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Preamble
This presentation is based on:
=> Two published phenomenological works by:
• Carlos Bautista1,2), Ricardo d’Elia Matheus1), Leonardo de Lima3), Eduardo Ponton1,2), Leonidas F. do Prado1,4),Aurore Savoy

Navarro4,4’) (next slide)
1) Institute of Theoretical Physics, IFT, at the University Estadual of Sao Paulo, UNESP, Sao Paulo, BR
2) International Center for Theoretical Physics, South American Institute for Fundamental Research

ICTP-SAIFR, Sao Paulo, BR
3) Universidade Tecnologica Federal do Parana, Toledo, BR.
4) CEA-IRFU, University Paris Saclay and 4’) CNRS-IN2P3

• Carlos Bautista1,2), Ricardo d’Elia Matheus1), Leonardo de Lima3), ASN4,4’) (See [next +1] slide)

=> One published experimental work by CMS, thanks to the dedicated work by:
• Mehmet Ozgur Sahin4), Aurore Savoy-Navarro 4,4’), Sezen Sekmen 5) , Gamze Sokmen 6 )  (See [next + 2] slide)

5) Kyungpook National University, KNU, KR
6) Middle East Technical University, ODTÜ METU, TR

=> And ongoing experimental collaboration carried on within CMS (not yet published) => not presented here.
Leonidas F. do Prado1, 4) ,Mehmet Ozgur Sahin4), Aurore Savoy-Navarro4,4’), Sezen Sekmen 5), Gamze Sokmen 6) ,
Maxwell Chertok and Wei Wei (UC-Davis, USA)
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• On Fall 2015 with Ricardo (IFT-UNESP) and  Eduardo (IFT &ICTP-SAIFR),

we launched Phenomenology/Theoretical project to look for VLF 

hypothesis impact on the ttH production and the Top-Higgs Yukawa

coupling, for an application to the study of tttH process with LHC data.

This study was performed on purpose with simple SM extensions.

• End 2017 we moved to MCHM with ttH and ttHH within dedicated

theoretical studies and phenomenology simulated scenarios for LHC 

to HE-LHC (=> HL-LHC/HE-LHC YR).

The strong case of ttHH was raised in our work.

• Fall 2018 we launched with Leonidas the first experimental ttHH production study at LHC while pursuing in

parallel the phenomenology related studies, joined by Leonardo and Carlos.

Preamble:From the interest on the VLF impact on  ttH production and  Yt to ttH & ttHH
Phenomenology studies with CHM at present and future pp colliders, and experimental ttHH study
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Higgs Physics at HL-LHC and HE-LHC, CERN
Yellow Report 

JHEP03(2021)049 and related previous work (YR-CERN)
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arXiv:2303.09022 submitted to JHEP



CMS-Publications of the ttHH study for Snowmass 2022

March 2022

https://cds.cern.ch/record/2805993?ln=en

White paper

16/05/2023 TOP-LHC-France ASN16052023 7

https://cds.cern.ch/record/2805993?ln=en
https://cds.cern.ch/record/2805993?ln=en


The ttHH production process: from the SM to BSM/CHM
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The many di-Higgs production mechanisms
in the SM.

Gluon-gluon fusion (ggF) 

Top pair associated produc.on/ Di-Higgs
bremsstrahlung off top quarks (!� ̅HH) 

Di-Higgs bremsstrahlung/Vector Boson  
associated production

Vector Boson Fusion (VBF)

Single top quark associated production
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The ttHH production in the SM CASE
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Processes at the few fb level
involving double Higgs.

