
Measurability of  
Anomalous ttH Couplings  

at the ILC 1.

Analysis procedure is similar with our VVH analysis. 
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>. The ttH coupling with CP-mixed Higgs CP phase are parametrized;   

>. The top quark is the heaviest particle in the SM.  
>. Its Yukawa coupling to the Higgs is also the strongest and has a important role.  
     >. Some deviations might appear in this ttH coupling.

>. a and b are independent. 

>. In the SM coefficients are given by a=0, b=0. 

>. A pure pseudo-scalar coupling is given by a=-1, b≠0.  

>. A mixed state of a Higgs is given by a≠-1, b≠0.

>. Angular observables exhibit a clear difference  
    between the scalar and pseudo-scalar processes. 

>. Exploiting angular/spin correlation and polarization  
    of a top pair is useful to extract CP information.    

>. Direct measurement using ttH vertex with ILC.
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by ATLAS [5] and CMS [6,7]. This has been achieved by an analysis of the hZZ coupling using25

(h ! Z()Z()) decay channel.1 It should be noted however that tree-level coupling of the CP-odd26

component of the Higgs to gauge bosons is in fact not allowed and can only proceed through27

loops. Couplings between the Higgs CP-odd component and gauge bosons manifest themselves28

as operators of dimension six (or higher) in the language of eective Lagrangians. The eect of29

such operators is expected to be suppressed in comparison to tree-level interactions.30

On the other hand, the CP-odd component of the Higgs couples to fermions at the tree level.31

As a result the Higgs-fermion couplings provide an unambiguous and more sensitive probe of32

a CP-mixed state compared to Higgs-gauge-boson couplings.2 It is possible to probe Higgs-33

fermion couplings by studying Higgs decays to fermions. Since these are two- body decays of34

a spin 0 particle, the CP nature of the coupling is reflected in the spin correlation of the decay35

fermions. Luckily, the spin information of the t, is also reflected in the decay products of the36

same. This as well as their larger couplings, oers possibilities of probing the CP nature of the37

Higgs through an analysis of the h and htt coupling. Analysis of this coupling using the h !38

case has been shown to be quite promising for this purpose XXX[3]39

∆Φp(ff̄ ; t) [−π ≤ ∆Φp ≤ π]

=

{
(cos ξ ≤ 0), arctan( sin ξ

cos ξ )

(cos ξ ≥ 0), arctan( sin ξ
cos ξ ) + π · sgn(sin ξ)

sin ξ = P̂t · [(P̂t × P̂f )× (P̂t × P̂f̄ )]

cos ξ = (P̂t × P̂f )× (P̂t × P̂f̄ )

φCP ≡ arctan(b/a+ 1)

σtth = (1 + a)2 · σSM
tth + b2 · σPseudo

tth + (1 + a)b · σInter
tth

χ2 =
n∑

i=1

[
NSM(xi) · fi −NBSM(xi; a, b) · fi

δNSM(xi)

]2

χ2 =
n∑

i=1

n∑

j=1

[
NSM(xij) · fij −NBSM(xij; a, b) · fij

δNSM(xij)

]2
+

[
NSM · ϵ−NBSM · ϵ

δσ ·NSM · ϵ

]2

∆χ2 =

[
NSM · ϵ−NBSM · ϵ

δσ ·NSM · ϵ

]2
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Momentum/Angular Distributions.
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ΔΦp(W-bb-tt) 
in ttbar rest.

cosθ_b-WWsys 
in bbbar rest.

cosθ_t-h 
in ttbar rest.
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in H rest.
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In the Higgs rest frame.
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Angular Distributions: ttH→4qlv+bb.
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>. The top spin info. is translated to the dists. of the decay products and  
     it is not polluted by the effects of strong interaction.  
    >. Lepton angular dists. in the decay of top is not affected by any non-SM effects in the decay vertex.
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-
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-

Truth vs Reco Truth - Reco
>. (ex.) ttH→4qlv+bb at 500GeV. 
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by ATLAS [5] and CMS [6,7]. This has been achieved by an analysis of the hZZ coupling using25

(h ! Z()Z()) decay channel.1 It should be noted however that tree-level coupling of the CP-odd26

component of the Higgs to gauge bosons is in fact not allowed and can only proceed through27

loops. Couplings between the Higgs CP-odd component and gauge bosons manifest themselves28

as operators of dimension six (or higher) in the language of eective Lagrangians. The eect of29

such operators is expected to be suppressed in comparison to tree-level interactions.30

On the other hand, the CP-odd component of the Higgs couples to fermions at the tree level.31

As a result the Higgs-fermion couplings provide an unambiguous and more sensitive probe of32

a CP-mixed state compared to Higgs-gauge-boson couplings.2 It is possible to probe Higgs-33

fermion couplings by studying Higgs decays to fermions. Since these are two- body decays of34

a spin 0 particle, the CP nature of the coupling is reflected in the spin correlation of the decay35

fermions. Luckily, the spin information of the t, is also reflected in the decay products of the36

same. This as well as their larger couplings, oers possibilities of probing the CP nature of the37

Higgs through an analysis of the h and htt coupling. Analysis of this coupling using the h !38

case has been shown to be quite promising for this purpose XXX[3]39

∆Φp(ff̄ ; t) [−π ≤ ∆Φp ≤ π]

=

{
(cos ξ ≤ 0), arctan( sin ξ

cos ξ )

(cos ξ ≥ 0), arctan( sin ξ
cos ξ ) + π · sgn(sin ξ)

sin ξ = P̂t · [(P̂t × P̂f )× (P̂t × P̂f̄ )]

cos ξ = (P̂t × P̂f )× (P̂t × P̂f̄ )

σtth = (1 + a)2 · σSM
tth + b2 · σPseudo

tth + (1 + a)b · σInter
tth

χ2 =
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[
NSM(xi) · fi −NBSM(xi; a, b) · fi
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]2
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[
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δNSM(xij)

]2
+
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δσ ·NSM · ϵ

]2

∆χ2 =
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]2
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Pseudo-scalar: ECM vs Total σ(ee→ttH)
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@500GeV: σtth ~ 0.4(SM) *1000(L) *  20%  = 80    * 1.5%(b=1) ~ 1       → useless 
@550GeV: σtth ~ 2.0(SM) *1000(L) *  20%  = 400  *  4  %(b=1) ~ 16       
@600GeV: σtth ~ 4.0(SM) *1000(L) *  20%  = 800  *  6  %(b=1) ~ 48     → possible? 
@  1  TeV:  σtth ~ 6.0(SM) *1000(L) *  20%  = 1200* 15 %(b=1) ~ 180   → possible

Beam polarization = LR

* @500GeV nominal σ (whizard) LR ~ 0.809

> Power of kinematical information for anomalous couplings. 
    >. Construct momentum/angular distributions.

a=0,b=2

a=0,b=0.5

Criteria is SM

a=0,b=1

X(physsim) selection effi ratio of A



Rough Estimation At 500GeV.
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Δχ2

>. No information on momentum/angular distributions. 
     >. Distributions can not be available due to lack of events & low contamination of A. 

∫L=1000fb-1

>. Estimate sensitivity roughly  
     for anomalous parameters in the a–b plane.  

>. σtth (LR/RL) =    0.809. / 0.340.  
>. NSM, NBSM is calculated analytically. 

