoting
the e�ect of the tt̄ + �1b normalisation. The total uncertainty is di�erent from the sum in quadrature of the di�erent
components due to correlations between nuisance parameters existing in the fit.

Uncertainty source �µ

tt̄ + �1b modelling +0.25 ≠0.24
tt̄H modelling +0.14 ≠0.06
tW modelling +0.08 ≠0.08
b-tagging e�ciency and mis-tag rates +0.05 ≠0.05
Background-model statistical uncertainty +0.05 ≠0.05
Jet energy scale and resolution +0.03 ≠0.03
tt̄ + �1c modelling +0.03 ≠0.03
tt̄ + light modelling +0.02 ≠0.02
Luminosity +0.01 ≠0.00
Other sources +0.03 ≠0.03

Total systematic uncertainty +0.30 ≠0.27

tt̄ + �1b normalisation +0.03 ≠0.05

Total statistical uncertainty +0.20 ≠0.19

Total uncertainty +0.36 ≠0.33

20

Measurement dominated by signal and background 
modelling uncertainties

•  and  modelling 
systematics have the largest impact on 𝜇


• Experimental uncertainty with largest 
impact is related to b-tagging

tt̄ + ≥ 1b tt̄H

ATLAS-CONF-2020-058

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2021-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-058/


• Modelling of  with 4 flavour scheme (no b-quarks in proton PDFs)


• Systematic uncertainties to cover missing higher order terms, initial and final state 
radiation effects, parton shower & hadronisation etc.


• Additional uncertainty derived to cover the Higgs candidate pT mis-modelling, 
assigned entirely to  background


• Only shape effect considered (normalisation effects removed) 
 
 

tt̄ + ≥ 1b

tt̄ + ≥ 1b

Modelling of tt̄ + ≥ 1b
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di�erence between two di�erent tt̄ + bb̄ NLO predictions for the distributions entering into the signal
extraction fit. The impact of these uncertainties on the final results is reported in Section 7.

Special consideration is given to the correlation of modelling uncertainties across di�erent pH

T bins, in
order to provide the fit with enough flexibility to cover background mismodelling without biasing the signal
extraction. The NLO matching tt̄ + �1b uncertainty is shown to depend on pH

T and therefore decorrelated
across pT bins in the SRs. The NLO matching and the PS and hadronisation tt̄ + �1b uncertainties are
further decorrelated between the single-lepton and dilepton channels. The pre-fit distributions of the
reconstructed pH

T are shown in Figure 1. An additional uncertainty is derived for the tt̄ + �1b sample to
cover the mismodelling observed in this distribution. After removing the overall normalisation di�erence
by scaling the tt̄ + �1b background in the dilepton SR�4j

�4b (single-lepton SR�6j
�4b), a weight is computed

in each reconstructed pH

T bin of the dilepton SR�4j
�4b (single-lepton SR�6j

�4b), which corrects the predicted
tt̄ +�1b contribution so that the data and MC yields agree. The derived weights are applied as an additional
uncertainty on the tt̄ + �1b normalisation in each reconstructed pH

T bin. The weights derived in the
single-lepton resolved channel are also applied in the boosted channel. This uncertainty enters the signal
extraction fit as a single nuisance parameter (pbbT shape), correlated across all channels, such that a pull of
+1� corresponds to applying this weight.
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Figure 1: Pre-fit distributions of the reconstructed Higgs boson candidate pT for the (a) dilepton SR�4j
�4b, (b)

single-lepton resolved SR�6j
�4b and (c) single-lepton boosted SRboosted signal regions. The uncertainty band includes

all uncertainties and their correlations, except for the uncertainty on the k(tt̄ + �1b) normalisation factor which is not
defined pre-fit.

To account for variations in the tt̄+�1b subcomponent fractions found in di�erent predictions, an additional
nuisance parameter is introduced which covers the largest discrepancy between two models for the fraction
of tt̄ + 1b/1B and tt̄ + �2b. The one-sigma variation of this nuisance parameter corresponds to reducing
the amount of tt̄ + �2b by 19.5% and increasing the amount of tt̄ + 1b/1B by 41.5%. This uncertainty
is correlated across all regions, and impacts each region di�erently due to the varying compositions of
tt̄ + �1b.