Accessing a new region in the 
exploration of the Higgs sector: 
interplay between HH, VBF(HH), ttHH

At 13 TeV: σ(tthh) = 0.775 fb (NLO QCD)* 
σ(hh)   = 31.05 fb (NNLO) 
σ(VBFhh)=1.7fb (NLO) 

At 14 TeV: σ(tthh) = 0.948 fb (NLO QCD) 

The ttHH production in SM is interesting per se, with LHC as a unique playground from now & till end of HL-LHC 

(*D. De Florian et al., arXiv 1610.07922) 
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Evolution of production cross-sections with Ecm (from: LHCHXSWG-2019-005) 

FYI: && produc-on cross-sec-on 14/13~1.3; 13/27~12.6

Renormaliza+on and factorisa+on scales set to mHH/2 for gluon fusion, to the individual virtuali+es Q1,2 = √−q2
1,2 of the t-channel

vector-bosons for VBF (with a lower cut of 1 GeV), to mHHV (V =W,Z) for HHV produc+on, to mH/2 or HHH and mHH/2 for tjHH
produc+on. They were varied up and down by a factor of 2 to obtain the scale uncertain+es, indicated as superscript/subscript. 
PDF4LHC15 parton distribu+ons used to obtain the results, and corresponding αs +PDF uncertain+es. The cross sec+ons for t j HH 
involve both top and an+-top produc+on. 

Total production cross sections for Higgs pairs within SM via gluon fusion, VBF, double Higgs-strahlung and double Higgs
bremsstrahlung off top quarks. PDF4LHC15 parton densities have been used with scale choices according Table here below.
The size of the bands shows the total uncertainties originating from the scale dependence and the PDF+αs uncertainties. 
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!: 0.775 to 1 ---à5.24  -------------------------------->to 82fb
Nb: ~320  to 3K                                                             to 2.5M



yt

yt !hhh

yt

ttHH: STUDY OF COUPLINGS IN THE TOP HIGGS SECTOR

The interplay between HH, VBF(HH), ttH and ttHH vs Couplings, here only at LO only & within SM

Yt in ttH better
constraints !hhh

(But negative interference => only 50% left at LO)

20%

Unlike ttH which gives access to only Yukawa top-Higgs coupling, ttHH gives access

to both the top-Higgs Yukawa and the triple Higgs couplings, like the HH process, 

but without negative interference term.16/05/2023 TOP-LHC-France ASN16052023 12



HEFT operators modifying the ttHH production

Similar non-resonant contributions in Composite Higgs Models

SM-LO contributions BSM-LO contribution
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BSM case:the ttHH production at LO in MCHM 

Yukawa vertex (~80%)                      Higgs trilinear self-coupling (20%/15%)                 Double Higgs Yukawa vertex(~5%)

AND
QCD pair production of heavy top partners with their top-Higgs decay In red: processes

specific to MCHM

RHH producSon processes common to SM & MCHM



ttHH: the resonant part => search for VLQ  (≥ simple extension of SM)

QCD pair production of heavy top partners with their top-Higgs decay

NON RESONANT PRODUCTION PROCESS at LO:

RESONANT PRODUCTION PROCESS at LO:

BSM-LO contributionSM-LO contributions

ttHH: the resonant part => search for VLQ (≥ simple extension of SM)

QCD pair produc-on of heavy top partners with their top-Higgs decay

NON RESONANT PRODUCTION PROCESS at LO:

RESONANT PRODUCTION PROCESS at LO:

BSM-LO contributionSM-LO contribu<ons
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Study of the ttH and ttHH processes within
the Minimal Composite Higgs 

Based on: 
1) Probing the top-Higgs sector with Composite Higgs Models at present and future hadron 
colliders (JHEP(2021), 049
2) On the importance of 3-body decays of VLQs (arXiv 2023.09022, submitted JHEP, May 9)
(and published ATLAS, CMS searches for heavy VLQ resonances at LHC)

N.B. Due to time constraints we here review only some of the points studied in the two pheno papers, which are 
of specific interests in the present reported experimental studies. Thus points related to couplings measurement
and link with EFT are not presented here.
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• Study of )h & )hh produc/on processes in the context of CHM
• Can be probed by precision measurements of couplings + resonance searches.
• We concentrate on the fermion sector and its interplay with the Higgs boson. This 

depends on the composite resonances associated with the top quark. 