>. δσtth ~ 10% (with 500fb-1) 
>. ε      ~ 20% (selection efficiency)

Test PDF

　

χ2 =
15∑

bin=1

(
ySM−MC
bin − f theory(xbin; a, b, b̃)

σSM−MC
bin

)2

• ySM−MC
bin ; The observed mean with SM-MC.

• σSM−MC
bin ; The variance related to ybin.

• f theory(xbin; a, b, b̃): The predicted model from the theory/model.

• f theory w/accep(xbin; a, b, b̃): The predicted model which is applied detector acceptance.

f theory(xbin; a, b, b̃) =

(∫ xbin+1

xbin

L · dσ

dxbin
dxbin

)

Acceptance ηxbin
=

N observed
xbin

N theoretically
xbin
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(1− ηxbin
)√

N generated
xbin
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>. Information we can rely on is only Xsec probably. 
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CP-violating interaction contributes to  
the electric dipole moment (EDM).  
Any EDM constraints are not imposed here.  



Rough Estimation At 600GeV.
83

>. My interest 600GeV. But no official samples.  
    >. What I can do is to assume reasonably and estimate it roughly. 

>. At 600 GeV pseudo-scalar component could be relatively large. 
     >. Angular dist. will be observed because remaining events will be much. 

>. σtth (LR/RL) = 3.84./1.51 (Physsim),  (which are 5 times better than that of 500.)  
>. δσtth ~ 10% (@500GeVwith 500fb-1)  /  Sqrt(5) . 
>. ε      ~ 20% (selection efficiency for N). 

>. Angular dist. is divided into 8 bins.   (3*3 for 2d) 
>. Acceptance for angular info. is 20% for each bin. 
>. Bkgs on each bin are asuumed to be 10 time more. 
>. NErr on each bin is estimated by √(S+B).

Nremainng = σtth (h->bb)  2.30 (eL0.8pR0.3) * 1000(L) * 0.2 (ε) 
　　　　 ~ 450 (180+180+90)

analysis of the h and htt coupling. Analysis of this coupling using the h ! case has been shown28

to be quite promising for this purpose XXX[3]29
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>. Only 1 angular info.  
     is used (Ph).

Δχ2
∫L=1000fb-1

∫L=1000fb-1

>. Only Xsec info.

ndf=2; 
Δχ2=2.30; 68.27% 
Δχ2=6.18; 95.45%  

a=1-0.12, b=2.0 
ArcTan(2.0/0.88) ~ 1.16 
CP-phase Φcp:    ~ 0.37π

>. 2d info. is used.

∫L=3000fb-1

a=1-0.05, b=1.2 
ArcTan(1.2/0.95) ~ 0.90 
CP-phase Φcp:    ~ 0.29π

a=1-0.015, b=0.5 
ArcTan(0.5/0.985) ~ 0.47 
CP-phase Φcp:    ~ 0.15π

      (Ph,cosθ).       (Ph,ΔΦ).

ndf=2; 
Δχ2=2.30; 68.27% 
Δχ2=6.18; 95.45%  

Rough Estimation At 600GeV.
84

Phiggs 
in Lab.

ΔΦtt (azimuth) 
in H.

θhiggs 
in Lab.

ΔΦp (efbar-t) 
in H.

∫L=1000fb-1
∫L=1000fb-1∫L=1000fb-1



Move on 1TeV.

85



Ecm = 1TeV.
86

>. ttH→4qlv+bb  /  6q+bb   /  2q2l2v+bb 
>. σtth (LR/RL) =    5.89697. / 2.65115. 

>. Beam (Pe-,Pe+)=(-0.8,+0.3). 

>. L=1000fb-1 

@ 1 TeV  information 
http://www-jlc.kek.jp/~miyamoto/CDS/mc-dbd.log/generated/1000-B1b_ws/tth/ 

>. Interfering BGs (same final state: ttbb).  
    - EW  : ttZ -> ttbb  
    - QCD: ttg -> ttbb (g->bb: dominant)  

>. Non-interfering BGs (but, huge cross sections).  
    - ttbar  
    (Hard gluon emission from bottom quarks.) 
    (Fraction of mis-reconstruction and/or failure of b-tag lead to significant BGs) 

>. Bkgs. 

>. Sigs. 



Ecm = 1TeV.
87

    <processor name=“myRootFileProcessor"/> 
    <processor name=“myTauJetFinder”/>       (suehara’s tau finding) 
    <processor name=“myIsoLepExtractor"/>    (old method with measured E) 
    <processor name=“MyFastJetProcessor"/>   (for removal of γγ overlay)    
    <processor name=“MyUndoJetProcessor"/> 

    <processor name="MyVertexFinder"/> 
         <processor name=“MyJetClusteringAndFlavorTag_6Jets”/> or 
         <processor name=“MyJetClusteringAndFlavorTag_8Jets”/> or 
         <processor name=“MyJetClusteringAndFlavorTag_4Jets”/> 
    <processor name="MyThrustReconstruction"/> 
    <processor name="MySphericityProcessor"/> 
    <processor name="myTTHAnalyzer"/> 

>. Reconstruction chain. 
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Evnts with 1 IsoLep ~ 76.0%
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Evnts with 2 IsoLep ~ 60.9%Evnts with 0 IsoLep ~ 90.6%

>. #IsoLeptons. 
ttH→4qlv+bb ttH→6q+bb ttH→2q2l2v+bb

>. I did not optimize carefully this time, there is still room for improvement of results.



Event Selection.
88

>. Momentum is also useful info. 
     to distinguish it 
     → Correlated observables with it 
         should not be used. 

>. What we can use is event topology. 

>. Cut region is determined by a scan  
    so as to maximize signal significance. 

>. Strong information to distinguish  
    anomalous couplings is angular dists.  
    → No angular cut. 

Correlation between Phiggs vs observables.

>. Significance (ttH→4qlv+bb)    : S/√(S + B) = 4.84   effi: 19.84 
>. Significance (ttH→6q   +bb)    : S/√(S + B) = 5.79   effi: 22.21 
>. Significance (ttH→2q2l2v+bb) : S/√(S + B) = 2.71   effi: 17.59

The selection efficiencies for 
signal events are 33.1% (6jets) and 56.0% (8jets) 

arXiv:1409.7157v4 
T. Pricea,1, P. Roloffb,2, J. Strubec,3,5, T. Tanabed,4 
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Error of #N on Each Bin: δN.
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>. 3rd order polynomial.  
>. KEST1,2 
>. Combine .

>. ttH→4qlv+bb
>. bin by bin (10).

bkgs sig(higgs)

the others(higgs)

Combine 
Bkgs



Dists. on Bkgs, Sig, Event/Overall Acceptance. 
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>. ttH→4qlv+bb

Hmom 
in Lab.

cosθh 
in Lab.

ΔΦa_ff  
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>. Contour plots on sensitivity for anomalous parameters in the a–b plane.  
     >. Process is ttH→4qlv+bb and assumed L is 1000fb-1. 
     >. Use only momentum/angular distributions.
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>. Contour plots on sensitivity for anomalous parameters in the a–b plane.  
     >. Process is ttH→4qlv+bb and assumed L is 1000fb-1. 
     >. Use only momentum/angular distributions. + Cross section effect.
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>. Contour plots on sensitivity for anomalous parameters in the a–b plane.  
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     >. Use the only higgs momentum distribution. + Cross section effect.
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     >. Use the only higgs momentum distribution. + Cross section effect.
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Figure 2. The Higgs data constraints on the anomalous couplings CS and CP at the LHC and the
expected sensitivity of these couplings at 240GeV TLEP. The solid and dashed lines correspond
to 68% and 95% C.L. respectively. The shadowed region represents the expected measurement
uncertainty at HL-LHC.
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at HL-LHC; right: the expected constraints on Chγγ and ξ at 240GeV TLEP.