An uncertainty of 5% is considered for the cross-sections of the three single-top production modes [54, 55,
109, 110]. Uncertainties associated with the PS and hadronisation model, and with the NLO matching
scheme are evaluated by comparing, for each process, the nominal P�����B��+P�����8 sample to a
sample produced using P�����B��+H�����7 and M��G����5_aMC@NLO+P�����8. The uncertainty
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Figure 1: Pre-fit distributions of the reconstructed Higgs boson candidate pT for the (a) dilepton SR�4j
�4b, (b)

single-lepton resolved SR�6j
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all uncertainties and their correlations, except for the uncertainty on the k(tt̄ + �1b) normalisation factor which is not
defined pre-fit.
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Results - Pulls and Ranking
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Figure 15: Ranking of the 20 nuisance parameters with the largest post-fit impact on µ in the fit. Nuisance parameters
corresponding to MC statistical uncertainties are not included. The empty blue rectangles correspond to the pre-fit
impact on µ and the filled blue ones to the post-fit impact on µ, both referring to the upper scale. The impact of each
nuisance parameter, �µ, is computed by comparing the nominal best-fit value of µ with the result of the fit when
fixing the considered nuisance parameter to its best-fit value, ✓̂, shifted by its pre-fit (post-fit) uncertainties ±�✓ (±�✓̂).
The black points show the pulls of the nuisance parameters relative to their nominal values, ✓0. These pulls and their
relative post-fit errors, �✓̂/�✓, refer to the lower scale. For the tt̄ + �1b NLO matching uncertainties ‘SRbinN’,
with N = 1..5, corresponds to the truth pT bins 0  pH

T < 120 GeV, 120  pH

T < 200 GeV, 200  pH

T < 300 GeV,
300  pH

T < 450 GeV and pH

T � 450 GeV, respectively. The ‘ljets’ (‘dil’) label refers to the single-lepton (dilepton)
channel.
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• Second largest pull is on Higgs pT shape 
systematics, as expected from pre-fit 
modelling


• Largest observed pull on  ISR 
systematic (~1.4σ)

• Corrects Njets distribution


•  NLO matching has highest 
impact on 

tt̄ + ≥ 1b

tt̄ + ≥ 1b
μ

ATLAS-CONF-2020-058
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• First STXS measurement in bins of  using 


• Only measurement so far accessing high  in 


• In general fairly large uncertainties 


• 1st & 2nd bins dominated by systematic uncertainties


• 3rd - 5th bins dominated by statistical uncertainty

pH
T tt̄H(bb̄)

pH
T tt̄H

ATLAS-CONF-2020-058
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• Measurements of  production with  are performed using the full Run-2 dataset of pp collision collected at √s = 13 TeV and 
corresponding to an integrated luminosity of 


• Event selection targets lepton+jets and dilepton channel


• Dominant background is ttbar production with additional heavy-flavour jets


• An excess of events over the expected SM background is found with an observed (expected) significance of 1.3 (3.0) standard deviations


• Measured signal strength:  


• Systematics dominated measurement, particularly modelling of  background 

• First signal strength measurement performed in Higgs pT bins in STXS framework 

• Observed results are in agreement with SM within large uncertainties 

tt̄H H → bb̄
139 fb−1

0.43+0.36
−0.33

tt̄ + ≥ 1b

Summary

14Manuel Guth (Uni Freiburg, CEA Saclay)



Backup

15



• Latest ATLAS publication (Phys. Rev. D 97 (2018) 072016)


•  excess above the expected background is observed (expected)


• Obtained signal strength 


• Analysis mainly dominated by systematic uncertainties


• Especially modelling of  background is a big issue


• Group is working at that also in cooperation with CMS and      
HiggsXsecWG


•   production discovered in the combination with other channels ( )

1.4 (1.6) σ

μ = 0.84+0.64
−0.61

tt̄ + ≥ 1b

tt̄H 6.3 σ

Latest Results with 36 fb-1

16Manuel Guth (Uni Freiburg, CEA Saclay)

uncertainty of the measured signal strength are reported in
Fig. 14, ranked by decreasing contribution. For each of
these nuisance parameters, the best-fit value and the postfit
uncertainty are shown. The uncertainty coming from the
comparison between the SHERPA5F and the nominal pre-
diction for the tt̄þ ≥ 1b process, related to the choice of
the NLO event generator for this background component,
has the largest impact on the signal strength, followed by
three uncertainties also related to the modeling of the
tt̄þ ≥ 1b background. Systematic uncertainties related to
the tt̄H signal modeling, the modeling of the tt̄þ ≥ 1c and
tt̄ þ light backgrounds, and to experimental sources such
as b-tagging, jet energy scale and resolution, also appear in
Fig. 14; however, their contributions are significantly
smaller than the ones from the tt̄þ ≥ 1b background.
The total uncertainty of the signal strength is reduced by
5% if the fit is performed excluding the systematic
uncertainties not shown in this figure.
The theoretical predictions for the tt̄þ ≥ 1b process