C. Bau'sta et al., JHEP Publica,on

JHEP(2021) 049, March 2021
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The Minimal Composite Higgs

• Higgs is a pNGB (pseudo Nambu Goldstone Boson) of SO(5)/SO(4)
• Potential is generated by SM interactions with strong sector.
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The Minimal Composite Higgs

• Many extensions possible: non-minimal breaking, neutral naturalness, 
UV completion....
• Here we focus on the top sector resonances in the smallest (custodial) 

SO(5) irreps: 5 and 14
• Fermion masses arise from linear mixing with resonances “partial

compositness”
• Resonances fall into irreductible representations (irreps.) of SO(4), 

with distinct phenomenology
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Fermionic Representa.ons

• Under SO(4), 5 = 4 ⊕ 1

Y=7/6 Y=1/6

Y=2/6
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Fermionic Representa.ons

• Under SO(4), 14 = 9 ⊕ 4 ⊕ 1

Y=5/3 Y=2/3 Y=-1/3
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Standard Model Couplings

• SM couplings are modified by func6ons of ξ = #$/&$ and also by
resonance mixings.

• Couplings entering ;h and ;hh:

SM limit: κ = 1, c = 0
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The top Yukawa

• Below resonances:

• Except, if M1~ M4 or M9<< M1,4 

Suppressed

Enhanced!
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Higgs Coupling Modifications in CHM 
• Top-Yukawa coupling is of central interest here. SM couplings are modified by functions of ξ = #$

%$ & by resonance

mixings.

• Compositeness gives rise to top-Yukawa couplings (yL,yR)

• In MCHM, tth coupling modified as:

• Higgs sector non-linearities

generate new vertices such as tthh
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• Top-Higgs Yukawa coupling through mixing with singlet, 4-plet &nonet resonances (green squares represent mixing) 

non SM-like, cubic non
renormalizable coupling 



The !ℎℎ & ̅!!ℎℎ processes in MCHM 
• Complementary better to say in “interplay with” to HH (gluon fusion and VBF) 
• µ(ttH): all modifications enter only through %!

• While the ttHH) process is described by 

• Dominated by top yukawa, h3 ~ 15% & a few % for hht
• But resonances impact kinematic distributions (see HL-LHC experimental study)
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NO ModificaZon on KinemaZc distribuZons ONLY on TOTAL RATE



Pheno analysis in MCHM 5 and 14 parameter spaces: 
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•Top sector is controlled by: Mi, yLi , yRi and cL, cR (MCHM5) or c4, c9 cT9 (MCHM14) 
•Phase redefinition & impose CP conservation in strong sector => 3 (5) physical signs for 5 (14) 
•Terms controlled by the “c” couplings modify cross sections, decays BR and widths but 
generally do not affect the shape of distributions. They can be encoded in a K- factor. 
•We end up with

•We fixed yR by mtop=150 GeV.
(Approximate running mass near the resonance scale, intended to capture the main running 
effect on the couplings. The pole mass of 173 GeV is used in the kinematics.) 
•We obtain the unitary transformations and use them to extract the Higgs couplings. 



The top Yukawa in MCHM 5 and 14 parameter space
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Parameter space scan

� Multidimensional parameter space
� How to identify representative points in a scan?
� Bin by bin clustering (A.Carvalho et. al JHEP 04 (2016) 126):

� TSab≥ 0, measures closeness of a and b.
� Iteratively merge points with smallest TSab.
� Stop when a “reasonable number” of clusters is

achieved.
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• Red and blue: 1st and 2nd quadrants of MCHM5

Some clusters from the MCHM5 scan

16/05/2023 TOP-LHC-France ASN16052023 29



• Allows one to see new qualitative features in the 
parameter space
• 1st quadrant points have generally wider 

resonances
• In hindsight, expected from the relation 

Some clusters from the MCHM5 scan
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Red and blue: 1st and 2nd quadrants of M1-M4 space

Benchmarks points MCHM5 in Low Scale region (LHC & HL-LHC)
Pheno analysis: Feynrules->UFOfiles->Madgraph->(ready for “fast simu” =Delphes, or full simu)
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Red and orange: 1st and 3nd quadrants of M1-M4 space
Blue and cyan: 2st and 4nd quadrants

Benchmarks points MCHM14 , low scale region (LHC HL-LHC)
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Three body decays in MCHM5

=> Back to the VLF resonances from which all started ...

Submitted to JHEP, May 7, 20232023.09022

https://arxiv.org/abs/2303.09022


Usually assumed:
• Only one VLQ contributing to the chosen signal. Other BSM 

resonances are much heavier, absent or decay into different final states 
• Separate searches carried out for !and "#/%
• Decay width is saturated by a few 2-body decay modes of the VLQs.