By performing the Monte Carlo simulation, we investigate the observability of the anoma-

lous top-Higgs couplings through the single top and Higgs associated production at the LHC

pp → thj → bℓ+νbbj , (3.2)

where j denotes the light jets and ℓ+ = e+, µ+. Our signal is characterised by multi-jets

(1 forward jet + 3 b-jets) + 1 lepton + missing energy (due to the neutrinos) in the

final states. Although the h → bb decay mode suffers a loss of efficiency in Higgs mass

reconstruction, this shortcoming is mildly compensated by the large branching ratio of

h → bb. Such a signature resembles the tth topology analysed by ATLAS and CMS

collaborations at the LHC Run-I, where at least 3 b-jets are required [78, 79].
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4 Conclusion

In this paper, we have obtained constraints on the CP-violating top-Higgs couplings using

the current Higgs data and found that values of CP-violating phase |ξ| > 0.6π are already

excluded at 95% C.L.. We expected TLEP to improve this exclusion region to |ξ| > 0.07π.

With current constraints on ξ, we further investigate the observability of the scalar, pseu-

doscalar and mixed top-Higgs interactions through the channel pp → t(→ ℓ+νℓb)h
(

→ bb
)

j.

We found that it is most promising to observe pure pseudoscalar interactions at the HL-

LHC but it is still challenging due to a low S/B ratio. However, the anomalous top-Higgs

couplings can lead to sizeable differences in forward-backward asymmetries and can be

distinguished by measuring the lepton angular distributions from polarised top quarks at

14TeV LHC.
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with data-driven methods suggest larger background [39]. Therefore, we conservatively set the tt̄�� background yield
to be twice the signal in the invariant mass window specified above.

TABLE II: Number of events expected in the SM for signal and other contributions in the study of Hff̄ couplings discussed
in text with 300 fb�1 at 13 TeV.

signal process signal yield other process other yield

tt̄H, H ! �� 50.3 tt̄�� 100.6

tt̄H, H ! 4` 4.3 negligible 0

tqH, H ! �� 3.2 tt̄H, H ! �� 10.2

A. Study of the tt̄H process

The analysis of the tt̄H process uses the D
0� discriminant, where decay of the top quarks is not considered in

the matrix element. Consideration of the top quark decays is important in the calculation of the DCP or D?
CP

discriminants, but only when the up and down flavors of the quarks in the decay chain is known. The latter is di�cult
to determine with the jet reconstruction techniques and therefore the CP discriminants are not used in this analysis.
In the H ! �� channel, we use the invariant mass m�� to separate the signal and background. Figure 11 shows the
D

0� distribution in the H ! �� channel, where the JP = 0+, 0� and background distributions are shown.
In Fig. 11, simulation of the 0+ process is also shown with the POWHEG generator at NLO in QCD. In all cases,

parton showering is performed with PYTHIA8. Similar to the study presented in Section V, the NLO QCD e↵ects are
found to have a small e↵ect on accuracy of D

0� simulation, especially after parton showering is included in simulation.
Any residual e↵ects are consistent with systematics also arising from PDF and QCD scale variations.

The expected precision of the fCP measurement in the tt̄H process with both H ! �� and H ! 4` decays, and
their combination, is shown in Fig. 11 for integrated luminosity of 300 fb�1. The maximum likelihood fit is based
on the probability density functions following Eq. (9) parameterized with template distributions filled with generated
events as discussed above. About 3� exclusion of the pure pseudoscalar state is expected in such a scenario, which is
comparable to the current precision with the HV V measurements, but provides a fundamentally di↵erent approach
through fermion couplings. Scenarios with a sizable CP mixture, |fCP cos�CP | >⇠ 0.8, are excluded at 2�.
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FIG. 11: Left: the D0� discriminant distribution for tt̄H, H ! �� process after reconstruction discussed in text. The following
distributions are shown: Hff̄ coupling as JP = 0+ signal (red crosses) and as 0� signal (black circles), and tt�� background
(orange diamonds). Also shown is the SM JP = 0+ signal generated at NLO in QCD with POWHEG (magenta triangles).
Right: the likelihood scan of fCP cos(�CP ), where �CP = 0 or ⇡, in the tt̄H process with both H ! �� (blue dashed) and
H ! 4` (red dotted) decays, and the combined result (solid black) expected with 300 fb�1 at LHC.
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are combined, and searches in this decay channel have been performed for specific scenarios beyond the SM [48–50].
However, an interpretation in terms of generic anomalous couplings has not yet been undertaken.

All these measurements require sophisticated tools for the optimal extraction of statistical information, as data
remain limited for detailed analyses of the fermion couplings. The matrix element approach is one such technique,
which has been proven successful in setting constraints on HV V couplings using Run I data from CMS [2, 3, 18, 51–57]
and ATLAS [5, 58, 59]. In this paper, we focus on applications to Run II of the LHC and extend our earlier developed
techniques for HV V coupling measurements [60–62] to Hff̄ couplings in tt̄H, bb̄H, and tqH production2, as well as
to H ! ⌧+⌧� decays. These matrix element techniques allow the optimal analysis of the dynamics in the production
and decay processes. Such techniques have been proposed to enhance signal over background in application to tt̄H
production [40, 63, 64], and we employ them to probe anomalous Hff̄ couplings for the first time. We define the
complete set of kinematic observables and the minimal set of matrix-element-based observables necessary to perform
the measurements. Moreover, using a NLO QCD simulation of tt̄H process that includes a fully consistent treatment
of production and decays at higher orders, we demonstrate the robustness of the matrix element approach with respect
to additional radiation and loop corrections.

This paper expands our e↵orts within the broader framework of the JHUGen (JHU generator) and MELA (Matrix
Element Likelihood Approach) frameworks [60–62]. The rest of the paper is organized as follows. In Section II
the formalism of anomalous H boson couplings is discussed. Monte Carlo simulation with the JHU generator is
introduced in Section III. The matrix elements technique and the MELA framework are discussed in Section IV. A
study of NLO QCD e↵ects is presented in Section V. In Section VI we discuss the application of these techniques to
LHC measurements and make projections to the end of Run III of LHC. Results are summarized in Section VII.

II. PARAMETERIZATION OF HIGGS BOSON COUPLINGS

We describe the interactions between a spin-zero particle H and two fermions through the amplitude

A(Hff̄) = �mf

v
 ̄f (f + i ̃f�5) f , (1)

where  ̄f and  f are the Dirac spinors, mf is the fermion mass, and v is the SM Higgs field vacuum expectation
value. In the SM, the couplings3 have the values f = 1 and ̃f = 0. Any deviation from these values indicates the
presence of physics beyond the SM, which may for example arise through heavy loop-induced fields. In particular,
the ̃f coupling parameterizes the contribution of a CP -odd pseudoscalar boson, and CP violation occurs when both
f and ̃f are nonzero.