suffer from large uncertainties as reflected in the size of
the difference between alternative simulated samples used to
model this background. The corresponding systematic
uncertainties are therefore large and are a crucial limiting
factor for this search. The choice of nuisance parameters for
systematic uncertainties related to the tt̄þ ≥ 1b background
is studied carefully to ensure sufficient flexibility in the fit to
correct for possible mis-modeling of this background and
avoid any bias in the measured signal strength. In total, 13
independent nuisance parameters are assigned to tt̄þ ≥ 1b
backgroundmodeling uncertainties. The capability of the fit
to correct for mis-modeling effects, beyond the ones present
in the distributions used in the fit, is confirmed by comparing
the predictions of all input variables of the classification
BDT obtained post-fit to data. As mentioned before, no

significant deviations of the predictions from data are found
and the agreement is improved postfit. Alternative
approaches to model the tt̄þ ≥ 1b background, to define
the associated uncertainties and to correlate them are also
tested, and the corresponding results are found to be
compatible with the nominal result.
To further validate the robustness of the fit, a pseudodata

set was built from simulated events by replacing the
nominal tt̄ background by an alternative sample that is
not used in the definition of any uncertainty. This alter-
native sample was generated with POWHEG+PYTHIA 6 and
is similar to the sample used for the tt̄HðH → bb̄Þ analysis

SM
Httσ/Httσ = µBest fit 

1− 0 1 2 3 4 5 6

Combined

 combined fit)µ(two-
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FIG. 13. Summary of the signal-strength measurements in the
individual channels and for the combination. All the numbers are
obtained from a simultaneous fit in the two channels, but the
measurements in the two channels separately are obtained
keeping the signal strengths uncorrelated, while all the nuisance
parameters are kept correlated across channels.

TABLE II. Breakdown of the contributions to the uncertainties
in μ. The line “background-model statistical uncertainty” refers to
the statistical uncertainties in the MC events and in the data-driven
determination of the nonprompt and fake lepton background
component in the single-lepton channel. The contribution of the
different sources of uncertainty is evaluated after the fit described
in Sec. VIII. The total statistical uncertainty is evaluated, as
described in the text, by fixing all the nuisance parameters in
the fit except for the free-floating normalization factors for the
tt̄þ ≥ 1b and tt̄þ ≥ 1c background components. The contribu-
tion from the uncertainty in the normalization of both tt̄þ ≥ 1b
and tt̄þ ≥ 1c is then included in the quoted total statistical
uncertainty rather than in the systematic uncertainty component.
The statistical uncertainty evaluated after also fixing the normali-
zation of tt̄þ ≥ 1b and tt̄þ ≥ 1c is then indicated as “intrinsic
statistical uncertainty.” The other quoted numbers are obtained by
repeating the fit after having fixed a certain set of nuisance
parameters corresponding to a group of systematic uncertainty
sources, and subtracting in quadrature the resulting total uncer-
tainty of μ from the uncertainty from the full fit. The same
procedure is followed for quoting the individual effects of the
tt̄þ ≥ 1b and the tt̄þ ≥ 1c normalization. The total uncertainty is
different from the sum in quadrature of the different components
due to correlations between nuisance parameters built by the fit.

Uncertainty source Δμ
tt̄þ ≥ 1b modeling þ0.46 −0.46
Background-model statistical uncertainty þ0.29 −0.31
b-tagging efficiency and mis-tag rates þ0.16 −0.16
Jet energy scale and resolution þ0.14 −0.14
tt̄H modeling þ0.22 −0.05
tt̄þ ≥ 1c modeling þ0.09 −0.11
JVT, pileup modeling þ0.03 −0.05
Other background modeling þ0.08 −0.08
tt̄ þ light modeling þ0.06 −0.03
Luminosity þ0.03 −0.02
Light lepton (e, μ) id., isolation, trigger þ0.03 −0.04
Total systematic uncertainty þ0.57 −0.54

tt̄þ ≥ 1b normalization þ0.09 −0.10
tt̄þ ≥ 1c normalization þ0.02 −0.03
Intrinsic statistical uncertainty þ0.21 −0.20
Total statistical uncertainty þ0.29 −0.29

Total uncertainty þ0.64 −0.61
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Table 3
Measured total tt̄H production cross sections at 13 TeV, as well as observed (Obs.) and expected (Exp.) significances (sign.) relative to the background-only hypothesis. The 
results of the individual analyses, as well as the combined results are shown. Since no event is observed in the H → Z Z∗ → 4! decay channel, an observed upper limit is set 
at 68% confidence level on the tt̄H production cross section in that channel using pseudo-experiments.