&'/( → *+,	 . → +b, *0, *1

CMS Collab.. JHEP, vol. 03, p. 082, 2019.

CMS Collab. CMS-B2G-20-011, CERN-EP-2022-175.

Experimental “model independent” VLQ searches
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To measure singlet & fourplet contributions, define:

with

For fourplet-like points, 3-body decay branching ratios are sizable

The physical states after diagonalization are:

With: L, R chiralities; UL,R =corresponding Unitary rotations to mass basis ηF ηS = respt the 4plet and singlet  contributions for each L,R chirality
Θ angle characterizes nature of T(1)  Θ =0 (singlet) = π/2(4plet) 

MCHM5: The lightest top partner can be singlet or 4plet like.
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Three body decays in MCHM5 of lighest VLQ states

negligible

fourplet

singlet
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4plet-like T(1): bigger BR(T->3-body) with prevailing T (1) → W +W −t .
The singlet-like case is just the opposite.
=> MOTIVATES focus on 4-plet case.

The 4plet-like scenario also more interes\ng for X5/3

One of the lightest states and near degenerate with T(1)

with spli^ng caused by EWK effects and smaller than mW . 
=> only allowed 2-body decay is X5/3 → W+ t. 



• A naive rescaling of exis0ng searches shows an improved exclusion by roughly 100 GeV.
• This mo0vates analysis including the 3-body channels

Effect on T partner pair production
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• MCHM5 with a 4plet-like T(1) = simplest scenario in a complete model providing 2 light VLQs
• Key characteristic of a model with a 4plet-like T(1)= degeneracy in mass with X5/3

• Due to their degenerate masses, X5/3 and T(1) cannot be simultanously on-shell in a,b-diagrams
• diagram (a) generates either production of an on-shell X5/3, followed by its 3-body decay (blue ellipse)
• or X5/3 mediated production of on-shell T(1)+W, followed by 2-body decay of T(1) -> tZ (2 green ellipses)

• Key point: Same final states for these 2 situations: WtZ Wt
• Analogous situation occurs in diagram (b), with the roles of T(1) and X5/3 reversed. 

Search for vector-like resonances in the presence of 3-body decay
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Near degenerate states: off+on shell contributions
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Invariant mass for (a) for

the benchmark point chosen

as show case 

These two contributions can mix in kinematic variables 

1) i) peak at 1.3 TeV generated by decays of on-shell T(1)

ii) the bump in the region M[t,Z] ~1.3 TeV generated by 3-body decays of on-shell X5/3 (which force T(1) off-shell) 

2) Same applies M[W +, t, Z], with a peak from on-shell X5/3 sitting on top of a off-shell X5/3 bump. 

NB : this is general feature of mass degeneracy & presence of 3-body decays, in any model as long as the involved
coupling constants are sizeable. In MCHM5 this is guaranteed because T(1) and X5/3 are coming from the same multiplet .
=> Difficult to disentangle between T(1) and X5/3 signals=> TURN IT as an ADVANTAGE with INCLUSIVE SEARCH
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Inclusive search with contributions of pair production of both
!(#) & &'/) to the same signals 

1. “Objects definiCon” (labelled as “no cuts” in Tables):
Leptons: isolaCon variable (I) < 0.1,

./ > 30 GeV, η < 3
Jets:        reconstrucCon using AKT4

./ > 30 GeV, η < 3
2. Nb ≥ 3: As signal contains 4 b and most background don’t.

3. 4/567 > 1.6 TeV: High transverse momentum in signal from
heavy parCcles decay.