One may equivalently choose to express the couplings through a Lagrangian

L(Hff̄) = �mf

v
 ̄f (f + i ̃f�5) f H, (2)

which allows a connection to be made between the couplings f and ̃f and anomalous operators in an e↵ective
field theory. The hermiticity of the Lagrangian requires f and ̃f to be real. Nevertheless, in order to consider the
broadest range of scenarios, we allow f and ̃f to be complex, and trust that, should the unitarity of scattering
amplitudes be violated as a result, it will be restored in the full theory. It is convenient to parameterize anomalous
couplings through a mixing angle, with f / cos↵ and ̃f / sin↵. Equivalently, we introduce the fractions

fCP =
|̃f |2

|f |2 + |̃f |2
, �CP = arg(̃f/f ) , (3)

where the fCP parameter is conveniently bounded between 0 and 1, is uniquely defined, and can be interpreted as the
cross section fraction corresponding to the pseudoscalar coupling, and therefore is directly related to experimentally
observable e↵ects. It is a convenient counterpart of the fa3 parameter defined for the HV V couplings [3, 5, 62]. While
the phase �CP can in general take any value between 0 and 2⇡, it is reasonable to assume that the ratio ̃f/f is
real, that is �CP = 0 or ⇡. However, we do not need to impose this restriction and will also consider other values of
�CP . The parameters fCP and �CP in principle depend on the fermion couplings under consideration and should be

denoted fHf¯f
CP and �Hf¯f

CP , but in most cases this will be clear from the context.

2
Unless otherwise noted, tqH refers to all combinations of tq̄H,

¯tqH, tqH, and

¯tq̄H with a quark q 6= t.
3
The coupling convention of Ref. [60] corresponds to f = �⇢1 and ̃f = i⇢2.
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with data-driven methods suggest larger background [39]. Therefore, we conservatively set the tt̄�� background yield
to be twice the signal in the invariant mass window specified above.

TABLE II: Number of events expected in the SM for signal and other contributions in the study of Hff̄ couplings discussed
in text with 300 fb�1 at 13 TeV.

signal process signal yield other process other yield

tt̄H, H ! �� 50.3 tt̄�� 100.6

tt̄H, H ! 4` 4.3 negligible 0

tqH, H ! �� 3.2 tt̄H, H ! �� 10.2

A. Study of the tt̄H process

The analysis of the tt̄H process uses the D
0� discriminant, where decay of the top quarks is not considered in

the matrix element. Consideration of the top quark decays is important in the calculation of the DCP or D?
CP

discriminants, but only when the up and down flavors of the quarks in the decay chain is known. The latter is di�cult
to determine with the jet reconstruction techniques and therefore the CP discriminants are not used in this analysis.
In the H ! �� channel, we use the invariant mass m�� to separate the signal and background. Figure 11 shows the
D

0� distribution in the H ! �� channel, where the JP = 0+, 0� and background distributions are shown.
In Fig. 11, simulation of the 0+ process is also shown with the POWHEG generator at NLO in QCD. In all cases,

parton showering is performed with PYTHIA8. Similar to the study presented in Section V, the NLO QCD e↵ects are
found to have a small e↵ect on accuracy of D

0� simulation, especially after parton showering is included in simulation.
Any residual e↵ects are consistent with systematics also arising from PDF and QCD scale variations.

The expected precision of the fCP measurement in the tt̄H process with both H ! �� and H ! 4` decays, and
their combination, is shown in Fig. 11 for integrated luminosity of 300 fb�1. The maximum likelihood fit is based
on the probability density functions following Eq. (9) parameterized with template distributions filled with generated
events as discussed above. About 3� exclusion of the pure pseudoscalar state is expected in such a scenario, which is
comparable to the current precision with the HV V measurements, but provides a fundamentally di↵erent approach
through fermion couplings. Scenarios with a sizable CP mixture, |fCP cos�CP | >⇠ 0.8, are excluded at 2�.
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FIG. 11: Left: the D0� discriminant distribution for tt̄H, H ! �� process after reconstruction discussed in text. The following
distributions are shown: Hff̄ coupling as JP = 0+ signal (red crosses) and as 0� signal (black circles), and tt�� background
(orange diamonds). Also shown is the SM JP = 0+ signal generated at NLO in QCD with POWHEG (magenta triangles).
Right: the likelihood scan of fCP cos(�CP ), where �CP = 0 or ⇡, in the tt̄H process with both H ! �� (blue dashed) and
H ! 4` (red dotted) decays, and the combined result (solid black) expected with 300 fb�1 at LHC.
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are combined, and searches in this decay channel have been performed for specific scenarios beyond the SM [48–50].
However, an interpretation in terms of generic anomalous couplings has not yet been undertaken.

All these measurements require sophisticated tools for the optimal extraction of statistical information, as data
remain limited for detailed analyses of the fermion couplings. The matrix element approach is one such technique,
which has been proven successful in setting constraints on HV V couplings using Run I data from CMS [2, 3, 18, 51–57]
and ATLAS [5, 58, 59]. In this paper, we focus on applications to Run II of the LHC and extend our earlier developed
techniques for HV V coupling measurements [60–62] to Hff̄ couplings in tt̄H, bb̄H, and tqH production2, as well as
to H ! ⌧+⌧� decays. These matrix element techniques allow the optimal analysis of the dynamics in the production
and decay processes. Such techniques have been proposed to enhance signal over background in application to tt̄H
production [40, 63, 64], and we employ them to probe anomalous Hff̄ couplings for the first time. We define the
complete set of kinematic observables and the minimal set of matrix-element-based observables necessary to perform
the measurements. Moreover, using a NLO QCD simulation of tt̄H process that includes a fully consistent treatment
of production and decays at higher orders, we demonstrate the robustness of the matrix element approach with respect
to additional radiation and loop corrections.

This paper expands our e↵orts within the broader framework of the JHUGen (JHU generator) and MELA (Matrix
Element Likelihood Approach) frameworks [60–62]. The rest of the paper is organized as follows. In Section II
the formalism of anomalous H boson couplings is discussed. Monte Carlo simulation with the JHU generator is
introduced in Section III. The matrix elements technique and the MELA framework are discussed in Section IV. A
study of NLO QCD e↵ects is presented in Section V. In Section VI we discuss the application of these techniques to
LHC measurements and make projections to the end of Run III of LHC. Results are summarized in Section VII.

II. PARAMETERIZATION OF HIGGS BOSON COUPLINGS

We describe the interactions between a spin-zero particle H and two fermions through the amplitude

A(Hff̄) = �mf

v
 ̄f (f + i ̃f�5) f , (1)

where  ̄f and  f are the Dirac spinors, mf is the fermion mass, and v is the SM Higgs field vacuum expectation
value. In the SM, the couplings3 have the values f = 1 and ̃f = 0. Any deviation from these values indicates the
presence of physics beyond the SM, which may for example arise through heavy loop-induced fields. In particular,
the ̃f coupling parameterizes the contribution of a CP -odd pseudoscalar boson, and CP violation occurs when both
f and ̃f are nonzero.