Analysis Integrated luminosity [fb−1] tt̄ H cross section [fb] Obs. sign. Exp. sign.

H → γ γ 79.8 710 +210
−190 (stat.) +120

−90 (syst.) 4.1σ 3.7σ

H → multilepton 36.1 790 ±150 (stat.) +150
−140 (syst.) 4.1σ 2.8σ

H → bb̄ 36.1 400 +150
−140 (stat.) ± 270 (syst.) 1.4σ 1.6σ

H → Z Z∗ → 4! 79.8 <900 (68% CL) 0σ 1.2σ

Combined (13 TeV) 36.1−79.8 670 ± 90 (stat.) +110
−100 (syst.) 5.8σ 4.9σ

Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1−79.8 – 6.3σ 5.1σ

Fig. 4. Observed event yields in all analysis categories in up to 79.8 fb−1 of 13 TeV
data. The background yields correspond to the observed fit results, and the signal 
yields are shown for both the observed results (µ = 1.32) and the SM prediction 
(µ = 1). The discriminant bins in all categories are ranked by log10(S/B), where S
is the signal yield and B the background yield extracted from the fit with freely 
floating signal, and combined such that log10(S + B) decreases approximately lin-
early. For the H → γ γ analysis, only events in the smallest mγ γ window containing 
90% of the expected signal are considered. The lower panel shows the ratio of the 
data to the background estimated from the fit with freely floating signal, compared 
to the expected distribution including the signal assuming µ = 1.32 (full red) and 
µ = 1 (dashed orange). The error bars on the data are statistical.

analyses. Further important uncertainties come from uncertainties 
in the estimate of leptons from heavy-flavour decays, conversions 
or misidentified hadronic jets, mainly in the multilepton analy-
sis [10], and in the jet energy scale and resolution in all analyses. 
The jet, electron, and photon uncertainties, as well as the uncer-
tainties associated with hadronically decaying τ -leptons, include 
uncertainties in the reconstruction and identification efficiencies, 
as well as in the energy scale and resolution. The τ -lepton uncer-
tainty affects the multilepton analysis. The Monte Carlo (MC) sta-
tistical uncertainty is due to limited numbers of simulated events 
in the H → bb̄ and multilepton analyses.

Using 13 TeV data, the likelihood fit to extract the tt̄ H sig-
nal yield in the H → γ γ , H → Z Z∗ → 4!, H → bb̄, and multi-
lepton analyses results in an observed (expected) excess relative 
to the background-only hypothesis of 5.8 (4.9) standard devia-
tions. A combined fit using the 7, 8, and 13 TeV analyses gives an 
observed (expected) significance of 6.3 (5.1) standard deviations. 
Table 3 shows the significances of the individual and combined 
analyses relative to the background-only hypothesis. Fig. 4 shows 
the combined event yields in all analysis categories as a function 
of log10(S/B), where S is the expected signal yield and B the 
background yield extracted from the fit with freely floating sig-

Fig. 5. Combined tt̄ H production cross section, as well as cross sections measured in 
the individual analyses, divided by the SM prediction. The γ γ and Z Z∗ → 4! anal-
yses use 13 TeV data corresponding to an integrated luminosity of 79.8 fb−1, and 
the multilepton and bb̄ analyses use data corresponding to an integrated luminos-
ity of 36.1 fb−1. The black lines show the total uncertainties, and the bands indicate 
the statistical and systematic uncertainties. The red vertical line indicates the SM 
cross-section prediction, and the grey band represents the PDF + αS uncertainties 
and the uncertainties due to missing higher-order corrections.

nal. A clear tt̄ H signal-like excess over the background is visible 
for high log10(S/B).

Based on the analyses performed at 13 TeV, the measured total 
cross section for tt̄ H production is 670 ± 90 (stat.) +110

−100 (syst.) fb, 
in agreement with the SM prediction of 507+35

−50 fb [37,44–52], 
which is calculated to next-to-leading-order accuracy (both QCD 
and electroweak). The cross section extracted in the combined like-
lihood fit, as well as the results from the individual analyses, are 
shown in Table 3, while their ratios to the SM predictions are dis-
played in Fig. 5. The measured total cross section for tt̄ H produc-
tion at 8 TeV is 220 ± 100 (stat.) ± 70 (syst.) fb. Fig. 6 shows the 
tt̄ H production cross sections measured in pp collisions at centre-
of-mass energies of 8 and 13 TeV, compared to the SM predictions.