4. Etmiss > 100 GeV or  > 150 GeV: to ensure we are excluding
rarer background contribuCons.

:: → <=ℎ <=, :: → <=@ <=, TT → <<= =ℎ, BB → <<= =@.
• With t → <b and h(Z) → b b, the signature is 4<4b.
• Multileptonic search channels (2SSL + 3L)

Madgraph (LO) Pythia Delphes (HL-LHC card)

Signal processes for C9 in 2SSL search at LO, √s = 14 TeV
T = T1, T2 or T3
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Most important backgrounds wrt 2SSL, 3L  or 2SSL+3L 
Nb of events passing the cuts in 2SSL+3L search channels

NB: In the case of 3-body decays the cross sections are around four times bigger than expected:  direct consequence
of the off-shell contributions

RESULTS



Concluding remarks and perspectives (for pheno part)
Probing the top Higgs sector with CHM

• Focus on (h & (hh produc.on processes in the 
context of CHM

• Probed by precision measurements of couplings + 
resonance searches

On the importance of the 3-body decay of VLQ’s

• Vector-like top partners: ubiquitous in models aDempEng to address 
the naturalness puzzle of SM

• With MCHM5 as a concrete example of such an extension, we showed:
• VLQ’s can have sizeable 3-body decays, and

• taking these decays into account can improve significantly the exclusion limits 
obtained by previous analyses. 

• NOTE: Even if done within MCHM5, the features are generic in any 
model containing a vector-like doublet. 

• Most experimental studies consider a SM-like doublet (top and boDom 
partner), with a two-body saturated width. 

• However, on the contrary, a doublet naturally leads to near degenerate 
states and sizeable three-body decays. 

• Thus, simplified models built on this assumpEon do not capture model 
independent physics, but instead impose constraints on their possible 
UV compleEons, needed to suppress the three-body channel. 

• Furthermore, the narrow spectrum leads to large contribu.ons to the 
produc.on cross sec.on in the three-body decay channels, coming from 
one of the states being slightly off- shell. 

• The effect can make the cross-sec.on as large as 4 .mes the naive 
es.mate from cross-sec.on .mes branching ra.o for narrow states 

• This makes it difficult to search for one of these states in isola.on, hence 
an inclusive search can be more profitable. 
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tthh: 

Pheno study with simu (including DELPHES) within the overall
MCHM5&14 param scale => stress important features of tth/tthh
Study of couplings & link to EFT (not discussed here)



From theory to experiment:  
Search for and study of the ttHH production process

at LHC and beyond
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Search for *(SL)HH(4b) non resonant produc7on at HL-LHC, WP Snowmass 2022

G. Sokmen(PhD), O. Sahin, S. Sekmen, ASN 
Contribu:on of C. Bau'sta, R. d’Elia, L. de Lima for study of sensi:vity to MCHM scenarios,

cds.cern.ch

http://cds.cern.ch/record/2804085?ln=en


Search for tt(SL)HH(4b) non resonant production at HL-LHC
It is a dedicated analysis performed at 14 TeV with 3000 fb-1with DELPHES based simulation 
and searching for the tt(SL)HH4b signature.
A dedicated BSM study is included in this study:1st time!

ü Starts from the pioneering ttHH analysis framework performed
with 2017 CMS data (L.F. Do Prado’s PhD thesis, unpublished),

ü Follows the progress of the ongoing analysis with the full 
Run 2 data, actively ongoing at CMS; several of the new 
developments are introduced within the Delphes
HL-LHC framework to perform this search . 
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Br(Tot) =11.4%



Analysis strategy: outline

• Object and event selections applied on simulated signal & background samples. 
• Events passing the selection are used for training DNNs for signal extraction. 

Background yields are predicted directly from simulated MC samples. 
• The resulting final DNN discriminants are used for 
• obtaining upper limits on the expected signal strength, taking into account various

systematic uncertainties reflecting the Phase-2 conditions. 

• The same analysis methodology is used for the SM ttHH and MCHM ttHH cases. 
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Analysis strategy: object and event selection

4716/05/2023

1) Selec0on applied to simulated objects: 

2)  Event baseline selection: 

TOP-LHC-France ASN16052023



Simulated samples: most are especially produced for this study
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Special thanks to Carlos Bautista (IFT-UNESP, ICTP-SAIFR,BR) for his collaboration in generating the MCHM 
samples, preparing the MCHM gridpacks and verifying the generated and simulated MCHM data with dedicated
DELPHES samples he produced.