One may equivalently choose to express the couplings through a Lagrangian

L(Hff̄) = �mf

v
 ̄f (f + i ̃f�5) f H, (2)

which allows a connection to be made between the couplings f and ̃f and anomalous operators in an e↵ective
field theory. The hermiticity of the Lagrangian requires f and ̃f to be real. Nevertheless, in order to consider the
broadest range of scenarios, we allow f and ̃f to be complex, and trust that, should the unitarity of scattering
amplitudes be violated as a result, it will be restored in the full theory. It is convenient to parameterize anomalous
couplings through a mixing angle, with f / cos↵ and ̃f / sin↵. Equivalently, we introduce the fractions

fCP =
|̃f |2

|f |2 + |̃f |2
, �CP = arg(̃f/f ) , (3)

where the fCP parameter is conveniently bounded between 0 and 1, is uniquely defined, and can be interpreted as the
cross section fraction corresponding to the pseudoscalar coupling, and therefore is directly related to experimentally
observable e↵ects. It is a convenient counterpart of the fa3 parameter defined for the HV V couplings [3, 5, 62]. While
the phase �CP can in general take any value between 0 and 2⇡, it is reasonable to assume that the ratio ̃f/f is
real, that is �CP = 0 or ⇡. However, we do not need to impose this restriction and will also consider other values of
�CP . The parameters fCP and �CP in principle depend on the fermion couplings under consideration and should be

denoted fHf¯f
CP and �Hf¯f

CP , but in most cases this will be clear from the context.

2
Unless otherwise noted, tqH refers to all combinations of tq̄H,

¯tqH, tqH, and

¯tq̄H with a quark q 6= t.
3
The coupling convention of Ref. [60] corresponds to f = �⇢1 and ̃f = i⇢2.
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the general shapes of the various distributions are maintained and only minimally distorted. The separation power
between the extreme JP = 0+ and 0� hypotheses is largely una↵ected by the presence of higher order corrections.
The most powerful discriminating observable D

0� receives very small corrections in range within the bulk of the
distributions, as shown in the lower pane of Fig. 6. Moreover, most of this correction appears already with the PDF
variations before NLO corrections at the matrix element level. Hence, the bulk of corrections that we observe stems
only from di↵erent input parameters and PDFs. The width of the bands in all lower panes of Fig. 6 corresponds to
scale variations by a factor of two around the central scale µ = mt+mH/2. Studies presented in Fig. 6 do not include
parton showering. However, as we show in Section VIA and Fig. 11, inclusion of parton showering in LO simulation
brings this simulation even closer to NLO modeling with parton showering.

We therefore conclude that discrimination power of the MELA approach is guaranteed even when higher-order
corrections are considered in the pp ! tt̄H process and additional jets are present in the event sample. Soft and
collinear radiation, which generates massive jet momenta, can be handled in the matrix element approach and does
not spoil the discrimination power. These higher-order e↵ects are within the uncertainties of the PDF, scale choice,
and parton showering.

VI. APPLICATION TO CP PARITY MEASUREMENTS IN tt̄H, tqH, AND bb̄H

In this section, we estimate the potential for CP measurements in the tt̄H, tqH, and bb̄H processes on LHC with
300 fb�1 of proton-proton collision data collected at 13TeV center-of-mass energy. This is the integrated luminosity
expected by the end of Run III of LHC in about seven years. Projections to other luminosity scenarios are usually
trivial extensions as long as uncertainties remain limited by statistics. While there is a strong evidence for the
tt̄H production in Run I of LHC, none of these processes have been firmly established yet. However, we rely on
experimental studies of these processes in Refs. [38–42] for realistic event reconstruction projections.

As the first observation, following Section IVD, we conclude that it will not be possible to measure CP in the bb̄H
production process in the LHC program. For the tt̄H and tqH processes, we consider the H ! �� decay mode to tag
the H boson, as a clean signature with sizable branching fraction. We also consider the H ! ZZ ! 4` final state in
the tt̄H process for comparison, but its contribution is small due to the small branching fraction. We use the hadronic
decay of one top quark final state so that the full kinematics can be reconstructed. In the tt̄H case, the other top
quark is reconstructed in the leptonic channel. Inclusion of other final states of either H boson or top would only
enhance expected precision, but the decays we consider are representative of the typical analyses of these processes.

In this study, the tt̄H, bb̄H, and tqH processes with SM or anomalous couplings are generated with the JHU
generator. The only non-negligible background that we need to consider is SM tt̄�� production as a background to
the tt̄H study with the photon decay of the H boson, which is simulated with MadGraph. The MC samples are
interfaced to PYTHIA8 for parton shower and hadronization. In order to model detector e↵ects, lepton and photon
pT are smeared with 1% and 4% resolution. The jets are reconstructed in a cone of R = 0.5 using anti-kT algorithm
and their energy is smeared by 20%.

The event selection criteria follow those of the LHC analyses [39]. We require the leptons, photons, and jets to have
pT > 5, 10, and 30 GeV, and |⌘| < 2.4, 2.4, and 4.7, respectively. Jets within �R < 0.2 of the leptons or photons
are removed. In the tt̄H analysis, an event should have at least four jets and a b-tagged jet. The b-tagging e�ciency
(62%) and fake rate for the light quark jets (6%) follow experimental study [39]. To fully reconstruct the semileptonic
decay of the tt̄ system, we use the constraint fit from Ref. [100]. The four-momenta of four jets, MET, and one lepton
are used in the kinematic fit with the masses of the top quarks and the W bosons as constraints. If more than four
jets are reconstructed, the combination that gives the best �2 is selected. The four-momenta of all decay products
of the tt̄ system are obtained from this fit and are used in the further analysis. In the tqH analysis, exactly four
jets and a b-tagged jet are required in order to remove hadronic tt̄H events. The combination of three jets with the
mass closest to the top is treated as the top decay product in this process. The required number of reconstructed
leptons and photons depends on the studied final state. If required, the leading photon should have pT > 33 GeV
and pT /m�� > 0.5. In the H ! 4` channel, two pairs of opposite sign and same flavor leptons should have invariant
mass greater than 40 and 12 GeV. The invariant mass of the H boson candidate is required to be between 100 and
140 GeV.

In the case of the tqH process with H ! ��, the main other contribution is cross-feed from the tt̄H process with
the same H boson decay. The tt̄H process with the 4` decay of the H boson has negligible background, while with
the �� decay the dominant background is the SM tt̄�� production. The expected number of events of signal and
background events at 300 fb�1 is shown in Table II. We would like to note that these expected yields are quoted for
the SM scenario where destructive interference between the Hff̄ and HV V -induced tqH processes leads to a small
number of expected events. However, this interference may become constructive with the non-SM couplings. The
cross section for tt̄�� processes suggests background yield to be smaller than the signal. However, the LHC studies

produced via the weak interaction in thj is left-handed in the SM. It is therefore expected

that non-standard top-Higgs couplings will affect the polarisation states of top quark and

change the angular distributions of the top quark decay products [13]. Such a polarisation

asymmetry has been widely used to probe the anomalous top quark interactions at the LHC

[23]. The precise measurement of thj channel opens a new window to probe the top quark

Yukawa couplings and new physics at the LHC.

In this work, we examine the current and future constraints on the CP-violating tth

couplings based on present LHC data and expected 240GeV TLEP sensitivity respectively.

We investigate the observability of pp → thj with h → bb for the scalar, pseudoscalar

and mixed interactions of top-Higgs. The potential to discriminate such anomalous top-

Higgs coupling is studied by performing reconstructed-level Monte Carlo simulations at 14

TeV HL-LHC. This paper is organised as follows: in section 2, we present the Higgs data

constraints on the anomalous top quark Yukawa couplings; in section 3, we discuss their

observability by analysing pp → thj production; conclusions are drawn in section 4.