6. Conclusion

Using proton–proton collision data at centre-of-mass energies 
of 7, 8, and 13 TeV, produced by the Large Hadron Collider and 
recorded with the ATLAS detector, the production of the Higgs 
boson in association with a top quark pair is observed with a sig-
nificance of 6.3 standard deviations relative to the background-only 
hypothesis. The expected significance is 5.1 standard deviations. 
The tt̄ H production cross section at 13 TeV is measured in data 
corresponding to integrated luminosities of up to 79.8 fb−1 to 
be 670 ± 90 (stat.) +110

−100 (syst.) fb, in agreement with the Stan-

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072016
https://www.sciencedirect.com/science/article/pii/S0370269318305732?via=ihub
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• Probing CP structure of Higgs-top coupling


• Strong dependency on Higgs pT


• Measuring Higgs pT in STXS bins can exclude CP-odd hypothesis

Theory Motivation Simplified Template Cross Sections (STXS) 
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arXiv: 1501.03157Figure 5: (Left panel) The distribution of the transverse momentum of the Higgs (phT ), normalized

to unity. (Right panel) The di↵erential cross-section with respect to the transverse momentum of the
Higgs (phT ). In either panel, the SM distribution (at = 1, bt = 0) is shown with a solid black line, the
pseudo-scalar case (at = 0, bt = 1) with a blue dashed line, and the CP violating case (at = 1, bt = 1)
with a dotted red line.

on jet energies and, in particular, by missing energy, in decay channels including neutrinos.
We note incidentally that, rather than trying to extract the full distribution itself, it might

be easier to consider ratios of cross-sections in two Mtt̄h intervals.
The complications mentioned above motivate us to look for alternatives to the invariant-

mass distribution Mtt̄h. One first possibility, that has also been considered in refs. [92,93], is
the transverse momentum of the Higgs. Its distributions are shown in fig. 5, with normaliza-
tions analogous to fig. 4. As a general feature, we note that the transverse momentum of the
Higgs (ph

T
) displays a behaviour akin to the invariant-mass distribution Mtt̄h. Noteworthy

is the fact that p
h

T
is pushed to larger values in the pseudo-scalar case (at = 0, bt = 1) in

comparison to the SM distribution (at = 1, bt = 0).
The larger transverse momentum of the Higgs in the pseudo-scalar case will have an e↵ect

on an observable that can be measured quite easily, namely the azimuthal-angle separation
between the top quark and anti-quark, ��(t, t̄). In order to measure this quantity one needs
only to reconstruct one of the top momenta at most. The distribution for this observable
is shown in fig. 6 for the SM (at = 1, bt = 0), the pseudo-scalar (at = 0, bt = 1), and the
CP-violating case (at = 1, bt = 1). We see that in either case ��(t, t̄) peaks at large values
±⇡. However, for the pseudo-scalar case the distribution is more flat in comparison to the
SM. This can be understood as follows. For events produced near the energy threshold the
transverse momentum of the Higgs is small. This means that the top pair will be produced
mostly back to back. This accounts for the peaks observed at |��(t, t̄)| = ⇡. Because the ph

T

distribution in the pseudo-scalar case is pushed to larger values, this will give rise to a flatter
distribution in ��(t, t̄). Considering that the construction of this observable only requires
information about the direction of the various decay products, it can be readily used in both
the hadronic as well as semi-leptonic decay modes of the top quarks. Uncertainties in the
measurement of this observable are likely to be much reduced in comparison to Mtt̄h.
One may also attempt to address the question, which of the observables, Mtt̄h, p

h

T
or

��(t, t̄), better discriminates between scalar and pseudo-scalar production, although at the
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Figure 5: (Left panel) The distribution of the transverse momentum of the Higgs (phT ), normalized
to unity. (Right panel) The di↵erential cross-section with respect to the transverse momentum of the
Higgs (phT ). In either panel, the SM distribution (at = 1, bt = 0) is shown with a solid black line, the
pseudo-scalar case (at = 0, bt = 1) with a blue dashed line, and the CP violating case (at = 1, bt = 1)
with a dotted red line.
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• Differential measurement in bins of Higgs pT