Benchmark points as show cases for MCHM study for Snowmass 2022

• MCHM5(C2) benchmark point: main parameters
space values:

f  = 1593 GeV; 
M1= -1809 GeV; M4 = 1479 GeV; 
yL= 1.38; yR=  0.58
µ(ttH)=0.94; 
µ(ttHH)=1.47        NR-ttHH/ttHH= 0.59

3 heavy charge 2/3 top-partner resonances->tH decay:
T1: mass 1.5 TeV, Br(tH)=45.4%; Γ(T1 )=5,5 GeV
T2: mass 2.0 TeV, Br(tH)=21.8%; Γ(T2 )=13.6 GeV
T3: mass 3.9 TeV, Br(tH)=6.2%; Γ(T3)=163.2 GeV

• MCHM14(D7) benchmark point: main parameters space
values :

f = 863 GeV; 
M1= -801 GeV; M4= -1907 GeV; M9= 1500 GeV
yL= 1.23; yR=  1.67
µ(ttH)=0.93;
µ(ttHH)=2.15       NR-ttHH/ttHH= 0.37

6 heavy charge 2/3 top-partner resonances->tH decay:
T1: mass 1.4 TeV, Br(tH)=28.3%; Γ(T1 )=64.2 GeV
T2: mass 1.5 TeV, Br(tH)~0%; Γ(T2 )=17.0 GeV
T3: mass 1.5 TeV, Br(tH)=27.5%; Γ(T3)=7.8 GeV
T4: mass 1.5 TeV, Br(tH)=67.9%; Γ(T4 )=43.2 GeV
T5: mass 2.0 TeV, Br(tH)=8.2%; Γ(T5)=10.7 GeV
T6: mass 2.2 TeV, Br(tH)=40.0%; Γ(T6)=10.8 GeV16/05/2023 TOP-LHC-France ASN16052023 49



Background events:

TOP-LHC-France ASN16052023 5016/05/2023

1)The top pair+jets backgrounds: some special aspects for this DELPHES based study/CMS data 
analysis
• The top pair production in association with 2b jets constitutes a large irreducible background in 

the ttH where Higgs decays into a b-quark pair [arXiv:1610.07922]. 
• It has been the object of a detailed NLO+PS QCD study [arXiv:1912.00068]. 

• Similarly, the top pair production in association with 4 b jets is an important background for 
ttHH(4b). Unlike tt+2b, there is no such NLO QCD study and only a LO generated sample is
produced. 

• Estimation of the QCD scale uncertainty on tt+4b sample is done in the consideration of tt +2b 
studies showing that the NLO QCD effects reduce scale uncertainties from the 70-80% level to 20-
30% at LO. 

• Hence, tt+4b QCD scale uncertainty is treated with two scenarios; 70% and 30%. 
• The tt + 2b process also contributes to the background.Though dedicated samples for this process

do not exist here, the background is partially taken into account through the tt+jets samples. 
2) The other Physics backgrounds: Note that as for the full Run 2 data ttHH analysis: 
• ttHbb, ttZbb
• ttZH4b and ttZZ4b 
are included as additional Physics backgrounds.



Definition and choice of the DNN input variables
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• Important to note the restricted number of
variables characterizing an event with DELPHES as
compared to CMSSW:
Ø ‘’Only’’ 57 such variables as inputs to DNN  for SM case
Ø and  57+2 such variables as inputs to DNN for BSM case

Invariant mass and χ2 calculated for HH, ZH and ZZ 
diboson case, by:
Ø Scanning over all b-jets combinaXon to find the

minimum χ2, and
Ø Using the b-jets corresponding this minimum χ2

to compute the invariant mass.
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Kinematic variables with particularly high discriminative power for the SM ttHH signal and all SM backgrounds. 

Variable
Distributions

After
Baseline 
Selection



Discriminating between ttHH, ttHZ and ttZH: difficult
See: Shape comparison with kinema2c variables with high discrimina2ng power
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IMPACT of BSM on kinematic variables: effect of resonances
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! NEW ! Event Categorization Flowchart: works in two steps
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SM or MCHM
ttHH

Schema of the binary and the multi-classifier DNN network :
Same event categorization strategy applied to both the SM ttHH and MCHM ttHH cases.