II. HIGGS DATA CONSTRAINTS

In some new physics models, the top quark Yukawa coupling can be different from the

SM prediction. The new physics effects on tth coupling can be parameterised by a minimal

set of the gauge invariant dimension-six operators [16]. The most general Lagrangian of the

tth interaction in the broken phase can be parameterised as follows:

L ⊃ −
yt√
2
t(cos ξ + iγ5 sin ξ)th, ξ ∈ (−π, π] (1)

where yt takes the value ySMt =
√
2mt/v and ξ = 0 in the SM, with v ≈ 246 GeV being the

vacuum expectation value of the Higgs field. It is useful to define the scalar and pseudoscalar

components of the anomalous top-Higgs interaction normalised to the tree-level SM coupling

as CS = yt cos ξ/ySMt and CP = yt sin ξ/ySMt respectively. It should be noted that such CP-

violating interactions contribute to the electric dipole moment (EDM). However, the bounds

on the coupling CP depend on the assumption of Higgs couplings to other light fermions

[24, 25]. Since these couplings are practically unobservable at the LHC, we do not impose

EDM constraints in this work. Other constraints from low-energy physics observables, such

as Bs −Bs and B → Xsγ, remain relatively weak [25].

3

direct: fcpcos(Φcp) > 0.25. (my case)
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are combined, and searches in this decay channel have been performed for specific scenarios beyond the SM [48–50].
However, an interpretation in terms of generic anomalous couplings has not yet been undertaken.

All these measurements require sophisticated tools for the optimal extraction of statistical information, as data
remain limited for detailed analyses of the fermion couplings. The matrix element approach is one such technique,
which has been proven successful in setting constraints on HV V couplings using Run I data from CMS [2, 3, 18, 51–57]
and ATLAS [5, 58, 59]. In this paper, we focus on applications to Run II of the LHC and extend our earlier developed
techniques for HV V coupling measurements [60–62] to Hff̄ couplings in tt̄H, bb̄H, and tqH production2, as well as
to H ! ⌧+⌧� decays. These matrix element techniques allow the optimal analysis of the dynamics in the production
and decay processes. Such techniques have been proposed to enhance signal over background in application to tt̄H
production [40, 63, 64], and we employ them to probe anomalous Hff̄ couplings for the first time. We define the
complete set of kinematic observables and the minimal set of matrix-element-based observables necessary to perform
the measurements. Moreover, using a NLO QCD simulation of tt̄H process that includes a fully consistent treatment
of production and decays at higher orders, we demonstrate the robustness of the matrix element approach with respect
to additional radiation and loop corrections.

This paper expands our e↵orts within the broader framework of the JHUGen (JHU generator) and MELA (Matrix
Element Likelihood Approach) frameworks [60–62]. The rest of the paper is organized as follows. In Section II
the formalism of anomalous H boson couplings is discussed. Monte Carlo simulation with the JHU generator is
introduced in Section III. The matrix elements technique and the MELA framework are discussed in Section IV. A
study of NLO QCD e↵ects is presented in Section V. In Section VI we discuss the application of these techniques to
LHC measurements and make projections to the end of Run III of LHC. Results are summarized in Section VII.

II. PARAMETERIZATION OF HIGGS BOSON COUPLINGS

We describe the interactions between a spin-zero particle H and two fermions through the amplitude

A(Hff̄) = �mf

v
 ̄f (f + i ̃f�5) f , (1)

where  ̄f and  f are the Dirac spinors, mf is the fermion mass, and v is the SM Higgs field vacuum expectation
value. In the SM, the couplings3 have the values f = 1 and ̃f = 0. Any deviation from these values indicates the
presence of physics beyond the SM, which may for example arise through heavy loop-induced fields. In particular,
the ̃f coupling parameterizes the contribution of a CP -odd pseudoscalar boson, and CP violation occurs when both
f and ̃f are nonzero.

One may equivalently choose to express the couplings through a Lagrangian

L(Hff̄) = �mf

v
 ̄f (f + i ̃f�5) f H, (2)

which allows a connection to be made between the couplings f and ̃f and anomalous operators in an e↵ective
field theory. The hermiticity of the Lagrangian requires f and ̃f to be real. Nevertheless, in order to consider the
broadest range of scenarios, we allow f and ̃f to be complex, and trust that, should the unitarity of scattering
amplitudes be violated as a result, it will be restored in the full theory. It is convenient to parameterize anomalous
couplings through a mixing angle, with f / cos↵ and ̃f / sin↵. Equivalently, we introduce the fractions

fCP =
|̃f |2

|f |2 + |̃f |2
, �CP = arg(̃f/f ) , (3)

where the fCP parameter is conveniently bounded between 0 and 1, is uniquely defined, and can be interpreted as the
cross section fraction corresponding to the pseudoscalar coupling, and therefore is directly related to experimentally
observable e↵ects. It is a convenient counterpart of the fa3 parameter defined for the HV V couplings [3, 5, 62]. While
the phase �CP can in general take any value between 0 and 2⇡, it is reasonable to assume that the ratio ̃f/f is
real, that is �CP = 0 or ⇡. However, we do not need to impose this restriction and will also consider other values of
�CP . The parameters fCP and �CP in principle depend on the fermion couplings under consideration and should be

denoted fHf¯f
CP and �Hf¯f

CP , but in most cases this will be clear from the context.

2
Unless otherwise noted, tqH refers to all combinations of tq̄H,

¯tqH, tqH, and

¯tq̄H with a quark q 6= t.
3
The coupling convention of Ref. [60] corresponds to f = �⇢1 and ̃f = i⇢2.
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ttH→4qlv+bb 99