• Analysis regions were optimised for STXS


• The Higgs pT binning was optimised and also discussed with CMS and 
theorists to facilitate future combinations


• Sensitive to CP-structure of Higgs and anomalous Higgs self-coupling

Simplified Cross Section (STXS) Strategy

20Manuel Guth (Uni Freiburg, CEA Saclay)

Scenario
Higgs pT / GeV

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5

Dilepton 0-120 120-200 200-300 300 - ∞ -

Single 
lepton 0-120 120-200 200-300 300-450 450 - ∞
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Figure 5: E↵ect of O(�3) correction in tt̄H at 13 TeV LHC. Upper panel: normalised distribu-
tions at LO (red) and at O(�3) (blue). Lower panel: C1 at the di↵erential (green) and inclusive
(blue) level.

region corresponding to the largest cross section.
We also looked at possible e↵ects due to the Z polarisation or, in other words, measurable

via the angular distributions of Z (and H) decay products. We did not see any enhancement
or shape dependence for these distributions. Furthermore, one should bear in mind that also
the loop-induced gg ! HZ process gives a non-negligible amount of the NNLO cross section,
order ⇠ 1/6 at 13 TeV. This process also has a dependence on �3, but only at two-loop level,
and should exhibit a shape dependence. However, this calculation is not technically feasible
yet.

3.3 tt̄H

Together with gluon-fusion production, the tt̄H channel plays a major role in providing in-
formation of the top-quark couplings to the Higgs. Its importance can be gauged by simply
considering its weight in a global -framework fit [63] or in the SMEFT framework [62]. The
same importance should be ascribed to this process also from the point of view of the sensitivity
to �3: C1 for tt̄H is the largest among all production channels and with the most significant
kinematic dependence [39]. In Fig. 5, we show the most important kinematic distributions in
this channel. C1 for total cross section is 3.52% and can increase up to ⇠ 5% in pT distributions.
Similarly, with the binning chosen in Fig. 5, C1 for the invariant mass distributions can be as
large as 10% close to threshold, even though, once again, in the same region the cross section is
suppressed by phase space. The origin of the large phase-space dependence of C1 is again due
to Sommerfeld enhancements in the threshold regions that are induced by interactions among
the top (anti)quark and the Higgs boson.
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https://arxiv.org/abs/1709.08649


• Potential of Higgs scalar field


• Introducing anomalous coupling    


•  Higgs wave function correction -> universal but small


• process and kinematic dependent


• If  small ->  dominant sensitivity


➥  Possible to put limits on Higgs self-coupling

λ3 = κ3λSM
3

δZH

C1

κ3 C1

Theory Motivation Simplified Template Cross Sections (STXS) 
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Figure 5: E↵ect of O(�3) correction in tt̄H at 13 TeV LHC. Upper panel: normalised distribu-
tions at LO (red) and at O(�3) (blue). Lower panel: C1 at the di↵erential (green) and inclusive
(blue) level.

region corresponding to the largest cross section.
We also looked at possible e↵ects due to the Z polarisation or, in other words, measurable

via the angular distributions of Z (and H) decay products. We did not see any enhancement
or shape dependence for these distributions. Furthermore, one should bear in mind that also
the loop-induced gg ! HZ process gives a non-negligible amount of the NNLO cross section,
order ⇠ 1/6 at 13 TeV. This process also has a dependence on �3, but only at two-loop level,
and should exhibit a shape dependence. However, this calculation is not technically feasible
yet.

3.3 tt̄H

Together with gluon-fusion production, the tt̄H channel plays a major role in providing in-
formation of the top-quark couplings to the Higgs. Its importance can be gauged by simply
considering its weight in a global -framework fit [63] or in the SMEFT framework [62]. The
same importance should be ascribed to this process also from the point of view of the sensitivity
to �3: C1 for tt̄H is the largest among all production channels and with the most significant
kinematic dependence [39]. In Fig. 5, we show the most important kinematic distributions in
this channel. C1 for total cross section is 3.52% and can increase up to ⇠ 5% in pT distributions.
Similarly, with the binning chosen in Fig. 5, C1 for the invariant mass distributions can be as
large as 10% close to threshold, even though, once again, in the same region the cross section is
suppressed by phase space. The origin of the large phase-space dependence of C1 is again due
to Sommerfeld enhancements in the threshold regions that are induced by interactions among
the top (anti)quark and the Higgs boson.
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V(H) =
1
2

m2
H + λ3vH3 +

1
4

λ4H4 + 𝒪(H5), with λSM
3 = λSM

4

[Maltoni, Pagani, Shivaji, Zhao, 1709:08649]  and F. Tackmann

dσ(κ3) = σLO
1

1 − (κ3 − 1)δZH
(1 + κ3C1 + δZH + δEW |λ3=0 ), δZH ≈ − 1.5 ⋅ 10−3

Channels ggF VBF ZH WH tt̄H tHj H ! 4`
C1(%) 0.66 0.63 1.19 1.03 3.52 0.91 0.82

Table 1: C1 for di↵erent Higgs production processes at 13 TeV LHC and the H ! 4` decay.