N.B. This 2-stages categorization is a new input in our overall ttHH strategy, as developed so far in the tt(SL)HH4b data analysis. 
We might extend it to the CMS data case to strengthen the discrimination of ttHH wrt ttZH & ttZZ (‘’newcomers’’ in this analysis).

1st step: Binary DNN to extract ttHH /ttHZ and ttZZ
implemented with subset of the  

2nd step: all observables + DNN binary discriminant 



DNN-based event categorization
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• The DNN consists of fully connected neural network nodes

for the consecutive layers. 

• To prevent a bias (over-training), independent validation 

and training samples are identified. 

• Hyperparameters are optimized on the validation samples, 

evaluated by same DNN in 3 different number of b jet categories; 

nbjet = 3, 4, >=5 

Confusion matrix, 
ROC-AUC=0.77

Eff(ttHH)=71.4% 



DNN Results: Final discriminants for the SM ttHH training
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DNN Results: Final discriminants for the MCHM training
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Systematic uncertainties
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• Recommended systematics for HL-LHC are applied: 
https://twiki.cern.ch/twiki/bin/viewauth/CMS/YR2018Systematics Three scenarios for systematic uncertainties
are considered
• “YR18” systematics scenario:This scenario represents the realistic systematic uncertainties assumed for 

the Phase-2 era. A scale uncertainty of 30% is considered for the tt + 4b background. 
• “YR18 conservative” systematics scenario: Same as above, but a scale uncertainty of 70% is considered for 

the tt + 4b background. 
• Statistics-only scenario:We only consider statistical uncertainties. 

Plus Theory uncertainties on cross-section, given in the table of simulated samples



Results: Limits- Combine Tool for SM tt(SL)HH4b
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• A log likelihood scan is performed with the 
shapes of each discriminants. 
• Upper limits for 3 different cases are 

obtained:
• ttHH: 3.14-0.9

+1.27times the SM 
cross section.
• ttHH and ttZH : 1.31-0.37 

+0.53 times 
the SM cross section.
• ttHH, ttZH & ttZZ: 0.84-0.24

+0.34

times the SM cross section 



Results: Limits- Combine Tool for 2 considered MCHM cases 
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• A log likelihood scan is performed with the shapes of each discriminant. 

• 95% CL upper limits for the 2 considered

MCHM ttHH benchmark points are: 

• μ(ttHH_MCHM5
C2) = 1.72-0.53

+0.76

• μ(ttHH_MCHM14
D7) = 1.08-0.30

+0.43 



Concluding remarks & perspectives on the experimental side
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üMotivated by the theoretical interest and the phenomenology studies, experimental 

searches on the tthh non-resonant production at LHC with the current Run 2 data have 

been launched and results with full Run 2 data expected by end of 2023.

üAlso starting to address the Run 3 data analyses that will double the statistics.

ü In parallel perspectives study with HL-LHC have been performed with a as realistic as 

possible framework.

ü The 4 top results show: 10 fb-cross section barrier can be overcome => Next step are the fb 

cross-section processes; especially the tthh multifacted process both in SM and BSM:

ü The search for VLQ’s as well in the resonant production of tthh are as well extremely 

promising in these scenarios and quite complementary.

üCHM offers an excellent playground to explore BSM with features that are rather generic.

=> STAY TUNED!!



Backup slides
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Courtesy Brunella d’Anzi
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Br[tt(SL)HH(4b)]= 0,35x0,572 => 137,1fb-1 =>  11.4% =>12.1 evts
Br(tt(DL)HH(4b)) =0.10x0,572 =>    3.2%  => 3.4 evts
Br(tt(had)HH(4b))= 0,46x0,572                             =>  15.0% => 15,9 evts
Br[tt(SL)H(2b)H(2ɣ)]=0.35x0.57x0.0023    =>0,046% => 0.05 evt
Br[tt(SL)H(2b)H(WW)]=0.35x0.57x0.21  => multileptons signature
Br[tt(SL)H(2b)H(!!)]=0.35x0.57x0.06=> 1.6 evt, interesting add. 2!

Br(H->ɣɣ)=0.23%
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Three body decays in MCHM5
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CMS Search (hep-ex: 2209.07327)
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https://arxiv.org/abs/2209.07327