>. Significance: S/√(S + B) = 4.84

# Cut Table Summary 
# cut&process    lv4qbblv4qnonbb     6qbb  6qnonbb 2l2nbbbb2l2nbbnonbb      ttz     ttbb   yyveev   yyvelv   yyveyx   yyvlev   yyvllv   yyvlyx   yyxyev   yyxylv   yyuyyc   yycyyu 
# raw data         6481     9992     6592    11478     1194      996    26899     7164    24141    32711   188053    32710    52336   207966   188052   207952   188050   188048 
# used data        6481     9992     6592    11478     1194      996    26899     7164    24141    32711   188053    32710    52336   207966   188052   207952   188050   188048 
# passed data      1286      336      228      246       24        0      617      330        2        5      649        4       10      659      670      711      262      338 
# passed/used    19.843    3.363    3.459    2.143    2.010    0.000    2.294    4.606    0.008    0.015    0.345    0.012    0.019    0.317    0.356    0.342    0.139    0.180 
# xsection        0.895    0.656    0.934    0.685    0.215    0.157    8.355    2.059    8.742   14.054   41.458   13.694   24.587   69.153   40.997   69.416   50.443   50.351 
# xsection*L        895      656      934      685      215      157     8355     2059     8742    14054    41458    13694    24587    69153    40997    69416    50443    50351 
+nisoleptons==1   76.04    63.18    16.63    34.58    49.58    46.49    45.14    46.02    43.29    47.78    80.50    47.58    49.94    72.82    80.41    72.73    16.04    16.13 =>S/sqrt(S+B): 1.45 
+nvtx2nds         63.45    21.95    13.73    12.83    40.79    12.85    16.16    35.52     4.65     6.75    16.07     6.56     7.90    15.49    16.17    15.30     3.82     3.84 =>S/sqrt(S+B): 2.65 
+visenergy        54.36    17.48     9.38     9.98    17.42     5.12    11.73    25.40     1.10     1.66    11.09     1.48     2.05    10.80    11.15    10.62     2.35     2.39 =>S/sqrt(S+B): 2.82 
+maxbtag_higgs    50.29    12.26     7.96     7.58    15.91     4.62     9.57    22.60     0.91     1.38     9.12     1.20     1.72     8.88     9.20     8.71     1.85     1.88 =>S/sqrt(S+B): 2.88 
+maxbtag_bbar     45.29     9.21     6.90     5.14    13.57     3.21     7.47    18.90     0.41     0.62     5.29     0.55     0.77     5.02     5.32     5.00     1.12     1.18 =>S/sqrt(S+B): 3.37 
+allpfos          34.47     7.14     6.22     4.09     6.78     1.00     5.18    13.09     0.10     0.13     2.06     0.14     0.21     1.92     2.10     1.88     0.70     0.76 =>S/sqrt(S+B): 3.87 
+logy45           25.01     5.07     5.40     3.44     2.68     0.20     3.54     7.20     0.01     0.03     0.65     0.03     0.04     0.60     0.65     0.60     0.37     0.40 =>S/sqrt(S+B): 4.42 
+logy56           24.47     5.07     5.39     3.44     2.43     0.20     3.46     6.95     0.01     0.03     0.59     0.03     0.04     0.55     0.60     0.55     0.35     0.39 =>S/sqrt(S+B): 4.46 
+printhrust       22.96     4.71     5.19     3.29     2.18     0.20     3.19     6.18     0.01     0.02     0.46     0.02     0.03     0.42     0.46     0.44     0.21     0.25 =>S/sqrt(S+B): 4.68 
+btagsum_higgs    21.51     3.73     4.63     2.65     2.09     0.20     2.70     5.44     0.01     0.02     0.40     0.02     0.03     0.35     0.39     0.38     0.17     0.21 =>S/sqrt(S+B): 4.73 
+higgsmass        19.84     3.36     3.46     2.14     2.01     0.00     2.29     4.61     0.01     0.02     0.35     0.01     0.02     0.32     0.36     0.34     0.14     0.18 =>S/sqrt(S+B): 4.66 
# Evts(Remain)    180.2     20.6     34.6     15.4      4.6      0.0    203.5     96.5      1.2      1.8    126.7      1.2      3.8    200.1    127.5    208.9     71.3     90.0 

. The selection efficiencies (purities) for signal events are 33.1% (27.7%) and 56.0% (25.2%) for the six- and eight- jets analyses in ILD, respectively,           

cut: 1          nisoleptons      0.500 -    1.500 
cut: 2             nvtx2nds      3.500 - 9999.000 
cut: 3            visenergy    580.000 -  900.000 
cut: 4        maxbtag_higgs      0.505 -    1.100 
cut: 5         maxbtag_bbar      0.638 -    1.100 
cut: 6              allpfos    153.500 -  256.500 
cut: 7               logy45      3.500 -    5.610 
cut: 8               logy56      4.060 -    8.320 
cut: 9           printhrust      0.566 -    0.866 
cut: 10        btagsum_higgs      0.980 - 1000.000 
cut: 11            higgsmass    105.000 -  147.000 
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# Cut Table Summary 
# cut&process      6qbb  6qnonbb   lv4qbblv4qnonbb 2l2nbbbb2l2nbbnonbb      ttz     ttbb   yyveev   yyvelv   yyveyx   yyvlev   yyvllv   yyvlyx   yyxyev   yyxylv   yyuyyc   yycyyu 
# raw data         6592    11478     6481     9992     1194      996    26899     7164    24141    32711   150244    32710    52336   170153   150243   170142   150242   150240 
# used data        6592    11478     6481     9992     1194      996    26899     7164    24141    32711   150244    32710    52336   170153   150243   170142   150242   150240 
# passed data      1464      595      291      110        3        2      753      469        0        0       69        1        5      119       82      115      882      967 
# passed/used    22.209    5.184    4.490    1.101    0.251    0.201    2.799    6.547    0.000    0.000    0.046    0.003    0.010    0.070    0.055    0.068    0.587    0.644 
# xsection        0.934    0.685    0.895    0.656    0.215    0.157    8.355    2.059    8.742   14.054   41.458   13.694   24.587   69.153   40.997   69.416   50.443   50.351 
# xsection*L        934      685      895      656      215      157     8355     2059     8742    14054    41458    13694    24587    69153    40997    69416    50443    50351 
sucsess:          99.97    99.92    99.89    99.95   100.00   100.00    99.95    99.93    99.98    99.96    99.97    99.98    99.99    99.98    99.98    99.99    99.99    99.99 =>S/sqrt(S+B): 1.48 
+nisoleptons      90.61    84.27    77.49    73.28    67.09    63.15    83.20    82.66    67.63    71.06    78.57    71.38    74.12    81.67    78.63    81.69    91.52    91.53 =>S/sqrt(S+B): 1.48 
+nvtx2nds         78.14    35.61    64.87    25.20    54.02    16.47    32.53    64.78     7.67     9.76    15.33     9.40    11.10    18.50    15.51    18.44    27.12    27.23 =>S/sqrt(S+B): 2.62 
+visenergy        77.73    34.73    59.27    20.54    25.63     7.03    28.64    57.69     1.65     2.27    11.61     2.15     3.02    14.57    11.74    14.50    26.58    26.70 =>S/sqrt(S+B): 2.88 
+maxbtag_higgs    67.64    23.11    51.86    14.39    23.03     5.42    21.02    48.60     1.12     1.55     8.96     1.49     2.11    11.10     8.97    10.95    18.33    18.45 =>S/sqrt(S+B): 2.93 
+maxbtag_bbar     51.93    12.45    33.61     6.14     8.63     1.51    11.05    31.30     0.12     0.24     1.69     0.23     0.33     2.25     1.69     2.20     7.51     7.61 =>S/sqrt(S+B): 3.99 
+allpfos          40.22     9.30    12.27     3.01     1.76     0.60     6.23    16.90     0.01     0.03     0.33     0.02     0.05     0.45     0.34     0.44     3.02     3.17 =>S/sqrt(S+B): 5.08 
+minpfoinjets     40.20     9.30    12.27     3.01     1.76     0.60     6.23    16.89     0.01     0.03     0.33     0.02     0.05     0.45     0.34     0.44     3.02     3.17 =>S/sqrt(S+B): 5.08 
+maxpfoinjets     40.02     9.24    12.24     3.01     1.76     0.60     6.21    16.83     0.01     0.03     0.33     0.02     0.05     0.45     0.34     0.44     3.01     3.15 =>S/sqrt(S+B): 5.06 
+logy45           29.40     6.85     7.34     1.72     0.84     0.30     4.04     9.07     0.00     0.00     0.09     0.01     0.01     0.14     0.10     0.13     0.99     1.09 =>S/sqrt(S+B): 5.80 
+logy56           28.23     6.70     6.45     1.58     0.25     0.20     3.82     8.57     0.00     0.00     0.07     0.00     0.01     0.10     0.08     0.10     0.86     0.95 =>S/sqrt(S+B): 5.90 
+logy67           27.20     6.56     5.60     1.42     0.25     0.20     3.63     7.91     0.00     0.00     0.06     0.00     0.01     0.09     0.07     0.09     0.76     0.83 =>S/sqrt(S+B): 5.99 
+logy78           27.03     6.53     5.49     1.39     0.25     0.20     3.60     7.82     0.00     0.00     0.06     0.00     0.01     0.08     0.07     0.09     0.75     0.82 =>S/sqrt(S+B): 5.98 
+logy89           25.02     6.32     4.97     1.36     0.25     0.20     3.35     7.43     0.00     0.00     0.05     0.00     0.01     0.08     0.06     0.08     0.70     0.75 =>S/sqrt(S+B): 5.74 
+btagsum_higgs    24.09     5.73     4.71     1.20     0.25     0.20     3.10     7.16     0.00     0.00     0.05     0.00     0.01     0.07     0.06     0.07     0.65     0.70 =>S/sqrt(S+B): 5.71 
+higgsmass        22.21     5.18     4.49     1.10     0.25     0.20     2.80     6.55     0.00     0.00     0.05     0.00     0.01     0.07     0.05     0.07     0.59     0.64 =>S/sqrt(S+B): 5.51 
# Evts(Remain)    217.6     35.8     37.8      7.0      0.5      0.3    234.9    128.0      0.0      0.0     18.1      0.6      1.9     49.6     20.4     46.7    293.3    319.9 