This is particularly convenient for the discussion in sec. 4, where we will analyse NLO EW cor-
rections in the SM in conjunction with �3-induced e↵ects. In conclusion, the relative corrections
due to trilinear coupling can be expressed as

�⌃3 =
⌃BSM

�3
� ⌃SM

�3

⌃LO

= (ZBSM

H
� 1)(1 + �ZH) + (ZBSM

H
3 � 1)C1, (9)

which manifestly goes to zero in the 3 ! 1 limit.
Numerical values of C1 at the inclusive level for the processes considered in this work are

reported in Tab. 1. The calculation of C1 for single-top-Higgs production, which appears for
the first time here, is non-trivial and discussed in sec. 3.4. The range of validity of eq. (9) has
been identified in ref. [39] as |3| < 20, given the values of �ZH and C1 in Tab. 1. As we will
see, at the di↵erential level this limit may be too loose since C1 can receive large enhancements
(see sec. 3.3). On the other hand, we believe that the constraint |3| . 6 identified in ref. [57] is
appropriate for inclusive double Higgs production, but is too strong for the case of single-Higgs
production. Indeed the violation of perturbativity for the HHH vertex is kinematic dependent
and the condition |3| . 6 arises from the configuration with two H bosons on-shell and the
third one with virtuality slightly larger than 2mH . This is the kinematic configuration present
above the threshold in double Higgs production, where the bulk of its cross section comes from,
but is never present in single Higgs production, since only one Higgs boson can be on-shell in
the HHH vertex appearing at one loop.

2.2 Automated codes for the event-by-event calculation of C1

While �ZH is a universal quantity, C1 is process and kinematics dependent. We have em-
ployed two independent methods for the computation of C1 for di↵erential cross sections and
decay rates. They correspond to the two di↵erent codes publicly available, which agree within
their numerical accuracy. In the first we parametrise the finite one-loop corrections due to
the trilinear Higgs self coupling as form factors that are function of the external momenta.
One-loop integrals are computed using the LoopTools package [58] and the form factors are
implemented as e↵ective new vertices in a dedicated UFO model file [59], which is then used in
MadGraph5 aMC@NLO [44]. As a result, parton level events can be generated including
O(�3) e↵ects and any interesting observable analysed. Our current implementation of form
factors allows the computation of di↵erential C1 for VBF, V H and H ! 4l processes. At the
order of accuracy of our calculation, ggF production and all the other 1 ! 2 decays do not have
a kinematic dependence for C1; results at the inclusive level are su�cient for any kinematic
configuration and thus taken from ref. [39].

On the other hand, the implementation of form factors for tt̄H and tHj processes would be
quite cumbersome as there are many one-loop integrals that contribute. A di↵erent strategy,
based on reweighting, has therefore been devised. With this second method, one starts by
generating a sample of (unweighted) parton-level events at leading order. These events are
then used as input for a code that computes the momentum-dependent weight

wi =
2<(M 0⇤

M
1

�
SM
3
)

|M 0|2 , (10)
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Table 2: Definition of the analysis regions, split according to the number of leptons, jets, and b-tagged jets using
di�erent working points, and the number of boosted Higgs candidates. For SRboosted, b-tagged jets flagged with † are
extra b-jets not part of the boosted Higgs boson candidate. All SRs are further split in reconstructed pH

T as described
in the text. The last row specifies the type of input to the fit used in each region: normalisation only (Yield) or
shape and normalisation of the classification BDT or �Ravg

bb
distribution. In the highest pH

T � 450 GeV bin of the
single-lepton resolved analysis, only the event yield is used.