>. Significance: S/√(S + B) = 5.79

. The selection efficiencies (purities) for signal events are 33.1% (27.7%) and 56.0% (25.2%) for the six- and eight- jets analyses in ILD, respectively,           

cut: 1          nisoleptons     -0.500 -    0.500 
cut: 2             nvtx2nds      3.500 - 9999.000 
cut: 3            visenergy    560.000 - 1100.000 
cut: 4        maxbtag_higgs      0.528 -    1.100 
cut: 5         maxbtag_bbar      0.670 -    1.100 
cut: 6              allpfos    189.000 -  336.000 
cut: 7         minpfoinjets      0.000 -   28.000 
cut: 8         maxpfoinjets     29.700 -   84.167 
cut: 9               logy45      3.135 -    5.205 
cut: 10               logy56      3.800 -    6.816 
cut: 11               logy67      4.862 -    8.086 
cut: 12               logy78      5.000 -    9.830 
cut: 13               logy89      6.261 -    9.830 
cut: 14        btagsum_higgs      0.800 -  500.000 
cut: 15            higgsmass    105.000 -  150.000 
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# Cut Table Summary 
# cut&process  2l2nbbbb2l2nbbnonbb   lv4qbblv4qnonbb     6qbb  6qnonbb      ttz     ttbb   yyveev   yyvelv   yyveyx   yyvlev   yyvllv   yyvlyx   yyxyev   yyxylv   yyuyyc   yycyyu 
# raw data         1194      996     6481     9992     6592    11478    26899     7164    24141    32711   150244    32710    52336   170153   150243   170142   150242   150240 
# used data        1194      996     6481     9992     6592    11478    26899     7164    24141    32711   150244    32710    52336   170153   150243   170142   150242   150240 
# passed data       210        3       61       11        1        2       82       50       28       29       30       25       50       20       16       20        1        0 
# passed/used    17.588    0.301    0.941    0.110    0.015    0.017    0.305    0.698    0.116    0.089    0.020    0.076    0.096    0.012    0.011    0.012    0.001    0.000 
# xsection        0.215    0.157    0.895    0.656    0.934    0.685    8.355    2.059    8.742   14.054   41.458   13.694   24.587   69.153   40.997   69.416   50.443   50.351 
# xsection*L        215      157      895      656      934      685     8355     2059     8742    14054    41458    13694    24587    69153    40997    69416    50443    50351 
sucsess:          60.89    44.78    11.93    25.27     1.53    12.44    14.90    12.23    69.48    61.02    11.50    61.21    54.34    10.22    11.49    10.34     1.51     1.44 =>S/sqrt(S+B): 0.52 
+nisoleptons      60.89    44.78    11.93    25.27     1.53    12.44    14.90    12.23    69.48    61.02    11.50    61.21    54.34    10.22    11.49    10.34     1.51     1.44 =>S/sqrt(S+B): 0.52 
+nvtx2nds         50.59    12.65     9.09     7.45     1.24     4.06     4.44     8.58     8.41     7.98     1.71     7.91     7.11     1.62     1.69     1.62     0.29     0.31 =>S/sqrt(S+B): 1.11 
+visenergy        50.59    12.65     8.69     7.21     0.90     3.62     4.16     7.98     7.28     6.96     1.64     6.97     6.36     1.56     1.62     1.56     0.17     0.18 =>S/sqrt(S+B): 1.17 
+maxbtag_higgs    49.50     9.14     7.95     5.79     0.77     2.88     3.57     7.34     6.75     6.47     1.38     6.45     5.86     1.28     1.34     1.30     0.14     0.14 =>S/sqrt(S+B): 1.22 
+maxbtag_bbar     49.08     8.03     7.75     5.22     0.71     2.60     3.27     7.10     6.08     5.74     1.22     5.85     5.26     1.12     1.20     1.16     0.12     0.13 =>S/sqrt(S+B): 1.28 
+allpfos          44.97     7.33     7.41     4.83     0.59     2.42     2.96     6.18     3.23     2.94     1.01     3.11     2.72     0.96     1.03     0.98     0.11     0.12 =>S/sqrt(S+B): 1.41 
+minpfoinjets     41.96     6.43     7.02     4.26     0.52     2.30     2.68     5.40     2.46     2.23     0.87     2.35     2.07     0.82     0.87     0.84     0.11     0.11 =>S/sqrt(S+B): 1.44 
+logy23           37.19     5.02     6.54     3.91     0.52     2.12     2.32     4.29     1.33     1.18     0.57     1.25     1.16     0.55     0.56     0.56     0.07     0.07 =>S/sqrt(S+B): 1.59 
+logy34           36.93     5.02     6.53     3.90     0.50     2.12     2.31     4.15     1.17     1.01     0.55     1.15     1.04     0.54     0.54     0.54     0.07     0.07 =>S/sqrt(S+B): 1.62 
+logy45           36.93     5.02     6.51     3.90     0.50     2.11     2.31     4.15     1.17     1.01     0.55     1.15     1.04     0.54     0.54     0.54     0.07     0.07 =>S/sqrt(S+B): 1.62 
+logy56           36.93     5.02     6.16     3.77     0.44     1.91     2.21     4.08     1.17     1.01     0.55     1.14     1.04     0.53     0.53     0.53     0.07     0.07 =>S/sqrt(S+B): 1.63 
+btagsum_higgs    25.54     0.70     2.96     0.66     0.09     0.34     0.82     2.00     0.38     0.28     0.10     0.33     0.32     0.08     0.08     0.10     0.01     0.01 =>S/sqrt(S+B): 2.23 
+btagsum_bbar     19.60     0.30     1.53     0.16     0.05     0.04     0.42     1.01     0.15     0.10     0.03     0.11     0.13     0.02     0.02     0.02     0.00     0.00 =>S/sqrt(S+B): 2.76 
+higgsmass        17.59     0.30     0.94     0.11     0.02     0.02     0.30     0.70     0.12     0.09     0.02     0.08     0.10     0.01     0.01     0.01     0.00     0.00 =>S/sqrt(S+B): 2.87 
# Evts(Remain)     35.0      0.5      8.9      0.9      0.0      0.1     26.1     15.5      7.8     10.8      8.6     10.2     22.9      9.0      4.1      6.6      0.4      0.0 

# Nsig integral(restricted range) : 35.0 
# Nbck integral(restricted range) : 132.4 
# Significance                    : 2.71 