Region
Dilepton Single-lepton

SR�4j
�4b CR�4j

3b hi CR�4j
3b lo CR3j

3b hi SR�6j
�4b CR5j

�4b hi CR5j
�4b lo SRboosted

#leptons = 2 = 1

#jets � 4 = 3 � 6 = 5 � 4

#b-tag

@85% – � 4

@77% – – � 2†

@70% � 4 = 3 � 4 –

@60% – = 3 < 3 = 3 – � 4 < 4 –

#boosted cand. – 0 � 1

Fit input BDT Yield BDT/Yield �Ravg
bb

BDT

The classification BDTs have been trained using the signal and components of the nominal background
model presented in this note. The dilepton BDT is trained only against tt̄ + bb̄ events (as it constitutes most
of the background), the single-lepton resolved BDT is trained against tt̄ + jets events (because tt̄ + �1c
and tt̄ + light events also contribute) and the single-lepton boosted BDT is trained against all background
processes. These BDTs are built by combining kinematic variables, such as invariant masses and angular
separations of pairs of reconstructed jets and leptons, outputs of the reconstruction discriminants, as well
as the pseudo-continuous b-tagging discriminant of selected jets. The reconstruction discriminants provide
their own output value as well as variables derived from the selected combination of jets with the highest
reconstruction BDT score in the resolved channels. In the single-lepton resolved channel, a likelihood
discriminant method that combines the signal and background probabilities of all possible jet combinations
in each event is also used as input to the classification BDT [26]. Distributions of the output of these BDT
classifiers serve as SR inputs to the signal extraction fit.

6 Systematic uncertainties

Many sources of systematic uncertainties a�ect this analysis. Both the shape and normalisation of
distributions can be a�ected by uncertainties which impact the categorisation of events and the final
discriminants used in the signal extraction fit. All sources of experimental uncertainty considered, with the
exception of the uncertainty in the luminosity, a�ect both the normalisations and shapes of distributions in
all the simulated samples. Uncertainties related to modelling of the signal and the background processes
a�ect both the normalisations and shapes of the distributions, with the exception of cross-section and
normalisation uncertainties which only a�ect the normalisation of the considered sample. Nonetheless,
the normalisation uncertainties modify the relative fractions of the di�erent samples leading to a shape
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Figure 5: Post-fit yields of signal (S) and total background (B) as a function of log(S/B), compared to data.
Final-discriminant bins in all dilepton and single-lepton analysis regions are combined into bins of log(S/B), with the
signal normalized to the SM prediction used for the computation of log(S/B). The signal is then shown normalised
to the best-fit value and the SM prediction. The lower frame reports the ratio of data over background which is
compared to the data over tt̄H signal-plus-background yields for the best-fit signal strength (solid red line) and the
SM prediction (dashed orange line).

The fit is repeated, associating one independent signal strength to the dilepton, single-lepton resolved and
single-lepton boosted channels. Figure 6 shows the µ value obtained for each channel and the single signal
strength from the previous fit. In this fit the normalisation factor for the tt̄ + �1b background is found to be
k(tt̄ + �1b) = 1.25+0.09

�0.08, compatible with the single µ fit value. The probability of obtaining a discrepancy
between these three µ values equal to or larger than the one observed is 83%.

The measurement is largely dominated by systematic uncertainties. Their contributions to the fit to µ are
reported in Table 6. The dominant impact comes from the modelling of the tt̄ + �1b background, followed
by the signal modelling and b-tagging e�ciency uncertainties. The largest observed pull on systematic
uncertainties is seen in the tt̄ + �1b ISR uncertainty, by about 1.4�. This pull indicates that the data
favours softer renormalisation and factorisation scales in the ME calculation. This e�ect was shown to not
a�ect the BDT shapes in each individual region, while correcting a mismodelling in the distribution of the
number of jets in the event (by adjusting the amount of additional radiation present), which a�ects the
categorisation of events. Decorrelating this uncertainty between the dilepton and single-lepton channels
leads to very similar results. The second largest pull is on the reconstructed pbbT shape uncertainty in
the tt̄ + �1b background, as expected from the pre-fit mismodelling (see Figure 1 in Section 6.2). The
sensitivity of the result to this uncertainty was tested by replacing the data-driven mismodelling with
decorrelated free-floating tt̄ + �1b normalisation factors across the STXS bins and analysis regions, and
no bias was observed. The reconstructed pH

T distribution shows good post-fit agreement. The fit constrains
mostly the tt̄ + �1b modelling uncertainties as well as the normalisation of the tt̄ + �1c background.
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• Final-discriminant bins in all analysis regions 
combined into bins of log(S/B)


• Signal normalised to SM prediction used for 
calculation of S/B


• Signal normalised to best-fit value also shown 


• Lower pad shows ratio data/background, 
ttH(𝜇SM=1.0)/background and ttH(𝜇fit=0.43)/
background 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